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Part I
General Introduction 
and Thesis Outline



“Al sinds de start van ERGO in 1989 doe ik mee 

met het onderzoek. Eigenlijk ben ik nooit ziek, 

zelfs niet verkouden. Ik zie wel wat slechter, 

maar dat beschouw ik niet als een ziekte. Je 

moet vooral goed voor jezelf zorgen door goed 

te eten. Zo sta ik altijd om half zeven op en ik 

eet vijf stuks fruit per dag. Bovendien moet je 

niet teveel ouwehoeren, gewoon doorgaan. 

Mijn ouders zijn ook oud geworden, zo is mijn 

moeder 102 geworden. Ze mankeerde niets, 

maar stopte met eten en drinken. Mijn vader is 

89 jaar geworden, overleden aan een nier aan-

doening. Ik woon momenteel in woonverblijf en 

ik heb het daar ontzettend naar mijn zin, kopje 

thee, kletsen en ik doe aan alle feestjes mee. Ik 

heb nog zin in elke dag, lekker de radio aan met 

een muziekje.”  

(91 jaar)

“Ik heb nog zin in elke dag”
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Just before the emergence of SARS-CoV-2 in the Netherlands in February 2020, I conducted 

a series of interviews with fifteen individuals (aged 45 to 91 years old) that all participate in 

a long-term study, the Rotterdam Study. This population-based study investigates the causes 

and consequences of prevailing chronic diseases, such as cardiovascular disease, cancer and 

dementia. I asked these participants about their personal secrets to preserve their health 

into old age. This thesis is about the role of preventive strategies to preserve health into old 

age from an epidemiological perspective. Findings presented in this thesis are based on data 

from these and thousands of other individuals that all participate in that same Rotterdam 

Study. As an introduction to my scientific findings, I will embark every chapter by highlighting 

a participant’s personal strategy to preserve health. One of the first of these people that I 

interviewed is Wieke, photographed at the beginning of this chapter. Wieke was born in 

Rotterdam in 1929, raised three children, and still lives independently at 91 years of age. She 

has never been chronically ill and (“reluctantly”) uses only a single pill to control her blood 

pressure. Since childhood, she eats five pieces of fruit a day, and goes for a walk and talk on a 

daily basis with her fellow residents. To refrain from complaining (“Niet lullen maar poetsen”) 

has been one of her key secrets to preserve health into old age. Already remarkable in 

isolation, examples of aging like Wieke are not uncommon these days. Life expectancy has 

been rapidly increasing over the last 200 years. A newborn’s life expectancy is more than 

twice as long as one that was born in 1820: from an average 29 years to a global average 

of 73 years in 2019.(3, 4)

How did we come about this remarkable success? The recognition of the importance 

of hygiene and sanitation to prevent outbreaks of prevailing infectious diseases, such as 

tuberculosis, was a major driver that started the rise in life expectancy two centuries ago.

(5) Mortality from these communicable diseases has subsequently been reduced with more 

than 99% during the 20th century, and the burden of disease shifted to non-communicable 

diseases, such as cancer and heart disease.(5) Fundamental progress on prevention, diagnosis 

and treatment of these chronic diseases led to survival beyond the age of 50 as global stan-

dard.(4) Recent developments in precision medicine even further extended survival among 

individuals with chronic diseases. Specialized physicians now govern their own set of indi-

vidual diseases with an increasing number of available treatments. The number of yearly drug 

approvals by the FDA has been increasing since 2000, and up to 111 novel drugs entered the 

therapeutic arsenal in 2019 alone.(6, 7)

With the continuous rise in human life expectancy, societies are confronted with new 

health challenges. One of the most central health challenges is to curb the steeply growing 

burden of dementia in aging populations worldwide. At present, dementia globally affects 

50 million people.(8) Most of these patients currently reside in developed countries, but the 

prevalence of dementia is projected to triple by 2050 due to a rapidly growing number of 

patients in developing countries.(8) These facts closely relate to contemporary fears for the 

disease in the public domain, with a third of people ranking dementia as most frightening to 
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suffer from.(9) A fear that is fueled by a lack of effective disease-modifying agents that are 

available for dementia.(10) Fortunately, substantial progress has been made on the side of 

prevention, through the identification of modifiable risk factors for dementia in various ob-

servational cohort studies.(11, 12) Major cardiometabolic risk factors, such as hypertension 

and smoking, have been linked to late-life dementia, especially when measured in midlife.

(13, 14) This provides great potential for prevention, with a window of opportunity that spans 

over decades to optimize risk factors before clinical symptoms emerge. However, benefits for 

public health that are brought forward by population-wide preventive strategies such as salt 

substitution to reduce salt intake to lower blood pressure or taxes on tobacco, have unfor-

tunately long been overlooked by policy makers and other stakeholders.(15-17) A reason for 

this limited uptake on a population-level is that its effects, if successful, inherently go unseen 

by individuals and may not always cause the same level of public excitement as compared to 

novel treatments for cancer. Yet, it has been estimated that 30% or even 40% of dementia 

incidence could be prevented by elimination of modifiable risk factors population-wide.(18) 

Such theoretical evidence ideally warrants confirmation from randomized controlled trials 

that show efficacy of preventive interventions among middle aged participants to lower 

incidence of late-life dementia. However, long follow-up and large sample sizes are required 

to detect anticipated small effects from these interventions at an individual level, such as 

lifestyle improvements. These requirements render these trials expensive and prone to high 

attrition rates. These reasons may also partly explain the inconclusive evidence from trials 

that so far investigated risk factor interventions among community-dwelling individuals to 

prevent or postpone dementia.(19-24) An approach to optimize dementia prevention is to 

develop personalized preventive strategies to individuals that are most likely to benefit from 

them. This requires accurate and timely identification of individuals at high risk of dementia. 

Such an approach benefits future trial design by adequately balancing trial efficacy and 

feasibility, requiring both shorter follow-up and a smaller sample size than its ancestors. This 

can be referred to as a preventive strategy that is tailored to individual persons at high risk 

for dementia.

Overall aIm and OutlIne Of thIs thesIs

Overall aim and outline of this thesis

The general aim of this thesis is to determine the potential of strategies that prevent or target 

risk factors in the community to preserve cognitive health into old age. Throughout the 

following Parts of this thesis, I will focus on the potential of dementia prevention population-

wide and at an individual-level. In Part II, I will put the societal burden of dementia in 

perspective and focus on population-wide preventive strategies to preserve cognitive health. 

I will discuss methodological considerations that have to be taking into account when transi-
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tioning the application of preventive strategies from populations to individual persons in Part 

III. I will continue with individualized preventive strategies that can benefit the preservation 

of cognitive health in Part IV. It is in Part V where I will integrate my observations and 

findings from populations and individual persons in order to adequately inform people about 

the potential of preserving cognition into old age. In the next paragraph, I will briefly describe 

the individual chapters that are presented in each Part of this thesis.

Part II: maIntaInIng COgnItIve health In POPulatIOns

In Chapter 2.1, I will quantify the natural course of physical and cognitive function during 

aging. It is in Chapter 2.2, where I will position the burden of neurodegenerative diseases 

relative to that of other chronic diseases, and will investigate the consequences of disease co-

occurrence (‘multimorbidity’) for dementia prevention on a population-level. In Chapter 2.3, 

I will directly link the burden of disease to the availability of disease-specific pharmaceutical 

interventions and will determine the frequency of simultaneously prescribed medications 

(‘polypharmacy’) at a population-level. Chapter 2.4 provides a detailed overview on the 

population-wide risks, co-occurrence and preventive potential of three neurological diseases 

that commonly affect the very elderly: stroke, parkinsonism and dementia. This Part will be 

concluded by Chapter 2.5 that demonstrates a systematic review on the external validity 

of contemporary dementia research. In Part III of this thesis, I will appraise methodological 

considerations that have to be taken into account when transitioning from a population-

wide preventive approach to an individualized strategy.

Part III: frOm POPulatIOns tO PersOns: aPPraIsal Of 
POPulatIOn-wIde & PersOnalIzed PreventIve aPPrOaChes

In Chapter 3.1, I will review methodological considerations that need to be taken into 

account to accurately identify and select individuals at high risk of dementia within the 

general population. As a next step, I will validate dementia prediction models that currently 

provide individual-level risk estimates for community-dwelling adults in Chapter 3.2. Lessons 

learned from these two chapters are then integrated in Chapter 3.3, where I will develop 

and validate a simple and more extensive model to predict the risk of dementia in the general 

population. In the following Chapters 3.4 and 3.5, I shall discuss options to assess bias and 

applicability of prediction models. I will conclude Part III with a head-to-head assessment of 

five individual plasma biomarkers that hold promise to improve dementia prediction in the 

community in Chapter 3.6.
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Part Iv: maIntaInIng COgnItIve health In PersOns

It is then in Part IV where I will focus on current and future preventive strategies to preserve 

cognitive health at an individual level. I will begin this part by assessing external validity 

of eligibility and findings from past and ongoing community-based trials for individualized 

dementia prevention in Chapter 4.1. In subsequent chapters, I will study the potential of 

new approaches to prevent dementia at an individual level. In Chapter 4.2, I will do so by 

employing a statistical approach that stems from cancer research to determine the number of 

‘steps’ on a cellular level that are required before dementia manifests clinically. In Chapters 

4.3 and 4.4, I will conclude Part IV by studying subgroups of people at higher risk of de-

mentia based on clinical characteristics or their genetic architecture that could enrich future 

dementia prevention trials. In Part V, I will integrate observations from this thesis and put 

them in perspective of the changing medical landscape within an aging world. I will reflect 

on the acquired knowledge and will conclude with suggestions to improve prevention in 

order to preserve health as long as possible.
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Part II
Maintaining Cognitive Health 
in Populations



“Ik leef met 
de dag”

“Als ik met mijn 30ste jaar meer wist 

van mijn gezondheid, dan had ik ande-

re keuzes gemaakt met eten. Toen mijn 

man in 1990 overleed, ben ik daarna 

mijn eetpatroon gaan omgooien. Maar 

ik maak mij geen illusies dat ik 85 jaar 

word. Elk jaar dat ik 24 november haal, 

ben ik daar dankbaar voor. Ik leef met 

de dag, we zien het wel.” (79 jaar)



2.1
Cognitive and motor function in the 
general population
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abstraCt

Background: To establish trajectories of cognitive and motor function, and to determine the 

sequence of change across individual tests in community-dwelling individuals aged 45-90 

years.

Methods: Between 1997-2016, we repeatedly assessed cognitive function with five tests 

in 9,514 participants aged 45-90 years from the population-based Rotterdam Study. We 

measured motor function with three tests in 8,297 participants between 1999-2016. All 

participants were free from dementia, stroke, and parkinsonism. We assessed overall and 

education-specific cognitive and motor trajectories using linear mixed models with age as 

time scale. Next, we determined the sequence of change across individual tests.

Results: The number of assessments per participant ranged between 1-6 (mean interval, 

years [SD: standard deviation]: 5.1 [SD: 1.4]) for cognitive function, and 1-4 (5.4[1.4]) for mo-

tor function. Cognitive and motor trajectories declined linearly between ages 45-65 years, 

followed by steeper declines after ages 65-70 years. Lower educated participants had lower 

cognitive function at age 45 years (baseline), and declined faster on most cognitive, but not 

on motor tests than higher educated participants. Up to a 25-year age difference between 

the fastest and slowest declining test scores was observed.

Conclusions: On a population-level, cognitive and motor function decline similarly. Com-

pared to higher educated individuals, lower educated individuals had lower cognitive func-

tion at baseline, and a faster rate of decline thereafter. These educational-effects were not 

seen for motor function. These findings benefit the understanding of the natural course 

of cognitive and motor function during aging, and highlight the role of education in the 

preservation of cognitive but not motor function.
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IntrOduCtIOn

Understanding the natural course of cognitive and motor function during brain aging is 

pivotal to determine deviations in function that may signal early stages of clinical neurode-

generative diseases (25, 26). Decline in both cognitive and motor function has been associ-

ated with an increased risk of dementia, Parkinson’s disease, and stroke (25-27). In addition, 

we recently showed that individuals in whom decline in motor function precedes decline in 

cognitive function are at an increased risk of dementia (27). Numerous studies have quanti-

fied the temporal relation of cognitive and motor function with advancing age, yet little is 

known about the sequence of individual cognitive and motor tests in a population free from 

neurodegenerative diseases and stroke.

Comparing trajectories of cognitive and motor tests in the general population reveals 

whether decline in motor function precedes decline in cognitive function. In addition, it 

identifies the specific individual tests that have the earliest signs of decline. Such findings 

could inform clinicians about which cognitive and motor tests are most sensitive to detect 

change in cognitive or motor function. These trajectories can also be used to signal vulnerable 

patient groups that deviate from their expected course based on several key characteristics, 

such as age, sex, educational level, or genes. These characteristics significantly influence 

cognitive function and the rate of cognitive decline, but their effects on motor function 

beyond gait speed are less understood.

Alike changes in brain structure, we hypothesize that change in cognitive and motor 

function accelerates with advancing age (28). To model this non-linear change, we present 

trajectories of cognitive and motor function. In addition, we assess the effects of key deter-

minants of cognitive and motor function, namely age, sex, education, and apolipoprotein 

E (APOE) on these trajectories. Finally, we determine the sequence of change of individual 

cognitive and motor function tests.

methOds and materIals

Study design

Like other studies presented in this thesis, the current study was embedded within the 

Rotterdam Study (Erasmus Rotterdam Gezondheid Onderzoek – ERGO). This is an ongo-

ing population-based, prospective cohort study t among approximately 15,000 individuals, 

including those fifteen individuals that were interviewed for this thesis.(29) At study design 

in the mid-1980s, Ommoord was chosen as study area for the Rotterdam Study, since it 

was known for its high share of retired people that rarely moved outside the study district, 

minimizing drop-out during study follow-up. For the Rotterdam Study, no exclusion criteria 

were formulated and as a consequence, every citizen that lived in Ommoord that was 55 
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years or older at time of invitation was eligible for study participation. A pilot phase of six 

months preluded the official start of the Rotterdam Study. This first study wave eventu-

ally invited 10,125 people between 1990 and 1993. A new study wave was initiated in 

2000, facilitating participation for 3,011 individuals aged 50 years and older, or for those 

that newly moved in to the study area. In 2006, the youngest individuals that participated 

since study inception turned 71 years, and by then many of the first participants were di-

agnosed with chronic diseases or had died. The study was therefore expanded with 3,932 

participants aged 45 years and older that took part in a new study wave from 2006 onwards. 

Throughout the years, the inception of new study waves with generally high response rates 

(72% overall) facilitated a relatively constant number of living individuals, hovering around 

7,000 participants throughout study follow-up. A unique feature of this study’s design is its 

meticulous follow-up on a host of clinical outcomes through linkage with various sources. 

This blend of sources provides information overlap, enabling data verification of the primary 

sources to improve ascertainment of health outcomes.(30, 31) Data from primary care are 

acquired through continuous linkage with medical records from general practitioners in 

the study area. Linkage with pharmacy dispensing records containing the type and number 

of dispensed drugs from regional pharmacists adds another layer of data to ascertain the 

health status of the participants under study. It is the connection with hospitals, registries and 

biobanks that completes this picture, providing for example data on hospital admission and 

discharge letters, death certificates and histological and (cyto)pathological information.(32) 

In 1989, all inhabitants aged ≥55 years from Ommoord, a well-defined district in Rotterdam, 

the Netherlands received an invitation to participate. This initial cohort comprised 7,983 

participants. In 2000, 3,011 participants who had become 55 years of age or moved into the 

study district since the start of the study were additionally included in the cohort. In 2006, 

a further extension of the cohort was initiated in which 3,932 participants aged ≥45 years 

participated. In total, the Rotterdam Study comprises 14,926 participants aged ≥45 years. 

The overall response rate across all three recruitment waves was 72%.

Study population

Of a total of 14,926 participants, we excluded those with a history of dementia (n=907), 

stroke (n=846), Parkinson’s disease (n=300), or parkinsonism (n=20) at time of their first 

cognitive or motor assessment. Next, we excluded participants with insufficient data to 

determine whether they had a history of one or multiple of these diseases (n=1,800). Base-

line and follow-up ascertainment methods for dementia, stroke, Parkinson’s disease, and 

parkinsonism have previously been described in detail.(33) In addition, 5 participants were 

excluded because they did not provide informed consent to access medical records and 

hospital discharge letters during follow-up. From the remaining 11,048 participants, 1,494 

participants were excluded because they did not have data available on any cognitive or 

motor test. Finally, we excluded assessments from participants after they had reached age 90 
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years in order to minimize the influence of leverage points on the trajectories of cognitive and 

motor function. This resulted in an additional exclusion of 33 participants who did not have 

any cognitive or motor function assessment at all before the age of 90 years, leaving 9,521 

participants with at least one cognitive or motor assessment. During follow-up, we excluded 

assessments of participants after the age of 90 years (n=1,266) and of participants after a 

dementia, stroke, or Parkinson’s disease diagnosis (n=3,175). All of the included participants 

were thus free from neurodegenerative diseases and stroke at time of their test assessments. 

In total, 155,347 cognitive function assessments from 9,514 participants and 62,545 motor 

function assessments from 8,297 participants were available for analyses.

Assessment of cognitive function

Between 1997 and 2016, participants underwent cognitive assessments at the research cen-

ter using a neuropsychological test battery every 3 to 5 years.(34, 35) This battery included 

the Word Fluency Test (36), Letter-Digit Substitution Test (37), and Stroop Test (Reading, 

Naming, and Interference subtask).(38) In 2002, the 15-Word Learning Test (Immediate 

recall, Delayed recall, and Recognition) was added to the test protocol (39). This test protocol 

was further expanded with the Design Organization Test in 2006 (40).

Word Fluency Test

In the Word Fluency Test, participants were asked to mention as many animals as possible 

within 60 seconds, thereby measuring semantic fluency (36). The total number of correct 

answers was used as test score, with a maximum score of 30 in our study protocol.

Letter-Digit Substitution Test

The Letter-Digit Substitution Test is a modified version of the Symbol Digit Modalities Test for 

which participants were asked to write down as many numbers underneath the correspond-

ing letters as possible in 60 seconds, following a key that shows correct combinations (37). 

This test captures both information processing speed and aspects of executive function. The 

total number of correct answers was used as test score with a maximum attainable score of 

125.

Stroop Test

The Stroop Test consists of three different subtasks, i.e., Reading, Naming, and Interference.

(38) In the Stroop Reading subtask, participants were asked to read the printed color names. 

For the Stroop Naming subtask, participants were asked to name the printed color blocks. 

In the Interference subtask, participants were asked to name the ink color of color names 

printed in incongruous ink colors (information processing on an interference subtask). The 

time taken to complete the subtask was used as the outcome for each subtask separately 

and was adjusted for failures, i.e., total time plus for each failure the total time divided by the 
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number of items, multiplied with 1.5. Thus, a higher score indicates a worse performance. 

The Stroop Test assesses information processing speed and executive function.

Word Learning Test

The Word Learning Test comprises three subtasks: Immediate recall, Delayed recall, and 

Recognition (39). For Immediate recall, participants were three times visually presented with 

a sequence of 15 words and were subsequently asked to recall as many of these words as 

possible, measuring verbal learning. Free Delayed recall was tested approximately 10 minutes 

after visual presentation, evaluating retrieval from verbal memory. Recognition was tested by 

visually presenting the participants a sequence of 45 words, followed by correctly recogniz-

ing the 15 words presented during the Immediate recall while mixed with 30 other words. 

Outcome variables were the mean number of words of three trials immediately recalled (as 

a summary score for Immediate recall), after the delay of 10 minutes (as a score for free 

Delayed recall), and the mean number of correctly recognized words during the recognition 

trial (as a score for Recognition), with a maximum score of 15 per subtask.

Design Organization Test

The Design Organization Test consists of square black-and-white grids with visual patterns, 

of which participants were asked to reproduce as many designs as possible in two minutes 

using a numerical code key. It measures visuospatial abilities and is based on and highly 

correlated to WAIS-III block design (40), but is less dependent on motor skills. Test score on 

the Design Organization Test has a range from 0 to 56 points for each individual, with higher 

scores indicating better performance.

Assessment of motor function

Participants repeatedly underwent motor tests every 3 to 5 years at the research center 

between 1999 and 2016. This motor test battery included two tests to assess fine motor 

function and a quantitative gait assessment to assess gross motor function. From 1999 on-

wards, the Purdue Pegboard Test was implemented into the study protocol to assess manual 

dexterity. Assessment of fine motor function was further expanded in 2008 with the imple-

mentation of the Spiral Archimedes Test to assess manual precision. In 2009, a quantitative 

gait assessment using an electronic walkway at the research center was implemented in the 

core study protocol.

Purdue Pegboard Test

For the Purdue Pegboard Test, participants were asked to place as many as possible cylindrical 

metal pegs into one of the 25 holes in a pegboard in 30 seconds in three separate trials, 

using their left hand only, right hand only, and both hands simultaneously, measuring fine 

motor function (41). The test-retest reliability of assessments has been established previously. 
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The outcome variable was the sum-score of Purdue Pegboard Test score of these three trials, 

with a maximum of 75 points.

Archimedes Spiral Test

The Archimedes Spiral Test measures fine motor function by requiring participants to trace a 

picture of a spiral template that was printed on paper attached to an electronic drawing board 

(WACOM Graphire Wireless Pen Tablet, model CTE-630BT). Participants were instructed to 

trace the spiral as accurately and as fast as possible using a special pen with their dominant 

hand, starting in the middle (Supplementary Figure 1). Automatic quantitative analyses were 

done using custom-made software written in MatLab (version 8.1;The Mathworks, Natick, 

MA, USA), and processed and visually inspected by two trained physicians (S.L., S.K.L.D.) 

for analyses (ICC for interrater reliability for all test components >0.95). A smoothly drawn 

spiral would have a length of drawing about 56 cm (the length of the template) with little 

deviation from the template, a low variability in speed, and no crossings (Supplementary 

Figure 1). The mean amplitude in deviation from the template to spiral drawing (cm) was 

used as outcome, since it is sensitive to capture small differences in fine motor function.(35) 

A higher deviation indicates worse performance.

Gait assessment

Gait was evaluated using a 5.79m long walkway (GAITRite Platinum; CIR systems, Sparta, 

NJ: 4.88m active area; 120-Hz sampling rate). The reliability and validity of assessments ob-

tained with this device have previously been established.(42) The standardized gait protocol 

comprises three walking conditions: normal walk, turning, and tandem walk. In the normal 

walk, participants walked at their usual pace across the walkway. In turning, participants 

walked at their usual pace, turned halfway, and returned to the starting position. In the 

tandem walk, participants walked heel-to-toe on a line across the walkway. Based on the 

recorded footfalls, the walkway software calculated 30 parameters, including 25 from the 

normal walk, two from turning, and three from the tandem walk. In Supplementary Table 1, 

we provide descriptions of the 30 gait parameters.

To summarize these 30 gait parameters into several independent domains, we log-trans-

formed skewed gait parameters to obtain a normal distribution, and subsequently standard-

ized all continuous gait parameters. Next, we conducted a principal component analysis with 

Varimax rotation to derive gait domains, as previously described.(43) This yielded seven gait 

domains with an eigenvalue > 1, which we labeled in accordance with the gait parameter 

that had the highest correlation coefficient with the corresponding domain: rhythm (step 

time), variability (standardized step length), phases (double support), pace (velocity), tandem 

(sum of step distance), turning (turning time), and base of support (stride width). These 

gait domains are illustrated in Supplementary Figure 2. Higher values of the gait domains 

except ‘pace’, represent worse gait performance. Based on these seven gait domains, the 



Chapter 2.1 | Cognitive and motor function in the general population

36

Purdue Pegboard Test and the Archimedes Spiral Test, a total of nine different facets of motor 

function were available for analysis.

Assessment of study population characteristics

During home interviews, educational level was assessed and categorized as primary 

education (‘primary’), lower/intermediate general education or lower vocational education 

(‘lower’), intermediate vocational education or higher general education (‘intermediate’), 

and higher vocational education or university (‘higher’). Smoking and alcohol habits were 

assessed during the same home interviews. Participants were categorized as current, former, 

or never smokers. Alcohol habits were classified into any use or no use of alcohol. At the 

research center, height and weight were measured from which the body mass index (BMI; 

kg/m2) was computed. Blood pressure was measured twice in sitting position on the right 

arm using a random-zero sphygmomanometer, and the average of two measurements was 

used. In addition, non-fasting blood samples were collected and glucose levels were deter-

mined. In the initial subcohort, type 2 diabetes was defined as a random or post-load serum 

glucose concentration ≥11.1 mmol/L, or the use of drugs to lower blood glucose. In the first 

and second extension subcohorts, type 2 diabetes was defined as a fasting serum glucose 

concentration ≥7.0 mmol/L, a non-fasting serum glucose concentration ≥11.1 mmol/L (only 

if fasting serum was unavailable), or usage of blood glucose lowering drugs. APOE genotype 

was determined using polymerase chain reaction on coded DNA samples in the initial cohort 

and with a bi-allelic TaqMan assay in the two extensions. APOE ε4 carrier status was defined 

as carrier of one or two APOE ε4 alleles.

Statistical analysis

We assessed trajectories of cognitive and motor function using linear mixed models with 

random intercepts and slopes. If models did not converge with both random intercepts and 

slopes, only a random intercept was used. Age of the participant at time of cognitive or 

motor function assessment was used as underlying time scale. To capture possible non-

linearity, we included natural cubic splines of age with one, two, or three knots, depending 

on model performance determined by a likelihood ratio test (P<.05). Knots were defined at 

the median, tertiles or quartiles for respectively one, two or three knots. We only reported 

P-values for each of the age intervals, since appropriate interpretation of effect estimates 

is hindered by the inclusion of natural cubic splines in the models. Skewed test outcomes 

(i.e., Stroop Tests, Word Learning Test Recognition subtask, Archimedes Spiral Test, and gait 

domains ‘variability’ and ‘tandem’) were natural log-transformed to reach an approximate 

normal distribution, and were back-transformed for visualization. In addition, we visualized 

trajectories of cognitive and motor function by sex, education, or both, using interaction 

terms on the additive scale between age and sex, age and educational level, and age with 

sex and educational level. Missing data on education level (1.1%) were imputed by chained 
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equations with five iterations. We generated one imputed dataset based on age at baseline 

and sex. Furthermore, we assessed trajectories for APOE ε4 carriers and non-carriers sepa-

rately by including an interaction term between age and APOE ε4 status. This analysis was 

limited to the participants with known APOE ε4 status (N participants = 8,986 for cognitive 

tests and N participants = 7,835 for motor tests).

Next, we repeated these analyses by standardizing the cognitive and motor test results 

to the test performance of the age of 45 years (study baseline) to investigate the temporal 

course of change across tests with aging. Skewed test outcomes were natural log-trans-

formed before standardization. We depicted a threshold of decline in performance of 0.5 

and 1.0 standard deviation (SD) compared to the test score at age 45 years. We subsequently 

assessed the age, at which the test score had reached a decline of 0.5 and 1.0 SD compared 

to the test result at age 45 years.

Data were analyzed with SPSS Statistics version 24.0.0.1 (IBM Corp., Armonk, NY) and R, 

CRAN version 3.4.3 ‘mice’ and ‘nlme’ packages.

results

Characteristics of the study population at time of study entry are presented in Table 1. A total 

of 9,514 participants contributed to the cognitive function assessments. The mean (SD) age 

at first cognitive assessment was 64.7 years (9.5 years) and 5,442 (57.2%) of the participants 

were women. Of all participants, 2,058 (21.6%) had a single cognitive assessment, 4,362 

(45.8%) had two, 1,174 (12.3%) had three, and 1,920 (20.2%) had at least four cognitive 

assessments. The mean interval between tests was 5.1 years (1.4 years). During follow-up up 

to January 1st, 2016, 2,977 out of 9,514 participants (31.3%) died.

A total of 8,297 participants contributed to the motor function assessments with a mean 

(SD) age at first assessment of 64.6 years (10.0 years), of whom 4,737 (57.1%) were women 

(Table 1). Out of these participants, 2,136 (25.7%) had a single motor function assessment, 

4,192 (50.5%) had two, 1,091 (13.1%) had three, and 878 (10.6%) had four motor as-

sessments with a mean (SD) test interval of 5.4 years (1.4 years). Out of 8,297 participants, 

1,903 died (22.9%) during follow-up. The number of participants per cognitive and motor 

test is shown in Supplementary Table 2. Supplementary Table 3 shows the characteristics of 

the excluded participants. Overall, excluded participants were older at study entry, attained 

more often a lower level of education, and had a higher mean systolic blood pressure than 

included participants.

Trajectories of cognitive function

Performance on the cognitive tests declined with advancing age. Decline on cognitive tests 

was generally linear between age 45 to 65 years, followed by a steeper, non-linear decline. 
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Men had higher scores on most cognitive tests and generally declined less fast than women 

(P=0.003 for Letter-Digit Substitution Test, P=0.02 for Word Learning Test: Immediate recall, 

P=0.05 for Word Learning Test: Delayed recall). These differences between men and women 

disappeared after assessing the trajectories per educational level, suggesting that this sex-

difference was largely attributable to differences in the level of attained education between 

men and women. As such, results from here onwards are presented per educational level for 

men and women combined. For each higher level of attained education, participants showed 

better performance on all cognitive tests at age 45 years (Figure 1 and Supplementary Figure 

Table 1. Characteristics of the study populations

Characteristic
Analysis of cognitive function

(N = 9,514)
Analysis of motor function

(N = 8,297)

Age at study entry, years, mean (SD) 62.0 (7.9) 60.9 (7.4)

Age at first assessment, years, mean (SD) 64.7 (9.5) 64.6 (10.0)

Sex, women, n (%) 5,442 (57.2) 4,737 (57.1)

Educational level, n (%)

Primary 1,160 (12.2) 886 (10.7)

Lower 3,889 (40.9) 3,375 (40.7)

Intermediate 2,751 (28.9) 2,422 (29.2)

Higher 1,714 (18.0) 1,614 (19.5)

Number of assessmentsa, n (%)

1 2,058 (21.6) 2,136 (25.7)

2 4,362 (45.8) 4,192 (50.5)

3 1,174 (12.3) 1,091 (13.1)

≥4 1,920 (20.2) 878 (10.6)

Median number of assessments (range) 2 (1-6) 2 (1-4)

Test assessment interval, years, mean (SD) 5.1 (1.4) 5.4 (1.4)

Body mass index, kg/m2, mean (SD) 27.0 (4.1) 27.1 (4.2)

Smoking, n (%)

Never 2,941 (30.9) 2,522 (30.4)

Past 4,558 (47.9) 4,063 (49.0)

Current 1,944 (20.4) 1,663 (20.0)

Alcohol use, n (%) 7,760 (81.6) 6,928 (83.5)

Systolic blood pressure, mmHg, mean (SD) 136 (20.8) 136 (20.6)

Type 2 diabetes, n (%) 865 (9.1) 735 (8.9)

APOE ε4 carrier, n (%) 2,539 (26.7) 2,217 (26.7)

Characteristics are measured at study entry except for age at first assessment.
Missing values for all characteristics but educational level are not imputed and therefore numbers do not always sum 
up to 100%.
a Gait was considered as one assessment, because virtually all participants (95%) with an available gait assessment 
had complete values for all underlying gait parameters. Therefore, the presented number of motor assessments is 
independent from the number of underlying available gait parameters that were used to compute seven gait domains.
Abbreviations: N, number of participants; SD, standard deviation; IQR, interquartile range; APOE, Apolipoprotein E.
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3). Differences in trajectories of cognitive function between participants with ‘primary’ edu-

cational level and participants with other educational levels became larger with advancing 

age, albeit not statistically significant. Furthermore, participants with ‘higher’ education 

declined slower than to those with ‘primary’ education over time on the Interference subtask 

of the Stroop Test (P=0.002, Figure 1) and the Word Learning Test Recognition subtask 

(P=0.017, Supplementary Figure 3). However, they declined faster than participants with 

‘primary’ education on the Word Fluency Test (P=0.048, Figure 1) and the Word Learning 

Test Delayed recall subtask (P=0.007, Supplementary Figure 3).

Regarding APOE ε4 carrier status, carriers declined faster on all cognitive tests than 

non-carriers (P for interaction between age and APOE ε4 carrier status <0.005), except on 

the Design Organization Test that showed similar trajectories for carriers and non-carriers 

(Supplementary Figure 4).

Trajectories of motor function

Trajectories of decline in motor function varied across different motor tests (Figure 2 and 

Supplementary Figure 3) with the gait domain ‘phases’ and the Purdue Pegboard Test de-

clining first at the age of 56 and 60 years, respectively. Performance on the gait domains 

‘rhythm’, ‘tandem’, and ‘base of support’ remained largely stable over time. Significant dif-

ferences between men and women were only found for trajectories of the domain ‘tandem’ 

and ‘phases’, with women performing increasingly worse over age than men (P=0.005 for 

‘tandem’ and P<0.001 for ‘phases’). In contrast to the effects of education on cognitive func-

tion, motor function trajectories were not associated with educational level (Figure 2 and 

Supplementary Figure 3), but those with a ‘primary’ educational level performed better over 

time on the Purdue Pegboard Test than participants with other educational levels (P<0.016, 

Figure 2). In addition, they decreased less fast on the gait domains ‘rhythm’, ‘phases’, and 

‘turning’ than participants with higher education levels (P for all tests <0.039, Figure 2 and 

Supplementary Figure 3).

APOE ε4 carriers performed worse with advancing age than non-carriers on the Purdue 

Pegboard Test and on the gait parameters ‘phases’, and ‘turning’ (P for all tests <0.034, 

Supplementary Figure 4).

Sequence of change in cognitive and motor function

Before the age of 75 years, most cognitive and motor test scores had reached a decline of 0.5 

SD in standardized test score compared to test scores at age 45 years (Figure 3). Considering 

both cognitive and motor tests, the decline of 0.5 SD was first reached for the Stroop Test 

Interference subtask at the age of 58 years. This was followed by the Design Organization 

Test at the age of 59 years and the Stroop Test Naming subtask at the age of 64 years. Of all 

motor tests, the gait domain ‘phases’ showed the fastest decline, reaching a 0.5 SD decrease 

in test score at the age of 58 years. Across all tests, the average time between the age of 45 
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Figure 1. Trajectories of cognitive function.
The thick black continuous line reflects the trajectory of performance for the total study population based on the results 
of the linear mixed model; the black dotted lines represent the 10th and 90th percentile curves. Furthermore, test per-
formance was visualized per educational level in red. Only cognitive tests most commonly studied in studies of cognitive 
aging are presented in this Figure. The remaining cognitive tests are shown in Supplementary Figure 3.
a Higher scores indicate worse performance
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Figure 2. Trajectories of motor function. 
The thick black continuous line reflects the trajectory of performance for the total study population based on the results 
of the linear mixed model; the black dotted lines represent the 10th and 90th percentile curves. Furthermore, test per-
formance was visualized per educational level in blue. Only gait domains most strongly related to are presented in this 
Figure. The Archimedes Spiral Test and remaining gait domains are shown in Supplementary Figure 3.
a Higher scores indicate worse performance.
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years and the age at which 0.5 SD decrease in test score was reached, was shorter for cogni-

tive tests than for motor tests (20.0 versus 24.7 years, respectively, P=0.039). By contrast, the 

time between 0.5 SD and 1.0 SD decrease in test scores was longer for cognitive compared 

to motor tests (11.2 years versus 8.9 years, respectively, P<0.001).

dIsCussIOn

In this population-based study, we showed that both cognitive and motor function generally 

decline linearly between the age of 45 to 65 years, followed by a steeper decline after the 

age of 65 to 70 years. Test scores for cognitive and motor function declined similarly, with 

high variation in the rate of decline across age for individual tests. Importantly, whereas 

Figure 3. Sequence of decline of cognitive and motor function. 
Decline was defined as reaching an average population test score of 0.5 or 1.0 standard deviation (SD) below the 
population mean of the test score at age 45 years. The circle or triangle is displayed at the age at which 0.5 SD (opaque) 
or 1.0 SD (transparent) lower score was reached with cognitive tests depicted in red circles and motor tests in blue 
triangles. The dotted line represents time between mean population test score at age 45 years and the age at which 0.5 
SD decrease in that test score is reached. The continuous line denotes time between the age at which 0.5 SD decrease 
in the test score was reached and the age at which 1.0 SD in the test score was reached. The Word Learning Test Rec-
ognition subtask and the gait domains ‘tandem’ and ‘base of support’ did not reach a score of 0.5 SD lower at a certain 
age than the score at age 45 years and are therefore not shown.  This sequence of decline was estimated based on the 
total study population. Note that not all participants had all cognitive and motor tests completed.
Abbreviations: SD, standard deviation.
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a higher level of education was associated with higher cognitive function, there was no 

association between level of education and function on the majority of the motor tests.

Various studies have reported changes in cognitive function with aging, but evidence on 

the temporal relation between change in cognitive compared to motor function is limited. 

Most evidence comes from memory clinics (44), or from studies that solely rely on gait speed 

to assess motor function.(45, 46) These studies have closely linked global cognitive function 

to gait speed. As yet, no studies have investigated differences in performance on specific 

cognitive tests nor studied other facets of motor function, such as fine motor skill. These 

knowledge gaps remain unaddressed since prior studies found that decline of cognitive and 

motor function may vary, or that one may predate the other (47-50). Most of these studies 

were conducted in older participants (aged 70 years and older), with a limited sample size 

(varying between 488 and 2,276 participants), or with relatively short follow-up (ranging 

from 5 to 7 years). The current study is able to extend these findings by leveraging a detailed 

set of cognitive and motor tests among a broader age range (age 45 to 90 years) in a larger, 

population-based sample (N≥8,297) with up to 6 repeated assessments during a maximum 

follow-up of 19.4 years.

We did not find distinct patterns of an overall decline in cognitive function preceding 

motor function or vice versa, yet we observed large variability in test-specific decline. For in-

stance, tendency to shuffle (‘phases’ gait domain) and fine motor function generally started 

to show initial signs of decline up to 25 years earlier than widely used cognitive (screening) 

tests, such as the Word Learning Tests Delayed recall and Recognition. These findings may be 

explained by accelerating changes in brain structure during aging, with loss of white matter 

preceding loss of grey matter.(28) We indeed observed the earliest changes in cognitive 

and motor domains that depend on white matter integrity, including information processing 

speed, executive function, and the gait domain ‘phases’.(28, 51, 52) In contrast, cognitive 

and motor domains related to alterations in gray matter volume (i.e., memory and the gait 

domain ‘base of support’) showed a later decline in function than those related to white 

matter integrity.

Variability in test-specific decline may also be explained by diseases and common co-

morbidities in these older adults, such as cardiovascular diseases, depression, respiratory 

diseases, cancer, or impairments in sensory organs. These may differentially influence cogni-

tive compared to motor function in some individuals. As an example, presence of peripheral 

artery disease or arthrosis limits walking speed, but does not directly influences executive 

functioning as assessed by the Stroop Task (53). The contribution of these potentially modifi-

able determinants to sequence of test-specific decline and the shape of these trajectories 

was beyond the scope of the present study, and warrants further investigation using more 

advanced statistical models.

As expected, we found that participants with a higher educational level had higher 

baseline scores (scores at age 45 years) for cognitive tests than participants with a lower 
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educational level. Regarding the rate of change in cognitive function, we found that partici-

pants with a ‘primary’ educational level declined faster on most tests than higher educated 

participants. The declines over time were largely similar among ‘lower’, ‘intermediate’ and 

‘higher’ educated participants. This implies that higher educated individuals are generally 

older when they reach the same cognitive test performance than lower educated individuals. 

As an example, comparing performance between lower and higher educated participants 

on the Word Learning Test Delayed subtask score, reveals that at age 45 years, the lowest 

educated individuals remembered on average 8 of the 15 originally presented words after 10 

minutes. The highest educated individuals however attained this same score when they were 

on average 73 years. Yet, no association was found between educational level and motor 

function for the majority of the motor tests. These findings support emerging evidence that 

cognitive reserve, operationalized by for example educational attainment, could have long-

lasting compensatory effects on cognitive but not on motor function, with the potential to 

postpone cognitive decline and thereby the clinical diagnosis of dementia.(54)

This study has several limitations. First, given that participants underwent most cognitive 

tests at the research center, we cannot exclude that selection bias may have influenced our 

results, with those who are considered less healthy being less likely to participate. Therefore, 

the presented test scores on cognitive and motor function may be an overestimation of the 

true performance in the general population, especially for those at older ages (55). Second, 

repetitive administering of cognitive tests can lead to learning effects, which could have led 

to overestimating performance with increasing age. However, these effects are expected to 

be limited, since the median test interval was 5.1 years for cognitive assessments and 5.4 

years for motor assessments. Third, in the early nineties, the completed level of education 

was determined by several factors including sex and social economic status. As such, edu-

cational attainment in this study may not be a proper proxy for cognitive reserve in women. 

Lastly, we estimated trajectories of cognitive and motor function on a population-level, yet 

deviations from this pattern on an individual level may signal an under recognized group at 

high risk for neurodegenerative diseases and stroke. Strengths of this study include the large 

sample size and the repeated and simultaneous assessments of cognitive and motor function 

in a single, community-dwelling population.

In this study, we present trajectories of decline of both cognitive and motor functioning 

among individuals aged 45 to 90 years in the general population. Such data are essential to 

understand the natural course of cognitive and motor function during aging. Cognitive and 

motor function decline similarly during aging, characterized by a linear decline between the 

age of 45 to 65, and a steeper decline thereafter. Higher educational attainment was related 

to higher cognitive function at baseline and to a slower rate of subsequent decline, but it did 

not affect motor function. In the sequence of decline across individual tests, up to a 25-year 

age difference between the fastest and slowest declining test scores was observed.
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eTable 1. Description of original gait parameters.

Parameter Description Indication
of “worse”
gait

Main
underlying
domain

Single support time The time elapsed between the last contact of the opposite 
foot and the first contact of the next footfall of the opposite 
foot when a foot touches the ground

Higher Rhythm

Swing time The time elapsed between the last contact of the current 
footfall to the first contact of the next footfall on the same 
foot in seconds

Higher Rhythm

Step time The time elapsed between the first contact of one foot and 
the first contact of the opposite foot

Higher Rhythm

Stride time The elapsed time between the first contacts of two 
consecutive footfalls of the same foot in seconds

Higher Rhythm

Cadence The number of steps/minute Lower Rhythm

stance time The time elapsed between the first contact and the last 
contact of two consecutive footfalls on the same foot in 
seconds. It is initiated by heel contact and ends with the toe 
off of the same foot

Higher Rhythm

Stride length SD The standard deviation in the stride length in centimeters Higher Variability

Step length SD The standard deviation in the step length in centimeters Higher Variability

Stride velocity SD The standard deviation in the stride velocity (stride length/
stride time) in centimeters/second

Higher Variability

Stride time SD The standard deviation in the stride time in seconds Higher Variability

Step time SD The standard deviation in the step time in seconds Higher Variability

Stance time SD The standard deviation in the stance time in seconds Higher Variability

Swing time SD The standard deviation in the swing time in seconds Higher Variability

Single support time SD The standard deviation in the single support time in seconds Higher Variability

Double support time SD The standard deviation in the double support time in 
seconds

Higher Variability

Single support (%GC) The single support time as a percentage of the stride time Lower Phases

Swing (%GC) The swing time as a percentage of the stride time Lower Phases

Stance (%GC) The stance time as a percentage of the stride time Higher Phases

Double support (%GC) The double support time as a percentage of the stride time Higher Phases

Double support time The amount of time that two feet are on the ground at the 
same time within one footfall in seconds

Higher Phases
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eTable 1. Description of original gait parameters. (continued)

Parameter Description Indication
of “worse”
gait

Main
underlying
domain

Stride length The distance between the heel points of two consecutive 
footprints of the same foot on the line of progression in 
centimeters

Lower Pace

Step length The distance between the heel points of two consecutive 
opposite footprints on the line of progression in centimeters

Lower Pace

Velocity The velocity in centimeters/second Lower Pace

Sum of feet surface The sum of the surfaces of the side stepsa as a percentage of 
the surface of a normal step

Higher Tandem

Sum of step distance The sum of the distances of the side stepsa from the line on 
the walkway in centimeters

Higher Tandem

Double step A double-step was a step with one foot, followed by a step 
with the same foot, where both feet were on the line of the 
walkway

Higher Tandem

Turning step count The number of steps used within the Turning Time Higher Turning

Turning time The turning time was defined as the time between the last 
contact of the second foot before the first turn foot and the 
first contact of the second foot with a normal angle coming 
out of the turn. In which the first turn foot is defined as 
the first foot deviating from the normal angle of the feet 
(subject dependent)

Higher Turning

Stride width SD The standard deviation in the stride width in centimeters Higher Base of support

Stride width The distance from heel center of one footprint to the line of 
progression formed by two footprints of the opposite foot 
in centimeters

Lower Base of support

a A sidestep was defined as a step next to the line on the walkway, which was followed by a step with the same foot 
or a step with the other foot.
Abbreviations: SD, standard deviation; %GC, as a percentage of the stride time.
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eTable 2. Overview of number of participants per cognitive and motor test.

Cognitive/motor test

Analysis of 
cognitive 
function

(N = 9,514)

Analysis of motor 
function

(N = 8,297)

Word Fluency Test 9,458 (99.4)

Letter-Digit Substitution Test 9,419 (99.0)

Stroop Test: Reading subtask 9,311 (97.9)

Stroop Test: Naming subtask 9,300 (97.8)

Stroop Test: Interference subtask 9,281 (97.6)

Word Learning Test: Immediate recall subtask 7,875 (82.8)

Word Learning Test: Delayed recall subtask 7,875 (82.8)

Word Learning Test: Recognition subtask 7,882 (82.8)

Design Organization Test 5,561 (58.5)

Purdue Pegboard Test 8,225 (99.1)

Archimedes Spiral Test 5,424 (65.4)

Gait assessments 4,154 (50.1)

Numbers are presented as number of participants per cognitive or motor test (% of total number of participants for 
cognitive or motor tests).
Abbreviations: N, number of participants.
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eTable 3. Characteristics of excluded participants.

Characteristic

Excluded participantsa

History of 
dementia, stroke, 

or Parkinson’s 
disease at time of 
first assessmentb

(N=3,873)

No cognitive 
or motor 

assessments 
(N=1,494)

Aged ≥90 years 
at time of first 

assessment 
(N=33)

Agec, years, mean (SD) 73.0 (13.7) 72.6 (9.3) 88.2 (4.7)

Sex, women, n (%) 2,509 (64.8) 844 (56.5) 19 (57.6)

Educational level, n (%)

Primary 1,087 (28.1) 466 (31.2) 11 (33.3)

Lower 1,327 (34.3) 575 (38.5) 10 (30.3)

Intermediate 802 (20.7) 334 (22.4) 6 (18.2)

Higher 341 (8.8) 90 (6.0) 3 (9.1)

Body mass index, kg/m2, mean (SD) 26.6 (4.0) 26.4 (4.1) 25.6 (2.9)

Smoking, n (%)

Never 1,367 (35.3) 486 (32.5) 18 (54.5)

Past 1,403 (36.2) 567 (38.0) 11 (33.3)

Current 805 (20.8) 399 (26.7) 1 (3.0)

Alcohol use, n (%) 1,663 (42.9) 781 (52.3) 17 (51.5)

Systolic blood pressure, mmHg, mean (SD) 143 (22.9) 144 (23.6) 145 (18.9)

Type 2 diabetes, n (%) 527 (13.6) 211 (14.1) 5 (15.2)

APOE ε4 carrier, n (%) 714 (18.4) 364 (24.4) 6 (18.2)

a In total, 5,405 out of 14,926 participants were excluded. Characteristics of participants without consent for follow-up 
(n=5) are not shown.
b Also comprises participants with insufficient data to determine a history of one of these diseases.
c Age at study entry, not age at first assessment.
Characteristics are measured at study entry.
Missing values for all characteristics are not imputed and therefore numbers do not always sum up to 100%.
Abbreviations: N, number of participants; SD, standard deviation; IQR, interquartile range; APOE, Apolipoprotein E.
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eFigure 1. Spiral test.
Example of a spiral-drawing quantification, showing an example of the calculation of quantitative measures of fine 
motor skills. The start and endpoint are indicated by a dot. The figure explains how deviation from template and cross-
ings are defined.

eFigure 2. Gait domains.
To summarize gait parameters into independent domains, we conducted a principal component analysis. This yielded 7 
independent gait domains: ‘base of support’, ‘pace’, ‘phases’, ‘rhythm’, ‘tandem’, ‘turning’, and ‘variability’. For each 
gait domain, a single gait parameter that has high correlation with the domain is illustrated.
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eFigure 3. Trajectories of cognitive and motor function stratified by educational level.
The thick black continuous line reflects the trajectory of performance for the total study population based on the results 
of the linear mixed model; the black dotted lines represent the 10th and 90th percentile curves. Furthermore, test per-
formance was visualized per educational level in red for cognitive tests and in blue for motor tests.
a Higher scores indicate worse performance. b Percentile curves could not be calculated and are therefore not shown, 
since the majority of the test scores was equal to 0.
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eFigure 3. Trajectories of cognitive and motor function stratified by educational level.
The thick black continuous line reflects the trajectory of performance for the total study population based on the results 
of the linear mixed model; the black dotted lines represent the 10th and 90th percentile curves. Furthermore, test per-
formance was visualized per educational level in red for cognitive tests and in blue for motor tests.
a Higher scores indicate worse performance. b Percentile curves could not be calculated and are therefore not shown, 
since the majority of the test scores was equal to 0.
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eFigure 3. Trajectories of cognitive and motor function stratified by educational level.
The thick black continuous line reflects the trajectory of performance for the total study population based on the results 
of the linear mixed model; the black dotted lines represent the 10th and 90th percentile curves. Furthermore, test per-
formance was visualized per educational level in red for cognitive tests and in blue for motor tests.
a Higher scores indicate worse performance. b Percentile curves could not be calculated and are therefore not shown, 
since the majority of the test scores was equal to 0.
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eFigure 4. Trajectories of cognitive and motor function stratified by APOE ε4 carrier status.
Test performance was visualized for APOE ε4 carrier status level in red for cognitive tests and in blue for motor tests. 
Participants with unknown APOE ε4 carrier status were excluded for analysis regarding APOE ε4 carrier status (528 out 
of 9,514 participants for cognitive tests and 462 out of 8,297 participants for motor tests).
a Higher scores indicate worse performance.



“Het lijkt wel, hoe ouder je wordt, 

hoe meer je bewust wordt van gezond 

ouder worden. Naast mijn werk als 

wijkverpleegkundige, ben ik werkzaam 

als palliatief verpleegkundige. Tijdens 

mijn werk zie ik elke dag de consequenties 

van ongezond leven, vaak bij oudere, 

soms ook bij hele jonge mensen.  Voor mij 

zijn humor, goede voeding en beweging 

drie sleutelbegrippen om gezond te 

blijven. Door mijn werk zie ik terug wat 

ik in mijn eigen leven wil, wat de essentie 

is. Voor mij is dat de gezondheid van 

mijn gezin. En dat wordt met het ouder 

worden steeds belangrijker. Ik kan niet 

zonder goede voeding en voldoende 

sport, en ik merk dat ik dit ook graag wil 

overbrengen op mijn kinderen.“  

(46 jaar)

“Humor, goede voeding 
en beweging zijn de 

drie sleutelbegrippen”



2.2
Lifetime risk and co-occurrence of 
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abstraCt

Background: Non-communicable diseases (NCDs) are leading causes of premature disability 

and death worldwide. The burden and preventive potential has typically been estimated 

for one of these individual diseases at the time. We therefore calculate the lifetime risk of 

developing any NCD by taking into account co-occurrence of disease, and studied the joint 

effects of shared common risk factors on this risk.

Methods: Between 1989, and 2012, we followed individuals from the prospective Rot-

terdam Study aged 45 years and older who were free from NCDs at baseline for incident 

stroke, heart disease, diabetes, chronic respiratory disease, cancer, and neurodegenerative 

disease. We quantified occurrence/co-occurrence and remaining lifetime risk of any NCD 

in a competing risk framework. We additionally studied the lifetime risk of any NCD, age 

at onset, and overall life expectancy for strata of 3 shared risk factors at baseline: smoking, 

hypertension, and overweight.

Results: During 75,354 person-years of follow-up from a total of 9,061 individuals (mean 

age 63.9 years, 60.1% women), 814 individuals were diagnosed with stroke, 1,571 with 

heart disease, 625 with diabetes, 1,004 with chronic respiratory disease, 1,538 with cancer, 

and 1,065 with neurodegenerative disease. NCDs tended to co-occur substantially, with 

1,563 individuals (33.7% of those who developed any NCD) diagnosed with multiple dis-

eases during follow-up. The lifetime risk of any NCD from the age of 45 years onwards was 

94.0% (95% CI: 92.9% to 95.1%) for men and 92.8% (95% CI: 91.8% to 93.8%) for 

women. These risks remained high (>90.0%) even for those without the 3 risk factors of 

smoking, hypertension, and overweight. Absence of these risk factors was associated with 

a 9.0-year delay (95% CI: 6.3 to 11.6) in the age at onset of any NCD. Furthermore, the 

overall life expectancy for individuals without these risk factors was 6.0 years (95% CI: 5.2 to 

6.8) longer than for those with all 3 risk factors. Individuals aged 45 years and older without 

the 3 risk factors at baseline spent 21.6% of their remaining lifetime with 1 or more NCDs, 

compared to 31.8% of their remaining life for individuals with all of these risk factors at 

baseline. This difference corresponds to a 2-year compression of morbidity of NCDs.

Conclusions: This study suggests that in this western European community, 9 out of 10 

individuals aged 45 years and older develop an NCD during their remaining lifetime. Among 

those individuals who develop an NCD, at least a third are subsequently diagnosed with 

multiple NCDs. Absence of 3 common shared risk factors is associated with compression of 

morbidity of NCDs. These findings underscore the importance of avoidance of these common 

shared risk factors to reduce the premature morbidity and mortality attributable to NCDs.
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IntrOduCtIOn

Non-communicable diseases (NCDs), including stroke, heart disease, diabetes, chronic re-

spiratory disease, cancer, and neurodegenerative disease, are the most frequent causes of 

prolonged disability and premature death worldwide.(56-58) Major changes in lifestyle and 

medicine over the past decades have led to significant reductions in premature mortality from 

NCDs such as heart disease and cancer, especially in high-income countries,(59, 60) shifting 

the burden of disease in these countries from premature mortality to prolonged disability. In 

low- and middle-income countries, however, rates of premature mortality caused by NCDs 

are rapidly increasing, leading to severe socio-economic burdens in these societies.(61)

The risks for most NCDs are highly modifiable, with the potential to halve lifetime risks 

through prevention of risk factor occurrence.(62-65) Avoidance of risk factors is referred 

to as primordial prevention, which is pivotal in reducing the growing burden of NCDs.(66) 

Primordial preventive efforts aim to eradicate risk factors before they occur, such as by 

maintaining a healthy weight in order to prevent overweight. In contrast, primary prevention 

is the reduction of risk factors that already exist, such as by efforts to lose weight in obese 

individuals. Population-based data on the multimorbidity of NCDs are needed to help in 

understanding the impact of risk factors on the lifetime risk and age at onset of NCDs. 

Three common shared risk factors—namely smoking, hypertension, and overweight—un-

derlie most years spent with disability and the subsequent deaths caused by NCDs.(67-69) 

NCDs often co-occur, but few longitudinal data are available to inform us about patterns 

of multimorbidity in the general population.(70, 71) Most studies that have assessed the 

burden of NCDs in the population have investigated each NCD separately,(58, 72, 73) but 

the burden of multimorbidity—the coexistence of 2 or more chronic diseases—is now con-

sidered a global healthcare priority.(71) In view of continuing increases in life expectancies 

and improvements in healthcare systems worldwide, an increasing number of individuals 

are growing into old age, many of whom will survive their first NCD and become at risk for 

multimorbid age-related NCDs.(74) Thus, longitudinal data across the lifespan are required 

to better understand the clustering of NCDs. This understanding could help in shaping 

policy, public education, identification of individuals at increased risk of multimorbidity, and 

developing joint interventions to prevent multiple NCDs simultaneously.

Mitigating shared risk factor burden is not only a cost-effective preventive strategy to curb 

the rapidly growing burden of NCDs,(61) it is also the single most feasible way to meet one of 

the key Sustainable Development Goals: to reduce premature deaths from NCDs globally by 

a third by 2030.(75) Long-term data on the occurrence of NCDs are useful to inform societies 

about the burden and multimorbidity of NCDs, and the potential to prevent multiple NCDs in 

the general population. Lifetime risk and life expectancy are metrics that are relatively easy to 

interpret and can readily be used by relevant stakeholders. Importantly, these metrics can also 

capture the burden of NCDs and the potential for prevention in comparable detail to more 
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complex metrics such as incidence rates and hazard ratios—thereby enabling policymakers, 

clinicians, and other stakeholders to expand current and future efforts aimed at preventing 

risk factors and reducing the growing burden of NCDs.

We used long-term data from a community-based, prospective cohort study to quantify 

the occurrence and multimorbidity of NCDs. We also calculated the lifetime risk of any NCD, 

accounting for NCD multimorbidity and the competing risk of death from other causes. 

Finally, we studied the association of shared risk factor burden with lifetime risk, age at onset 

of NCD, and life expectancy with and without NCDs.

methOds

For this study, we used data from 14,926 individuals that participate in the previously 

described population-based Rotterdam Study. To estimate lifetime risk of NCDs, we subse-

quently excluded 4,461 individuals with a history of 1 or more NCDs at baseline (stroke n = 

244, heart disease n = 915, diabetes n = 957, chronic respiratory disease n = 783, cancer 

n = 343, neurodegenerative disease n = 485, or a combination of these diseases n = 734). 

We further excluded individuals who were incompletely screened at baseline for at least 1 of 

these diseases (n = 1,404), retaining 9,061 individuals available for analyses.

Ascertainment of risk factors

Smoking status was assessed during an in-depth interview, conducted by trained research 

assistants who visited the individuals at home 2 weeks before their scheduled visit to attend 

the research center. Smoking behavior was categorized into never, former and current. At 

the research center, blood pressure was measured at the right upper arm after at least 5 

minutes’ rest in a seated position. Hypertension was defined as a resting sitting blood pres-

sure exceeding 140/90 mm Hg (mean of 2 measurements) and/or the use of blood-pressure-

lowering medication. Drugs that are categorized according to the ATC classification system 

as antihypertensive drugs (c02), diuretics (c03), beta blockers (c07), calcium channel blockers 

(c08), and RAAS-modifying agents (c09) were considered as blood-pressure-lowering medi-

cation. A body mass index ≥ 25 kg/m2 was considered as overweight. Marital status (living 

with or without partner) and educational attainment were also assessed during the same 

home interview to assess smoking status. Educational attainment was categorized as primary 

education (‘primary’), lower/intermediate general education or lower vocational education 

(‘lower’), intermediate vocational education or higher general education (‘further’), or higher 

vocational education or university (‘higher’).
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Ascertainment of NCDs

Baseline and follow-up ascertainment methods for stroke, heart disease (fatal or non-fatal 

coronary heart disease or heart failure), diabetes, chronic respiratory disease (chronic ob-

structive pulmonary disease or asthma), cancer (solid or hematological cancer), and neuro-

degenerative disease (dementia or parkinsonism) have previously been described in detail.

(12, 30, 64, 76-78) In brief, data on clinical outcomes are collected continuously through 

an automated follow-up system involving digital linkage of the study database to medical 

records maintained by general practitioners working in the research area. Trained research 

assistants affiliated with the study regularly check the medical records of each participant 

by hand for diagnoses of interest. Consultation notes, outpatient clinic reports, hospital 

discharge letters, electrocardiograms, pharmacy dispensing records, and imaging results are 

collected from general practitioner records and hospital records. Research physicians affili-

ated with the study independently review all data associated with events. Medical specialists 

also affiliated with the study review the potential cases, and adjudicate the final diagnosis in 

accordance with standardized diagnostic criteria. Further coverage of disease monitoring and 

subtyping is obtained through linkage to nationwide medical registries, the national cancer 

registry, and the Dutch pathology database. Information on vital status is obtained from the 

central registry of the municipality of the city of Rotterdam.

Analysis

When individuals are followed for long time periods (e.g., from mid-life to occurrence of 

disease or death), preclusion of disease-specific outcomes of interest by death from other 

causes or by competing events may lead to overestimation of absolute risks in standard 

Kaplan–Meier analyses. To overcome the issue of such competing risks, we analyzed the 

data taking into account the occurrence of competing events to compute remaining lifetime 

risks in left-truncated data, with age as the time scale.(79) Lifetime risk estimates reflect the 

competing-risk-adjusted cumulative incidences from that particular age onwards until the 

participant’s age at last follow-up. In this study, the maximum age was 106 years for men 

and 107 years for women.

First, we studied the occurrence and patterns of multimorbidity of NCDs during follow-up. 

We quantified the number of events for each NCD separately and visualized all observed 

combinations of NCD multimorbidity during follow-up with an intersection diagram.(80)

Second, we calculated the combined cumulative incidences of these diseases from the 

age of 45 years to the participant’s age at last follow-up. The combined cumulative inci-

dence equals the remaining lifetime risk of developing any NCD from the age of 45 years 

onwards. For these analyses, follow-up started at study entry (with the age of 45 years as 

minimum) and ended at the first date of diagnosis of any of the NCDs. This meant that we 

considered only the first occurring event of the 6 potential outcomes in this analysis in order 

to calculate the overall risk of developing any NCD, because when studying different risks 
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of first manifestations of NCDs, the occurrence of 1 manifestation precludes consideration 

of any subsequent NCD event. For instance, individuals who first experienced heart disease 

during follow-up were no longer considered as being at risk for stroke or any other NCD. 

This combined cumulative incidence of any NCD can be divided for each of the 6 diseases 

separately, which then represents the cumulative incidence of that specific disease occurring 

as the first manifestation of the 6 potential outcomes.

As a complementary analysis, we also calculated the disease-specific cumulative incidence, 

in which we considered only the disease of interest as the outcome, while disregarding 

the occurrence of the 5 other diseases. Thus, individuals remained at risk of the 6 diseases 

irrespective of the occurrence of a first event. This meant that, for example, individuals with 

heart disease during follow-up remained at risk for stroke in the analysis for stroke.

Third, we repeated these analyses stratified on the 3 risk factors at baseline, i.e., current 

smoking, hypertension, and overweight, to study whether these risk factors were related to 

overall lifetime risk. We also evaluated the effects of these risk factors on the age at onset 

of the first NCD and determined whether the type of disease as first manifestation differed 

across risk factor profiles.

Finally, we studied the effects of risk factors at baseline on life expectancy of individuals 

with and without NCDs across absence and presence of risk factors using multistate lifetables 

[30]. This demographic tool combines all the life experiences of individuals in 3 different 

health states: free of NCD, living with an NCD, and death. Transitions between these states 

could be from free of NCD to NCD (incident NCD), NCD to death (mortality among individu-

als with NCD), and free of NCD to death (non-NCD mortality among individuals without 

NCD). We considered only the first event into a state, and backflows were not allowed. For 

instance, for individuals who developed multiple NCDs during follow-up, only their first NCD 

event (‘incident NCD’) is considered in these analyses. We adjusted for age, sex, birth year, 

marital status, and educational level.

For the analyses on multimorbidity, study follow-up ended at date of death, loss to 

follow-up, or January 1, 2012, whichever came first. For disease-specific lifetime risk and 

life expectancy analyses, follow-up ended at the date of any incident NCD diagnosis (or, for 

the complementary disease-specific analysis, the date of incident NCD of interest), death, 

loss to follow-up, or January 1, 2012, whichever came first. Individuals were considered 

lost to follow-up if they moved out of the Netherlands, if their medical records could not 

be accessed, or if individuals withdrew their informed consent during follow-up. We used 

imputation procedures to impute missing data (<2.0%). All analyses were performed at the 

significance level of 0.05 (2-tailed).
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results

Study population characteristics are presented in Table 1. Median age at baseline was 61.7 

years (range 45 to 107 years), and 60.1% of the population were women. During 75,354 

person-years of follow-up (99.3% of potential person-years observed), 6,617 events oc-

curred among 9,061 individuals: 814 individuals were diagnosed with stroke, 1,571 with 

heart disease, 625 with diabetes, 1,004 with chronic respiratory disease, 1,538 with cancer, 

and 1,065 with neurodegenerative disease. In total, 2,941 individuals died during follow-up, 

of whom 421 died free of these diseases.

Table 1. Baseline characteristics of the study population

Characteristic All individuals
(n = 9,061)

Men
(n = 3,603)

Women
(n = 5,458)

Age (years), median (IQR) 61.7 (57.5–70.0) 61.2 (57.1–68.1) 62.2 (57.7–71.2)

Marital status

Living with partner 6,427 (70.9%) 3,073 (85.3%) 3,354 (61.5%)

Living without partner 2,633 (27.4%) 530 (14.7%) 2,103 (38.5%)

Educational level

Primary 1,476 (16.3%) 412 (11.4%) 1,060 (19.4%)

Lower 3,672 (40.5%) 1,048 (29.0%) 2,632 (48.2%)

Further 2,461 (27.2%) 1,278 (35.4%) 1,188 (21.8%)

Higher 1,452 (16.0%) 865 (24.0%) 578 (10.6%)

Smoking status

Never 3,104 (34.3%) 569 (15.8%) 2,537 (46.4%)

Former 3,762 (41.5%) 1,952 (54.2%) 1,812 (33.2%)

Current 2,195 (24.2%) 1,082 (30.0%) 1,109 (20.3%)

Systolic blood pressure (mm Hg) 139 ± 21 140 ± 20 138 ± 21

Diastolic blood pressure (mm Hg) 79 ± 11 80 ± 11 78 ± 11

Use of blood-pressure-lowering medication 1,881 (20.8%) 627 (17.4%) 1,254 (23.0%)

Hypertension 4,696 (51.8%) 1,844 (51.2%) 2,852 (52.3%)

Body mass index (kg/m2) 26.9 ± 4.1 26.7 ± 3.4 27.0 ± 4.4

Overweight 5,751 (63.5%) 2,324 (64.5%) 3,427 (62.8%)

Years to first NCD diagnosis, median (IQR) 7.4 (3.5–11.9) 6.7 (3.3–11.2) 8.0 (3.7–12.5)

Presence of risk factors of smoking, hypertension, and overweight at baseline

None of the 3 risk factors 1,343 (14.8%) 475 (13.2%) 868 (15.9%)

1 3,428 (37.8%) 1,334 (37.0%) 2,094 (38.4%)

2 3,656 (40.3%) 1,463 (40.6%) 2,193 (40.2%)

All 3 risk factors 634 (7.0%) 331 (9.2%) 303 (5.6%)

Imputed data presented as frequency (percent) for categorical values and mean ± SD for continuous variables, unless 
indicated otherwise. Data at baseline were virtually complete (<2.0% missing). Abbreviations: IQR=interquartile range; 
NCD=non-communicable disease; SD=standard deviation.
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Disease multimorbidity

A third (33.7%) of all individuals who developed an NCD (n = 4,633) were diagnosed with 

multiple NCDs during follow-up (Figure 1). The 5 most frequent clusters of disease were 

heart disease and neurodegenerative disease (n = 170; 3.7%), cancer and heart disease (n 

= 138; 3.0%), neurodegenerative disease and stroke (n = 137; 3.0%), heart disease and 

chronic respiratory disease (n = 123; 2.7%), and cancer and chronic respiratory disease (n = 

122; 2.6%). Most individuals who developed an NCD during follow-up were diagnosed with 

a single (n = 3,070; 66.3%) or 2 (n = 1,201; 25.9%) NCDs, whereas 1 individual was diag-

nosed with all 6 NCDs of interest. Among individuals who developed a single NCD, cancer 

(n = 888; 28.9%) and heart disease (n = 724; 23.6%) were the most common, followed by 

neurodegenerative disease (n = 455; 14.8%), chronic respiratory disease (n = 452; 14.7%), 

diabetes (n = 294; 9.6%), and stroke (n = 254; 8.3%). Of all individuals who developed an 

NCD during follow-up, a third (33.7%) were diagnosed with more than 1 of these diseases, 

including 1 individual who was diagnosed with all 6 diseases. The left panel displays bars for 

each disease separately that quantify the solitary number of events per disease, highlight-

ing, for instance, that stroke occurred more frequently during follow-up than diabetes (814 

compared to 625 events, respectively). Yet stoke also showed more overlap with other NCDs 

compared to diabetes (254 solitary stroke events compared to 294 solitary diabetes events). 

Events from individuals who had at least 1 of the common shared risk factors (current smok-

ing, hypertension, or overweight) at baseline are shown in red.

Lifetime risk of any NCD

To calculate the lifetime risk of developing any NCD, we only considered the first NCD event 

during follow-up. Among all of the NCDs that occurred first, 1,173 individuals were diag-

nosed with cancer as the first NCD, 1,035 with heart disease, 833 with chronic respiratory 

disease, 711 with neurodegenerative disease, 468 with stroke, and 413 with diabetes. In 

Figure 2, the combined cumulative incidence for developing any of these diseases from the 

age of 45 years onwards is presented for women and men separately. The risk of developing 

an NCD increased steeply with age, ranging from 33.3% for men and 29.8% for women 

between age 45 and age 65 years, up to 87.3% and 77.6%, respectively, until the age of 

85 years. While men were at higher risk of developing an NCD at a younger age, the risk 

for women rapidly caught up with advancing age. Consequently, the overall lifetime risk of 

developing any of these diseases was only slightly higher for men compared to women, with 

a 94.0% (95% CI: 92.9% to 95.1%) lifetime risk for a 45-year-old man and a 92.8% (95% 

CI: 91.8% to 93.8%) risk for a 45-year-old woman (P-value for sex difference<0.001). Divid-

ing the combined cumulative incidence across the various NCDs showed that the difference 

in overall lifetime risk for these diseases between men and women was driven by a marked 

difference in risk for the type of first NCD. While cancer was the most common first NCD 

for both men (25.9%) and women (24.4%, P-value for sex difference=0.22), the lifetime 
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risk of heart disease as first NCD was significantly higher in men (22.5%) than women 

(17.0%, P-value for sex difference<0.001). Conversely, the risk of neurodegenerative disease 

as first NCD was higher in women (14.1%) compared to men (6.3%, P-value for sex dif-

ference<0.001). The complementary analysis, in which individuals remained at risk for the 

specific NCD of interest irrespective of the occurrence of other NCDs, is presented in Table 2.

Figure 2. Lifetime risk of non-communicable diseases for 45-year-old men and women. 
In this analysis, follow-up ended at the time of first occurrence of an NCD. For instance, for individuals who first expe-
rienced heart disease and subsequently developed neurodegenerative disease, only heart disease is considered here.

Table 2. Lifetime risks for each NCD separately, stratified by sex.

NCD Percent (95% confidence interval) P-Value for sex-difference

Men Women

Stroke 21.0 (18.4–23.5) 24.9 (22.5–27.2) 0.014

Heart disease 47.3 (44.6–50.0) 41.7 (39.4–44.1) 0.001

Diabetes 27.7 (24.2–31.3) 26.3 (23.5–29.1) 0.268

Chronic respiratory disease 37.5 (33.4–41.6) 27.4 (24.6–30.2) <0.001

Cancer 48.4 (45.8–51.0) 37.3 (34.5–40.1) <0.001

Neurodegenerative disease 23.7 (23.3–26.0) 35.9 (33.7–38.1) <0.001

In these analyses, individuals remained at risk for the specific NCD under study, irrespective of the occurrence of other 
NCDs, e.g., individuals with an incident stroke or heart disease were still at risk of diabetes.
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Impact of shared risk factors on lifetime risk and age at onset of NCDs

When stratifying by risk factors, the overall lifetime risk of developing an NCD only slightly 

increased from 90.3% (95% CI: 87.8% to 92.9%) for those without the risk factors to 

96.8% (95% CI: 95.3% to 98.2%) for individuals with all risk factors (Figure 3). However, 

a large difference in the age at onset was observed (Figure 4): compared to individuals 

who smoked, were hypertensive, and were overweight at baseline, individuals without these 

risk factors were on average 9.0 years older (95% CI: 6.3 to 12.6) when they were first 

diagnosed with an NCD. Similar trends were seen across the entire age range, for example, 

at age 55 years, cumulative incidence was 14.3% for those with all 3 risk factors, whereas 

this cumulative incidence was not reached until age 62.5 years (i.e., 7.5 years later) for those 

without the risk factors. Similarly, at age 75 years, cumulative incidence was 73.2% for 

those with all 3 risk factors, whereas this cumulative incidence was not reached until age 86 

years (i.e., 11 years later) for those without the risk factors (Figure 4). These effects were ac-

companied by marked differences in the type of first NCD. For instance, individuals without 

the 3 risk factors of smoking, hypertension, and overweight had a 16.8% lifetime risk of 

developing heart disease as a first manifestation, whereas this risk was 25.8% for those with 

all 3 risk factors. Individuals without the risk factors remained at risk for neurodegenerative 

disease and cancer, while those with risk factors were particularly at risk for the development 

of heart disease, diabetes, and chronic respiratory disease.

 

Figure 3. Lifetime risk of non-communicable diseases stratified by risk factor burden. 
In this analysis, follow-up ended at the time of first occurrence of an NCD. For instance, for individuals who first expe-
rienced heart disease and subsequently developed neurodegenerative disease, only heart disease is considered here.
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Impact of shared risk factors on life expectancy with and without NCDs

Individuals aged 45 years without the 3 shared risk factors smoking, hypertension, and over-

weight lived on average 6.0 years (95% CI: 5.2 to 6.8) longer than those with all 3 of these 

risk factors (Figure 5). Moreover, while individuals without these risk factors on average 

lived longer than those with these 3 risk factors, they also spent a smaller proportion of their 

life from the age of 45 years with at least 1 NCD. For instance, individuals with the 3 risk 

factors of smoking, hypertension, and overweight spent on average almost a third (31.8%) 

of their remaining life expectancy from the age of 45 years with at least 1 NCD compared to 

approximately a fifth (21.6%) for those without these common shared risk factors. Associa-

tions of individual risk factors with life expectancy were smaller compared to the joint effects 

of smoking, hypertension, and overweight (data not shown). When studying the individual 

association of smoking, hypertension, or overweight with life expectancy, individuals who 

did not smoke had the longest life expectancy without an NCD (24.5 years [95% CI: 24.3 to 

24.7]) compared to 20.0 years [95% CI: 19.7 to 20.3] for individuals who smoked.

Figure 5. Remaining life expectancy at age 45 years with and without NCD stratified by risk factor burden. 
Individuals aged 45 years and older without the 3 risk factors of smoking, hypertension, and overweight at baseline 
spent 21.6% (8.3 years divided by 38.4 years) of their remaining lifetime with at least 1 NCD, which was a substantially 
lower proportion compared to the 31.8% (10.3 years divided by 32.4 years) for those with all 3 of these risk factors at 
baseline. Error bars represent 95% confidence intervals.
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dIsCussIOn

In this population-based cohort study, embedded in the ongoing prospective Rotterdam 

Study, we assessed the lifetime risks of developing co-occurring NCDs, and quantified their 

multimorbidity. We show that 9 out of 10 individuals develop an NCD from the age of 45 

years onwards. Among those individuals, at least a third are subsequently diagnosed with 

multiple NCDs. Importantly, absence of 3 common shared NCD risk factors—namely smok-

ing, hypertension, and overweight—is associated with a 9-year delay in the first diagnosis 

of any NCD compared to those with these 3 risk factors. Furthermore, absence of these risk 

factors is associated with an extended life expectancy of 6 years. These findings highlight 

the potential to lower the proportion of a lifetime spent with disability and the number 

of premature deaths caused by NCDs through prevention of shared risk factors among 

community-dwelling individuals.

Previous studies

Several cohort studies have assessed the disease-specific lifetime risks of various NCDs, 

including stroke,(81, 82) heart disease,(65, 83) diabetes,(64) chronic respiratory disease,(63, 

84) cancer (62) and neurodegenerative disease.(82) However, data were lacking on the 

combination of all these major NCDs within a single population and had not been used to 

calculate the overall lifetime risk of NCD among community-dwelling individuals. The extent 

of NCD multimorbidity and the effects of common shared risk factors on the onset of NCDs 

were largely unknown. Here, we show that as many as 9 out of 10 individuals aged 45 years 

and older will develop 1 or more of these NCDs during their remaining lifespan. In fact, 

according to our analyses that did not take multimorbidity into account, each of the 6 NCDs 

assessed in this study posed a high risk for community-dwelling individuals. For instance, 

the disease-specific remaining lifetime risk ranged from 21% for stroke in men up to 48% 

for cancer in men from the age of 45 years onwards. These numbers highlight the frequent 

occurrence of these NCDs in this western European population and show that—in view of 

the chronically progressive nature of these diseases—they are likely to impose a substantial 

burden on societies similar to the one in our study.

Modelling studies have shown the contribution of risk factor management to reducing 

NCD-related years spent with disability and (premature) mortality.(72, 73) These studies 

were either based on prevalence data or relied on several assumptions, including the use 

of prediction models to estimate disease occurrence at the country level, and the deriva-

tion of relative risks from systematic reviews to quantify the effects of exposures on disease 

risk. Consequently, such analyses are hampered by the competing risks of death and other 

NCDs, the substantial multimorbidity of NCDs, and interactions between underlying risk fac-

tors. Indeed, several risk factors are shared between NCDs: most of the risk factors are, for 

instance, not only implicated in heart disease, but are also strongly related to other NCDs 
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such as stroke, as well as an increased risk of mortality. If the competing risks of death and 

precluding NCD events are not appropriately accounted for, the risk of developing any NCD 

will be overestimated. For example, in our study, considering the lifetime risk of each NCD 

separately, without taking into account the competing risk of multimorbidity, results in a 

summed lifetime risk of the NCDs together exceeding 100%. Additionally, risk factors can 

often aggravate each other’s detrimental effects. Therefore, the preventive effect of remov-

ing multiple risk factors is often larger than the sum of the effects of removing the individual 

risk factors. Indeed, in our study the absence of smoking, hypertension, and overweight was 

far more beneficial in lowering disease risk and extending life expectancy than could be ex-

pected based on the individual associations of smoking, hypertension, or overweight alone.

In this study, we were able to overcome these challenges by using real-world data, which 

allowed us to study the association of shared risk factors with the lifetime risk of developing 

any NCD, and with overall life expectancy with and without NCDs. Absence of the 3 shared 

risk factors of smoking, hypertension, and overweight was associated with a substantial 

delay in the onset of any NCD, and was also associated with a longer life expectancy free 

from NCDs. Results from this study in a western European population also suggest that many 

individuals residing in comparable populations with similarly organized healthcare systems 

will be affected by an NCD at some point in their life, although at what age and which 

disease type will manifest first are strongly influenced by an individual’s underlying risk factor 

profile. We found substantial differences in first manifestation of NCD between men and 

women. Although men and women have a roughly similar lifetime risk of developing any 

NCD, men are more likely to develop NCDs at a younger age, and to develop heart disease, 

chronic respiratory disease, or diabetes as their first event. Women are more likely to develop 

their first NCD at an older age, and have a higher risk of stroke and neurodegenerative 

disease, as compared with men. These results extend prior findings on sex differences in 

lifetime risk and first manifestation of heart and neurodegenerative disease.(82, 83)

Over the past decades, smoking control and treatment of hypertension, along with im-

provements in treatment options, have led to a marked decline in premature deaths from 

heart disease despite clear trends in increased prevalence of overweight.(85) Our results 

indicated that the absence of smoking, hypertension, and overweight was associated with 

a 9-year delay in the age at onset of NCD, compared to individuals with these risk fac-

tors. This delay in the age at onset of NCD remained roughly similar across the entire age 

span, and subsequently led to marked differences in first manifestation of NCD. Individuals 

with the most adverse risk factor profiles had an approximately doubled risk of developing 

chronic respiratory disease, diabetes, and heart disease as first NCD. Conversely, healthy 

individuals with optimal risk factor levels were more likely to develop an NCD at older age, 

and as a consequence had a 5-fold increased risk of developing neurodegenerative disease 

as their first manifestation. Life expectancy analyses showed that individuals without the 

common shared risk factors at baseline lived longer without an NCD, yet lived for a shorter 
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time after diagnosis of an NCD. Individuals without these 3 risk factors had a 6-year longer 

overall life expectancy than people with these risk factors, and they also spent much more 

of their remaining life expectancy from the age of 45 years free from NCD compared to 

individuals with these 3 risk factors. As such, individuals without the risk factors gained 

relatively more healthy life years than years of overall life expectancy, and as a consequence, 

the time between the onset of chronic illness or disability and the moment of death was 

compressed. This is referred to as compression of morbidity.(86) As such, efforts aimed at 

optimal prevention of common shared risk factor occurrence may benefit healthy aging at a 

population level.

Some limitations of this study must be acknowledged. First, findings from this community-

based study of predominantly white individuals from western Europe have limited generaliz-

ability to capture the contemporary burden of NCDs in low- and middle-income countries. 

Nevertheless, given the expected increase in life expectancy in coming years in low- and 

middle-income countries, these results may be informative to help the societies of these coun-

tries prepare future resource allocation. Second, although the overall response rate in this 

study was high (72%), non-responders may have had higher than average risk factor burden 

and associated risk of NCDs, which may have led to some underestimation of results. Third, in 

the Dutch healthcare system, the entire population is entitled to primary care that is covered 

by their (obligatory) health insurance. In this primary care setting, a general practitioner 

provides primary prevention for NCDs, which may have affected the risk, age at onset, and 

type of NCD. Generalizing the results of our study to healthcare systems that are organized 

differently, or to those that have limited availability of primary preventive healthcare, should 

therefore be done with caution. Fourth, risk factors were ascertained at baseline, which does 

not capture the possibility of individuals developing additional risk factors during follow-up 

or, conversely, transitioning from an adverse to a more optimal risk profile. Finally, individuals 

who do not smoke or have hypertension and are not overweight might also have other 

factors associated with a healthy lifestyle, such as a healthy diet and physical activity. Indeed, 

residual confounding may have influenced the results, which limits causal interpretation of 

findings from this observational study. Nonetheless, a major strength of this study is the long-

term follow-up of multiple NCDs systematically assessed in a single contemporary population 

study. This allowed the quantification of NCD multimorbidity, the calculation of the lifetime 

risk of developing any NCD, and the calculation of life expectancy with and without NCD.

In this cohort study of a western European community, 9 out of 10 individuals aged 45 

years and older develop an NCD during their remaining lifetime. Among those individuals, 

at least a third are subsequently diagnosed with multiple NCDs. Absence of the 3 shared risk 

factors of smoking, hypertension, and overweight is associated with a 9-year delay in the age 

at onset of any NCD, and a significantly prolonged life expectancy. These findings highlight 

the potential to reduce premature disability and death caused by NCDs through primordial 

prevention of smoking, hypertension, and overweight.
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SUPPLEMENTARy MATERIAL

Supplement Part A. Ascertainment Methods of Noncommunicable 
Diseases

Stroke

Stroke was defined according to the World Health Organization (WHO) criteria as a syn-

drome of rapidly developing clinical signs of focal (or global) disturbance of cerebral func-

tion.1 Symptoms had to last 24 hours or longer or leading to death, with no apparent cause 

other than vascular origin. History of stroke was assessed at baseline and subsequent home 

interviews, and verified by reviewing medical records.2 During follow-up, individuals were 

continuously monitored for incident stroke through automated linkage of the study database 

with files from general practitioners.

Heart Disease

Heart disease was defined as a composite of coronary heart disease and heart failure. Defini-

tions and procedures on the adjudication of cardiac outcomes have been described in detail 

previously.3,4 In brief, coronary heart disease was defined myocardial infarction, and surgical 

or percutaneous coronary revascularization procedure (as a proxy for unstable or incapacitat-

ing angina).4 Myocardial infarction was defined according to the triad of symptoms, indicative 

ECG changes, and cardiac biomarkers.4 In accordance with the guidelines of the European 

Society of Cardiology, heart failure was defined as the combination of typical symptoms 

and signs, confirmed by objective evidence of cardiac dysfunction or a positive response to 

initiated treatment.3,4

Diabetes

Diabetes was defined as a fasting blood glucose concentration of 7.0 mmol/L or higher, a 

non-fasting blood glucose concentration of 11.1 mmol/L or higher (when fasting samples 

were unavailable), or the use of blood glucose-lowering drugs. This definition is in accor-

dance with the WHO guidelines.5 Diabetes were ascertained by use of general practitioners’ 

records (including laboratory glucose measurements), hospital discharge letters, and serum 

glucose measurements from Rotterdam Study visits. Information about the use of blood 

glucose-lowering drugs was obtained from both structured home interviews and pharmacy 

dispensing records.

Chronic Respiratory Disease

Chronic respiratory disease was defined as chronic obstructive pulmonary disease (COPD) or 

asthma. COPD was defined as either an obstructive spirometry without an asthma diagno-

sis, or a validated clinical diagnosis of COPD.6,7 Asthma was defined as a validated clinical 
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diagnosis of asthma conform the Global Initiative for Asthma guidelines.8 The validation of 

asthma cases is described in detail previously.9 Since 2002, spirometry was embedded within 

the core protocol of the Rotterdam Study visits. A Master Screen® PFT Pro was used according 

to the American Thoracic Society /European Respiratory Society guidelines6. Reversibility was 

not tested. Airway obstruction was defined as a forced expiratory volume in one second / 

forced vital capacity ratio <0.7.10

Cancer

Cancer was classified according to the International Classification of Diseases, tenth edi-

tion. Only pathology confirmed cancer diagnoses were used for the present analysis. 

Non-melanoma skin cancers were not included in the definition of cancer for the analysis. 

Date of diagnosis was based on the date of biopsy (solid tumors), or laboratory assessment 

(hematologic tumors).

Neurodegenerative Disease

Neurodegenerative disease was defined as a composite of dementia and parkinsonism. 

Individuals were screened for dementia at baseline and subsequent center visits with the 

Mini-Mental State Examination and the Geriatric Mental Schedule organic level.11 Those with 

a Mini-Mental State Examination score <26 or Geriatric Mental Schedule score >0 underwent 

further investigation and informant interview, including the Cambridge Examination for 

Mental Disorders of the Elderly. All individuals also underwent routine cognitive assessment. 

In addition, the entire cohort was continuously under surveillance for dementia through link-

age of the study database with medical records from general practitioners and the regional 

institute for outpatient mental health care. A consensus panel led by a consultant neurolo-

gist established the final diagnosis according to standard criteria for dementia (DSM-III-R), 

Alzheimer’s disease (NINCDS–ADRDA) and vascular dementia (NINDS-AIREN). Individuals 

were screened for parkinsonism and Parkinson’s disease at baseline using a structured in-

terview and neurological screening examination.12 All individuals who used antiparkinsonian 

drugs (Anatomical Therapeutic Chemical classification index N04), reported that they had 

Parkinson’s disease, or had at least one possible cardinal sign of parkinsonism at the neuro-

logical examination were invited for further evaluation. This consisted of a structured clinical 

work-up including the motor examination of the Unified Parkinson’s Disease Rating Scale 

(UPDRS),13 a neurologic examination by a research physician, standardized history taking and 

obtaining additional information from medical records. We used diagnostic criteria agreed 

upon in EUROPARKINSON (European Community Concerted Action on the Epidemiology 

of Parkinson’s Disease).14 During follow-up, we used four overlapping modalities to detect 

potential cases of parkinsonism: in-person screening, self-reporting of Parkinson’s disease 

during in-person interviews, antiparkinsonian medication use, and alerts from continuous 

monitoring of clinical records.
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Supplement Part B. Life Expectancy Analysis

Life Expectancy Analysis

First, we calculated sex- and age-specific incidence rates. Second, we obtained the prevalence 

of individuals with all three leading risk factors and without all these risk factors by 10-year 

age groups, separately for individuals with and without NCD. Subsequently, we computed 

sex-specific hazard ratios (HRs) using Poisson regression with “Gompertz” distribution. We 

adjusted for age, sex, birth year, marital status, and education level. The final transition 

rates for the two groups were calculated using the abovementioned prevalence rates, overall 

transition rates, and adjusted HRs for NCD, and mortality. The multistate lifetables started at 

age 45 and closed at age 100. To calculate confidence intervals, we used Monte Carlo simu-

lation (parametric bootstrapping) with 10,000 iterations. Bootstrap calculations to compute 

confidence intervals for the multistate life expectancy calculations were done with @RISK 

software (Palisade Corp., Middlesex, United Kingdom).

Table A. Baseline characteristics of the study population, stratified by study wave

RS-I wave
(n=4,869)

RS-II wave
(n=1,620)

RS-III wave
(n=2,572)

Age, median (IQR) 66.9 (61.2 – 73.9) 61.3 (58.4 – 65.9) 55.9 (51.5 – 59.7)

Sex, women 3,048 (62.6%) 922 (56.9%) 1,488 (57.9%)

Marital status

Living with partner 3156 (64,8%) 1244 (76,8%) 2027 (78,8%)

Living without partner 1712 (35,2%) 376 (23,2%) 545 (21,2%)

Educational level

Primary 1,073 (22.0%) 123 (7.6%) 240 (9.3%)

Lower 2,016 (41.4%) 717 (44.3%) 880 (34.2%)

Further 1,260 (25.9%) 470 (29.0%) 703 (27.3%)

Higher 416 (8.5%) 290 (17.9%) 726 (28.2%)

Smoking status

Never 1,751 (36.0%) 512 (31.6%) 809 (31.5%)

Former 1,944 (39.9%) 722 (44.6%) 1,075 (41.8%)

Current 1,121 (23.0%) 380 (23.5%) 679 (26.4%)

Systolic blood pressure (mm Hg) 139 ±22 141 ±21 132 ±19

Diastolic blood pressure (mm Hg) 74 ±11 79 ±10 83 ±11

Use of blood pressure lowering medication 1,228 (25.2%) 366 (22.6%) 498 (19.4%)

Hypertension 2,667 (54.8%) 905 (55.9%) 1,124 (43.7%)

Body-mass index (kg/m2) 26.2 ±3.6 26.8 ±3.9 27.2 ±4.2

Overweight 2,880 (59.1%) 1,081 (66.7%) 1,718 (66.8%)

Data presented as frequency (percent) for categorical values and mean ± SD for continuous variables, unless indicated 
otherwise. Abbreviations: RS: Rotterdam Study, SD: standard deviation, IQR: interquartile range.
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Table B. Lifetime Risks for any Noncommunicable Disease, Stratified by Sex and Study Wave

RS – I, % [95% CI] RS – II, % [95% CI] RS – III, % [95% CI] P-for-difference

Men 92.0 [90.7 – 93.7] 95.6 [92.6 – 98.7] 95.6 [90.4 – 100.0] <0.001

Women 91.9 [90.7 – 93.1] 94.1 [91.0 – 97.2] 82.5 [71.0 – 94.1] <0.001

In this analyses, follow-up ended at time of first occurrence of an noncommunicable disease. For instance, for individu-
als who first experienced heart disease and subsequently developed neurodegenerative disease, only heart disease is 
considered here.

Table C. Remaining Lifetime Risk at age 45 for any Noncommunicable Disease, Stratified by the Presence of 
each Risk Factor Separately and their Possible Combinations.

 Lifetime Risk [95%]

Current smoking 94.3 [92.7 – 95.8]

No current smoking 92.9 [92.1 – 93.7]

Hypertension 94.2 [93.4 – 95.1]

No hypertension 92.5 [91.3 – 93.8]

Overweight 94.9 [94.1 – 95.6]

Not overweight 90.5 [88.9 – 92.1]

Current smoking and hypertension 95.4 [93.9 – 96.9]

No current smoking or hypertension 93.0 [92.2 – 93.8]

Current smoking and overweight 97.1 [96.0 – 98.1]

No current smoking or overweight 92.5 [91.6 – 93.4]

Overweight and hypertension 95.2 [94.3 – 96.0]

No overweight or hypertension 92.1 [91.0 – 93.1]

Current smoking, hypertension and overweight 96.8 [95.3 – 98.2]

No current smoking, hypertension or overweight 93.0 [92.2 – 93.8]

Table D. Lifetime Risks for Each Noncommunicable Disease Separately, Stratified by Risk Factor Burden

Noncommunicable Disease
None of the Three Risk 

Factors, % [95% CI]
All Three Risk

Factors, % [95% CI]
P -for-difference

Stroke 16.4 [12.5 – 20.3] 25.8 [20.5 – 31.0] 0.002

Heart Disease 36.6 [30.8 – 42.4] 56.4 [49.6 – 63.3] <0.001

Diabetes 14.6 [8.5 – 20.7] 36.3 [28.4 – 44.1] <0.001

Chronic Respiratory Disease 19.2 [15.6 – 23.0] 39.9 [32.0 – 47.8] <0.001

Cancer 40.1 [35.1 – 45.1] 44.5 [38.0 – 51.1] 0.143

Neurodegenerative Disease 40.0 [34.8 – 45.3] 19.9 [14.9 – 24.8] <0.001

In these analyses, individuals remained at risk of the specific NCD under study, irrespective of the occurrence of other 
NCDs, e.g. individuals with an incident stroke or heart disease were still at risk of diabetes.
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Table E. Remaining Life Expectancy at Age 45 with and without Noncommunicable Disease, Stratified by the 
Presence of each Risk Factor Separately and their Possible Combinations.

 Total life 
expectancy in 
years [95% CI)

years lived 
without NCD 

[95% CI)

years lived
with NCD
[95% CI)

Current smoking 30.4 [30.1 – 30.7] 20.0 [19.7 – 20.3] 10.4 [10.1 – 10.8]

No current smoking 34.8 [34.6 – 34.9] 24.5 [24.3 – 24.7] 10.2 [10.0 – 10.4]

Hypertension 32.2 [32.0 – 32.4] 21.3 [21.0 – 21.5] 10.9 [10.7 – 11.1]

No hypertension 34.4 [34.1 – 34.7] 24.0 [23.7 – 24.3] 10.5 [10.2 – 10.8]

Overweight 31,2 [31.0 – 31.4] 21.3 [21.1 – 21.5] 9.9 [9.7 – 10.1]

Not overweight 31.1 [30.8 – 31.4] 22.1 [21.8 – 22.4] 9.0 [8.7 – 9.3]

Current smoking and hypertension 28.7 [28.3 – 29.1] 18.2 [17.8 – 18.7] 10.5 [9.9 – 11.0]

No current smoking or hypertension 33.3 [33.2 – 33.4] 22.6 [22.5 – 22.8] 10.7 [10.6 – 10.8]

Current smoking and overweight 29.2 [28.8 – 29.7] 18.4 [18.0 – 18.9] 10.8 [10.3 – 11.3]

No current smoking or overweight 33.0 [32.9 – 33.1] 22.9 [22.7 – 23.1] 10.1 [10.0 – 10.3]

Overweight and hypertension 31.3 [31.1 – 31.5] 20.5 [20.2 – 20.8] 10.8 [10.5 – 11.1]

No overweight or hypertension 32.6 [32.4 – 32.8] 22.5 [22.3 – 22.7] 10.1 [9.9 – 10.4]

Current smoking, hypertension and overweight 32.4 [32.0 – 32.9] 22.2 [21.6 – 22.7] 10.3 [9.7 – 10.8]

No current smoking, hypertension or overweight 38.4 [37.9 – 39.0] 30.1 [29.5 – 30.7] 8.3 [7.8 – 8.8]

Abbreviations: NCD: noncommunicable disease

Fig A. Lifetime Risk of Noncommunicable Diseases for 45-years-old Men and Women
In this analysis, follow-up ended at time of first occurrence of an noncommunicable disease. For instance, for individu-
als who first experienced heart disease and subsequently developed neurodegenerative disease, only heart disease is 
considered here.
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Fig B. Lifetime Risk of Noncommunicable Disease Among Those with All Optimal or Most Adverse Levels of 
Studied Risk Factors
In this analysis, follow-up ended at time of first occurrence of a noncommunicable disease. For instance, for individu-
als who first experienced heart disease and subsequently developed neurodegenerative disease, only heart disease is 
considered here.
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Fig F. Differences in Life Expectancy Depicted in years for Individuals With at Least One Risk Factor, at Least 
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Factors
The reference group [life expectancy for persons without all risk factors) vary marginally due differences in model fit.
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“Ik doe al meer dan 
25 jaar een half uur 

gym per dag” 

“Ik doe al meer dan 25 jaar een half uur gym. 

Elke morgen, altijd eerst gym. Inmiddels heb ik 

mijn eigen set met oefeningen opgebouwd. Ik 

heb altijd gesport: gehockeyd en gegymd. Ik 

heb broze botten, maar ik ben nog steeds fi t. 

Bewegen is noodzakelijk als je ouder wordt. 

Daarnaast eet ik gezond, en ik heb eigenlijk 

nooit overgewicht gehad. Ik eet heel vast drie 

keer per dag. Ik denk dat ik  daardoor nooit 

ziek ben, behalve wat klachten van artrose. 

Mijn man is in 2019 overleden, hij is 82 jaar 

geworden. Wij zijn 55 jaar samen geweest. Ik 

ben zelf niet zo bezig met de dood, maar ik wil 

niet doodgaan als een kasplantje, bijvoorbeeld 

door de gevolgen van dementie. Dat lijkt mij 

verschrikkelijk en mensonwaardig.” 

(81 jaar)



2.3
Epidemiology of polypharmacy
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At least a third of individuals with a non-communicable disease (NCD), such as diabetes, 

chronic lung disease or heart disease, are diagnosed with another NCD in their lifetime.(87) 

This high burden of co-occurring chronic diseases (‘multimorbidity’) necessitates frequent 

and simultaneous use of various drugs according to contemporary guidelines. Several studies 

reported the frequency and composition of polypharmacy (concurrent use of ≥5 drugs) in the 

general population,(88, 89) but most were unable to capture the incidence and chronicity of 

polypharmacy due to their cross-sectional design. In this longitudinal study, we used data from 

the population-based Rotterdam Study to quantify the lifetime occurrence and chronicity of 

polypharmacy. We prospectively included 11,672 individuals aged ≥45 years that were free 

from polypharmacy at baseline. Continuous linkage with pharmacy dispensing records with 

the study database provides daily information on drug use. These records contain automated 

information on all dispensed prescriptions and for example include the Anatomical Therapeutic 

Chemical (ATC) codes, number of filled tablets/capsules or other dosage forms, dates of deliv-

ery, prescribed daily numbers, dosages and prescription lengths. We considered an individual 

exposed to polypharmacy when the sum of simultaneously dispensed drugs on an ATC-4 level 

was ≥5 anywhere within a timeframe of 90 days. We additionally expanded this definition 

to ‘hyperpolypharmacy’ (≥10) and ‘excessive polypharmacy’ (≥15 drugs).(89) We calculated 

remaining lifetime occurrence (‘risk’) of polypharmacy with age as a time scale in left truncated 

data, while taking into account the occurrence of death as competing event. Follow-up started 

at study entry (with the age of 45 years as minimum) and ended at the yearly index date of 

polypharmacy, death, lost to follow-up, or the administrative study end date of January 1st, 

2018, whichever occurred first. Median age at baseline was 65.1 years (range 45–107 years), 

and 57.5% of the population were women. During up to 27 years of follow-up up (99.3% of 

potential person-years observed), 6,755 individuals were exposed to polypharmacy, of whom 

2,035 were exposed to hyperpolypharmacy, and 320 to excessive polypharmacy. Lifetime occur-

rence of polypharmacy from the age of 45 years onwards was 84.1% (95%CI: 82.4–85.9) for 

men and 88.8% (95%CI: 87.2–90.4) for women (p-value for sex difference:<0.0001, Figure 

1). Approximately one-fourth of all individuals (24.7% [95%CI: 23.0–26.4] for men, 28.8% 

[95%CI: 27.2-30.4], for women, p-value<0.0001) was concurrently exposed to ≥10 drugs at 

a certain point in their lifetime, whereas lifetime occurrence of excessive polypharmacy was 

3.3% (95%CI 2.5–4.0) for men, and 4.2% (95%CI: 3.5–4.9) for women, p-value=0.0474.

Chronicity of polypharmacy was often chronic, occurring in ≥2 consecutive years in 

two-thirds of individuals (69.1%). This longitudinal overview on a population-level provides 

insight into the frequency and chronicity of polypharmacy across a lifetime. Nine out of 10 

individuals aged 45 years and over are exposed to polypharmacy in their lifetime, and almost 

a quarter of people was receipt of ≥10 drugs by the age of 90 years. We observed small 

sex-differences in lifetime occurrence of polypharmacy, with an approximately 5% higher 

occurrence in women. In part, this may be explained by a longer life expectancy of women 

compared to men, but could also be attributed to sex-differences in the type of drugs that 
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underlie polypharmacy or to underlying indications for drug prescriptions. Compared to 

women, men for instance more often received drugs related to the prevention or treatment 

of prevailing cardiometabolic diseases that contributed to polypharmacy, such as cardiovas-

cular medication (90% vs 85% for women), and drugs used in diabetes (20.1% vs 16.2% for 

women). Whereas women more often received combinations of drugs (such as supplements, 

analgesics, hypnotics and sedatives, 45.1% compared to 33.4% for men). This study extends 

prior evidence coming from registry studies among older adults (≥65 years)(90-92) and re-

veals that half (50.4%) of the population is already exposed to polypharmacy before the age 

of 65 years. Since only few randomized controlled trials enroll people with multiple chronic 

conditions, little is known about the efficacy and adverse effects of established drugs among 

older individuals with multimorbidity.(89) Moreover, suboptimal combinations of different 

medications or drug-drug interactions are common in these individuals.(89) Several initiatives 

have recently been put forward to reduce these potential harms, such as the STOPP/START 

or Beers-criteria that assess inappropriate prescribing of medications.(93, 94) An advantage 

of these qualitative criteria compared to a quantitative expression of polypharmacy is that 

the former more accurately captures the proportion of potentially inappropriate medication.

(95) It is thus possible that exposure to polypharmacy for some individuals in this study 

may well have been deemed appropriate according to these criteria. At the same time, it is 

considered equally important to evaluate the prescription of yet another drug, particularly 

in older, potentially frail individuals. Against that background, these findings can inform the 

development of new criteria and serve as basis to facilitate clinicians and other stakeholders 

in differentiating between appropriate and inappropriate forms of polypharmacy.
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“Tijd doorbrengen 
met vrouw en 

kinderen”  

“Ouder worden maakt het leven niet altijd 

leuker, maar het leven wordt wel mak-

kelijker. Je hoeft niet meer zo nodig hard 

te werken. Als expediteur heb ik jarenlang 

in de zware transport-sector gewerkt. Het 

ouder worden heeft voor mij twee kanten: 

de fysieke kant wordt moeizamer, maar 

de sociale kant wordt makkelijker. Vroeger 

miste ik vaak familieactiviteiten door mijn 

werk. Ondanks mijn drukke baan, heeft het, 

denk ik, niet zo’n wissel op mijn gezond-

heid getrokken. Sinds dat ik gestopt ben 

met werken hoef ik gelukkig geen nachten 

meer door te halen. Gezond oud worden is 

voor mij leuke dingen doen met mijn vrouw 

en kinderen. Dat zou voor mij met of zonder 

een chronische ziekte kunnen.“

(71 jaar)



2.4
Lifetime risk of common 
neurological diseases
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abstraCt

Background: Dementia, stroke, and parkinsonism pose a huge burden on patients and their 

caregivers, yet informative risk estimates to capture their burden and preventive potential in 

the population are currently lacking for these common neurological diseases. Here, we quan-

tified the burden of common neurological disease in older adults in terms of lifetime risks, 

including their co-occurrence and preventive potential, within a competing risk framework.

Methods: We included 12,102 individuals (57.7% women) aged 45 years or older and free 

from these diseases at baseline that were followed within the population-based Rotterdam 

Study between 1989 and 2016. We studied co-occurrence, and quantified the combined, 

and disease-specific remaining lifetime risk of these diseases at various ages for men and 

women separately. We also projected effects on lifetime risk of hypothetical preventive 

strategies that delay disease onset by 1, 2 and 3 years, respectively.

Results: During follow-up of up to 26 years (156,088 person-years of follow-up), 1,489 

individuals were diagnosed with dementia, 1,285 with stroke, and 263 with parkinsonism. 

Of these individuals, 438 (14.6%) were diagnosed with multiple diseases. Women were 

almost twice as likely as men to be diagnosed with both stroke and dementia during their 

lifetime. The lifetime risk for any of these disease at age 45 was 48.2% (95% confidence 

interval (CI) 47.1% to 51.5%) in women, and 36.2% (35.1% to 39.3%) in men. This dif-

ference was driven by a higher risk of dementia as the first manifesting disease in women 

than in men (25.9% compared to 13.7%; P-value<0.001), while this was similar for stroke 

(19.0% compared to 18.9% in men) and parkinsonism (3.3% compared to 3.6% in men). 

Preventive strategies that delay disease onset with 1 to 3 years could theoretically reduce 

lifetime risk for developing any of these diseases by 20% to 50%.

Conclusions: One in two women and one in three men will develop dementia, stroke, or 

parkinsonism during their life. These findings strengthen the call for prioritizing the focus on 

preventive interventions at population level which could substantially reduce the burden of 

common neurological diseases in the aging population.
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IntrOduCtIOn

Dementia, stroke, and parkinsonism are among the leading causes of mortality and disability 

in older individuals, and pose a huge burden on patients and their caregivers.(96) These com-

mon neurological diseases share many risk factors and subsequently tend to show substantial 

co-occurrence, with stroke and parkinsonism patients at increased risk of dementia, and 

patients with dementia at increased risk of stroke.(97, 98) Recent estimates indicate that the 

global costs-of-illness for these diseases sum up to more than 2% of the annual world gross 

domestic product.(99-101) This socio-economic burden is expected to grow steeply with the 

aging of populations and continuing increases in life expectancy worldwide.(96) As a result, 

this has led to widespread calls for prioritizing these diseases on the global health agenda.

(11, 102, 103) Yet, these common neurological diseases remain understudied in terms of 

prevention at the population level,(104, 105) and underfunded compared to other common 

diseases such as cancer and heart disease, which likely reflects skewed societal perceptions 

of lifetime risk.(106, 107) While informative risk estimates exist to characterize the burden 

of cancer and heart disease in the population, these numbers are lacking for these common 

neurological diseases. Such numbers are particularly suited to use in health campaigns to 

raise public awareness, with the lifetime risk of one in eight for breast cancer and the risk of 

one in four to die from heart disease as two key examples.(108, 109)

Prior studies estimating the burden of these neurological diseases, relied on prevalence 

or incidence rates, without appropriately accounting for their potential co-occurrence and 

competing non-neurological mortality.(96, 99-101) To prevent potential overestimation, life-

time risk estimates can be used to reliably estimate this burden while taking into account the 

substantial co-occurrence of these diseases at old age, a high competing risk of mortality, as 

well as potential differences in life expectancy between men and women. These lifetime risk 

estimates are needed as these may benefit the awareness of the burden in the population, 

and subsequently can be used to model what impact preventive interventions could have on 

this disease burden.

In this study, we used long-term follow-up data from the population based Rotterdam 

Study to study occurrence and co-occurrence of dementia, stroke, and parkinsonism in 

middle-aged and elderly men and women. We additionally calculated the corresponding 

combined, and disease-specific lifetime risk of these diseases within a competing risk frame-

work, and studied their preventive potential.

methOds

Because the aim was to determine the risk of developing disease, we excluded individuals 

from the Rotterdam Study who already had a history of these diseases at baseline (n=1,019: 
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dementia [n=420], stroke [n=378], parkinsonism [n=106], or with a history of a combina-

tion of these diseases [n=115]). We additionally excluded individuals who were insufficiently 

screened at baseline for at least one of these diseases (n=1,780). We further excluded indi-

viduals who did not provide informed consent to access medical records or hospital discharge 

letters (n=25), leaving 12,102 individuals available for analyses.

Ascertainment methods of dementia, stroke, and parkinsonism

Baseline and follow-up ascertainment methods for dementia, stroke and parkinsonism have 

previously been described in detail.(12, 76, 77) At baseline, disease ascertainment comprised 

extensive structured interviews, examinations, and information from medical records, hospi-

tal discharge letters, and pharmacy data to ensure that individuals were free of any of these 

diseases. During follow-up, we screened for these diseases during repeated examinations 

and interviews every four years. We additionally ensured continuous monitoring for disease 

through computerized linkage of medical records from general practitioners and the regional 

institute for outpatient mental healthcare with the study database. In the Dutch healthcare 

system, the entire population is entitled to primary care that is covered by their obligatory 

health insurance. The general practitioner functions as a gatekeeper for referral to second-

ary and tertiary care providers, who report back to the referring general practitioner about 

test results and clinical diagnoses. With this linkage, the entire cohort is thus continuously 

monitored for detection of new cases or possible clinical signs of these diseases between 

center visits.

Of all individuals who were screened and suspected of having any of these diseases, case 

reports were drawn up covering all potentially relevant information to establish the presence 

of disease. These case reports were evaluated by a consensus panel led by a consultant 

neurologist to adjudicate the final diagnosis in accordance with standardized diagnostic 

criteria which were held constant over the entire follow-up time (DSM-III-R for all-cause 

dementia and NINCDS–ADRDA for Alzheimer’s disease, stroke was defined according to 

WHO criteria, and parkinsonism including Parkinson’s disease, were defined according to 

strict study criteria.(77) In addition, available clinical neuroimaging data were used if required 

to determine the subtype of diagnosis. The subtype of stroke was classified as unspecified if 

no imaging was available. Study follow-up ended at incident outcome diagnosis, death, or 

1 January 2016, whichever came first. Follow-up was virtually complete (96.2% of potential 

person-years).

Ascertainment methods of study population characteristics

During home interviews, educational levels were assessed and categorized as primary 

education, lower/intermediate general education or lower vocational education, intermedi-

ate vocational education or higher general education, and higher vocational education or 

university. Smoking habits were assessed during the same interviews and individuals were 
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subsequently categorized as current, former and never smokers. At the research center, 

blood pressure was measured twice in sitting position on the right arm using a random-zero 

sphygmomanometer, and the average of two measurements was used for analysis. Hyper-

tension was defined as a resting blood pressure exceeding 140/90 mmHg or the use of blood 

pressure lowering medication. Depressive symptoms were assessed by using the Center for 

Epidemiology Depression Scale (CES-D), a score of 16 or higher is considered suggestive of 

depressive symptoms. Prevalent atrial fibrillation was diagnosed based on medical records 

through continuous linkage with the study database, and on available ECGs. In addition, 

non-fasting blood samples were collected and glucose levels were determined. In the initial 

cohort, diabetes was defined as a random or post-load serum glucose concentration≥11.1 

mmol/L, or the use of drugs to lower blood glucose. In the second and third, diabetes was 

defined as a fasting serum glucose concentration ≥7.0 mmol/L, a non-fasting serum glucose 

concentration ≥11.1 mmol/L (only if fasting serum was unavailable), or the use of drugs to 

lower blood glucose. Serum total cholesterol and high-density lipoprotein cholesterol were 

acquired by an automated enzymatic procedure (Boehringer Mannheim System). Hypercho-

lesterolemia was defined as a serum total cholesterol exceeding 6.2 mmol/L. APOE genotype 

was obtained using polymerase chain reaction in the original cohort and was determined 

with a bi-allelic TaqMan assay in the extended cohort on coded DNA samples without knowl-

edge of the dementia diagnosis.(110, 111) APOE-ε4 carrier status was defined as carrier of 

one or two ε4 alleles.

Statistical analysis

Preclusion of disease-specific outcomes of interest by death or precluding events is referred 

to as competing risks.(79) Due to these competing events, absolute risks are overestimated 

in standard Kaplan-Meier analyses. Since women on average live longer than men, this 

overestimation will be differential. To overcome these issues, we analyzed the data taking 

into account the occurrence of competing events to compute remaining lifetime risks in left 

truncated data with age as time scale, while stratifying by sex in all analyses. Lifetime risk 

estimates reflect the competing risk-adjusted cumulative incidences from that particular age 

to the age of last observation. In this study, the maximum age was 106 years for men and 

107 years for women.

First, we studied occurrence and the co-occurrence of these diseases during follow-up. 

We quantified the number of events for each disease separately, and visualized their co-

occurrence among individuals using Venn diagrams.

Second, we calculated the combined and disease-specific lifetime risk. For these analyses, 

follow-up started at study entry (with the age of 45 years as minimum) and ended at the 

first date of diagnosis of any of the three diseases. This meant that we considered only the 

event of the three potential outcomes, whichever occurred first. For instance, individuals 

who first experienced a stroke during follow-up were no longer at risk for dementia or 
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parkinsonism. Within this framework, we assessed the combined cumulative incidence, or 

risk, of these diseases from the age of 45 to the age of last observation. This equals the 

combined remaining lifetime risk of developing any of these diseases at the age of 45. We 

subsequently repeated this analysis for each disease separately, resulting in disease-specific 

lifetime risks of first manifestation.

Third, we repeated these analyses by changing the age of entry (from 45 to 55, 65, 75, and 

85 years and older), to study whether the disease-specific lifetime risks of first manifestation 

differed across various ages.

Fourth, we studied disease-specific lifetime risk by considering only the disease of interest 

as outcome, such that individuals remained at risk of these three diseases irrespective of the 

occurrence of a first event. This meant that individuals with a stroke or parkinsonism during 

follow-up in the dementia analysis, remained at risk for dementia.

Fifth, we repeated these analyses considering only the most common subtypes for each 

disease separately (including Alzheimer’s disease and vascular dementia, and ischemic, hem-

orrhagic, and unspecified stroke, and Parkinson’s disease).

Finally, we modelled the effects of a delay in disease onset on the combined lifetime risk of 

any disease and for each disease separately at index ages 45, 55, 65, 75, and 85 by postpon-

ing the date of diagnosis of all three diseases with 1, 2, and 3 years. In these analyses, we 

assumed a constant life expectancy.

We used nominal significance levels to compare age and sex differences (P-value<0.05). All 

data in this thesis are handled and analyzed with SPSS Statistics version 24.0.0.1 (IBM Corp., 

Armonk, NY) and R, CRAN version 3.4.3 and 3.5.2.

results

Population characteristics are presented in Table 1. Median age at baseline was 62.2 years 

(range 45 to 107 years), and women represented 57.7% of the population. During 156,088 

person-years of follow-up, 3,037 events occurred: 1,489 individuals were diagnosed with 

dementia (79.7% Alzheimer’s disease), 1,285 with stroke (64.7% ischemic, 9.8% hemor-

rhagic stroke, and 25.4% unspecified stroke) and 263 with parkinsonism (50.6% Parkinson’s 

disease). In total, 5,291 individuals died during follow-up, of whom 3260 died free of these 

diseases. Individuals who were diagnosed with one of these diseases during follow-up, par-

ticularly tended to have a higher prevalence of hypertension (61.5% compared to 51.4%) 

atrial fibrillation (7.7% compared to 4.2%), hypercholesterolemia (56.0% compared to 

42.5%), and more often had diabetes (11.2% compared to 8.8%) at baseline, compared to 

those who were not diagnosed with any of these diseases during follow-up.
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Disease co-occurrence

Among those who developed one of these three neurological diseases, most individuals were 

diagnosed with only one of these diseases (Figure 1). Yet, there is a substantial risk at the 

age of 45 to face multiple diseases during the remaining lifespan. Among those diagnosed 

with one of these neurological diseases, 438 (14.6%) individuals were diagnosed with more 

than one disease, with women more likely to be diagnosed with more than one of these 

diseases during lifetime compared to men (Figure 1: 4.0% compared to 3.1% respectively, 

P-value<0.001). This difference was predominantly driven by a greater probability of overlap 

between dementia and stroke (occurring in 2.9% of all women compared to 1.9% in men, 

P-value<0.001).

Table 1. Baseline characteristics of individuals free of stroke, dementia, and parkinsonism

All individuals 
(N=12102)

Men
(N=5120)

Women
(N=6982)

Age in years 64.4 (9.4) 63.8 (8.8) 64.9 (9.8)

Educational level

Primary 1,943 (16.1%) 577 (11.3%) 1,366 (19.6%)

Lower 4,820 (39.8%) 1,494 (29.2%) 3,326 (47.6%)

Further 3,306 (27.3%) 1,844 (36.0%) 1,462 (20.9%)

Higher 1,848 (15.3%) 1,144 (22.3%) 704 (10.1%)

Smoking

Never 3,894 (32.2%) 723 (14.1%) 3,171 (45.4%)

Past 5,256 (43.4%) 2,898 (56.6%) 2,358 (33.8%)

Current 2,871 (23.7%) 1,476 (28.8%) 1,395 (20.0%)

Systolic blood pressure in mmHg 138 (22) 139 (21) 137 (22)

Diastolic blood pressure in mmHg 77 (12) 78 (12) 76 (12)

Hypertension 6,481 (53.6) 2,744 (53.6) 3,737 (53.5)

Depression 801 (6.6%) 195 (3.8%) 606 (8.7%)

Atrial fibrillation 599 (4.9%) 309 (6.0%) 290 (4.2%)

Diabetes 1,124 (9.3%) 574 (11.2%) 550 (7.9%)

Total cholesterol, mmol/L 6.18 (1.24) 5.91 (1.18) 6.39 (1.24)

High-density lipoprotein cholesterol, mmol/L 1.38 (0.39) 1.22 (0.33) 1.49 (0.40)

Hypercholesterolemia 5,489 (45.4) 1,842 (36.0) 3,647 (52.2)

APOE genotype

ε2/ε2 or ε2/ε3 1,510 (12.5%) 605 (11.8%) 905 (13.0%)

ε3/ε3 6,675 (55.2%) 2,874 (56.1%) 3,801 (54.4%)

ε2/ε4, ε3/ε4, or ε4/ε4 3,239 (26.8%) 1,400 (27.3%) 1,839 (26.4%)

Non-imputed data presented as frequency (percent) for categorical values and mean (± SD) for continuous variables, 
unless indicated otherwise. Abbreviations: SD=standard deviation; APOE=Apolipoprotein E.
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Lifetime risk of any common neurological disease

Among all individuals free of dementia, stroke and parkinsonism at baseline (n=12,102), a 

total of 2,571 individuals were diagnosed with one of these three diseases as fi rst manifesta-

tion: 1,245 were diagnosed with dementia, 1,118 individuals with stroke, and 208 with 

parkinsonism. In Figure 2, the combined cumulative risk of developing any of these diseases 

from the age of 45 until various ages is presented for women and men separately. This risk 

increased steeply with age, ranging from 2.6% for women and 3.2% for men aged 45 years 

until age 65, to up to 45.8% and 35.3% until the age 95, respectively. The overall remaining 

lifetime risk of developing any of these diseases for a 45-year old woman was 48.2% (95% 

confi dence interval (CI) 47.1% to 51.5%), while for a 45-year old man this risk was 36.3% 

(35.1% to 39.3%, P-value for sex difference<0.001).

Lifetime risks of any common neurological disease across age

Overall lifetime risk of these common neurologic diseases was stable for both men and women 

between ages 45 and 85 (Figure 3). At age 45, fi rst manifestation of stroke posed the high-

est lifetime risk for men (18.9%). Dementia posed the largest risk for women (25.9%), which 

was signifi cantly higher compared to that for men (13.7%; P-value for sex difference<0.001). 

This sex difference remained largely stable across all index ages (P-value<0.001 for all index 

ages). Figure 3 also shows that with advancing age, the relative contribution of dementia to 

the remaining lifetime risk of any disease increased in both men and women, representing 

Figure 1. Venn diagrams showing patterns of disease co-occurrence in men and women quantifi ed in the 
number of events during follow-up. Of all women, 4% were diagnosed with more than one of these dis-
eases, whereas for men this approximated 3%.
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66.6% of all fi rst diagnoses in elderly women (i.e. >85 years) and 55.6% in elderly men. For 

stroke, men and women had similar lifetime risk at the age of 45 (18.9% in men compared 

to 19.0% in women, P-value=0.46). However, men were at substantially higher risk of 

developing stroke at younger ages, such that they have a 8.4% risk of developing stroke 

before the age of 75 years compared to 5.8% for women (P-value=0.005). Lifetime risk of 

parkinsonism peaked earlier compared to dementia and stroke, was low after 85 years, and 

not signifi cantly different between men and women at any age (P-value>0.16).

Lifetime risk of each common neurological disease separately

When individuals remained at risk of all diseases irrespective of the occurrence of precluding 

events, women aged 45 years had a signifi cantly higher lifetime risk of developing dementia 

and stroke than men (31.4% compared to 18.6% in men; P-value<0.001, and 21.6% com-

pared to 19.3% in men; P-value=0.03, respectively), whereas lifetime risk of parkinsonism 

(4.3% in women and 4.9% in men, P-value=0.28) was not signifi cantly different (Figure 4). 

We observed similar patterns in sex-specifi c occurrence for Alzheimer’s disease and vascular 

dementia, and ischemic, hemorrhagic, and unspecifi ed stroke, and Parkinson’s disease (data 

not shown).

Figure 2. Risk of common neurological diseases for 45-year-old men and women. In this analysis, follow-up 
ended at time of fi rst occurrence of dementia, stroke or parkinsonism. For instance, for individuals who fi rst 
suffered a stroke and subsequently developed dementia, only the stroke event is considered here.
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Projecting a delay in disease onset and occurrence

When projecting a delay in disease onset of one, two or three years for all three diseases, the 

remaining lifetime risk of these common neurological diseases could be reduced by 20% in 

individuals aged 45 years and older, and by more than 50% in the oldest of old (Figure 5). 

Even a delay in onset for a few years of only one disease, could already result in substantial 

reductions for the combined lifetime risk of developing any of these diseases. For instance, 

delaying dementia onset with three years, has the potential to reduce lifetime risk of any 

disease by 15% for men and women aged 45, up to 30% for those aged 85 years and older. 

For a 85-year old woman, this lowers the risk of developing dementia during her remaining 

lifetime from 30.4% to 21.3%.

Figure 3. Remaining lifetime risk of fi rst manifestation of common neurological diseases at different ages, 
stratifi ed by sex
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Figure 4. Risk of dementia, stroke and parkinsonism for 45-years-old men and women. 
In these analyses, individuals remained at risk of all diseases irrespective of the occurrence of precluding events. For 
instance, individuals with a stroke or parkinsonism during follow-up in the dementia analysis, remained at risk for 
dementia. Dotted lines represent 95% CIs.
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dIsCussIOn

In this population based study with long-term follow-up, we found that one in two women 

were diagnosed with dementia, stroke, or parkinsonism during their lifetime, whereas for 

men this risk approximated one in three. Moreover, the risk of combined disease was higher 

in women than in men, with women almost twice as likely to be diagnosed with both stroke 

and dementia during their lifetime. These fi ndings illustrate that lifetime risks of these dis-

eases are very high. We further show that preventive strategies that delay disease onset of all 

three diseases by 1-3 years have the potential to reduce these risks by 20% to 50%. These 

fi ndings strengthen the call for focus on prevention to reduce the current and projected 

burden of common neurological diseases in the aging population.

So far, burden of these diseases in terms of lifetime risk were largely quantifi ed sepa-

rately,(81, 112-114) or were determined based on prevalence or incidence rates, while not 

appropriately accounting for their potential co-occurrence and competing non-neurological 

mortality.(96) This pattern of co-occurrence and competing mortality hampers reliable calcu-

lation of the risk of developing any of these diseases when applying a lifetime perspective, 

such that the occurrence of one disease (e.g., stroke) precludes consideration of any sub-

sequent event (e.g., post-stroke dementia). Similarly, several risk factors (e.g., hypertension) 

not only increase the susceptibility for these common neurological diseases, but are also 

associated with an increased risk of dying from other causes (e.g., heart disease).

Previously, the Framingham Heart Study reported lifetime risks of both dementia (1 in 

5 women, 1 in 10 men),(115, 116) and stroke (1 in 5 women, 1 in 6 men),(81) as well as 

a combined estimate of those two assessed in a single study (1 in 3).(114) Compared to 

Figure 5. Modelling the effect of a 1, 2 and 3year delayed onset of disease on the combined remaining life-
time risk of developing dementia, stroke or parkinsonism in men (Panel A) and women (Panel B) at ages 45, 
55, 65, 75 and 85 and older. In these analyses, date of diagnosis of all three diseases was delayed with 1, 2 
or 3 years while assuming a constant life expectancy. Areas in shaded grey represent 95% CIs.
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findings from that study, we observed higher a lifetime risk of dementia (1 in 3 women, 1 

in 5 men). This discrepancy may be due to the fact that individuals in the Rotterdam Study, 

have a longer life expectancy (the Netherlands, women 83.5 and men 81.7 years) compared 

to individuals in the Framingham Heart Study (USA, women 81.2 and men 76.4 years). Apart 

from a longer life expectancy in general, these findings may be explained by smaller differ-

ences in life expectancy between men and women in the Netherlands (1.8 years), compared 

to the USA (4.8 years). With longer life expectancy, individuals in this study simply had more 

time to develop these diseases in a timeframe with high age-specific incidence rates.(117) 

Additionally, women in this study were substantially lower educated compared to men, 

which may have led to a lower dementia resilience in women. In line with estimates from 

the Framingham Heart Study, we found a slightly higher lifetime risk of stroke for women 

compared to men. Although men have in general a greater propensity of developing a stroke 

before the age 90, stroke rates for women are higher at the extremes of the age distribution 

with an increased risk of developing ischemic stroke for those aged <65 years old and a 

higher risk of unspecified strokes for women among the oldest-old. Although men in this 

study had more adverse levels of stroke risk factors at baseline, recent evidence shows that 

stroke rates among women are catching up with those from men due to recent increases 

in the prevalence of several stroke risk factors, particularly among young women, including 

hypertension, smoking, and drug abuse.(118)

For parkinsonism and Parkinson’s disease, we found similar lifetime risks for men and 

women, corroborating evidence from a previous study.(113) In contrast, we did find lower 

risks of Parkinson’s disease for men (2.9%), compared to the lifetime risk of 6.7% reported 

in another study solely conducted in male physicians.(112) Physicians may be more aware of 

their changing health (e.g., symptom recognition), which may help explain this higher risk. In 

addition, this discrepancy may be due to distinct differences in baseline characteristics, such 

as a lower history of ever-smoking (50% compared to 88% in this study), a factor that is 

inversely associated with Parkinson’s disease.(119)

Lifetime risk estimates can be used to effectively inform policy makers and communicate 

risks to the general population, given their easier interpretation compared with measures 

such as incidence rates, prevalence, or relative risk.(120, 121) These approaches to raise 

awareness and inform the public through lifetime risk estimates have been successfully 

implemented for other diseases, such as breast cancer or heart disease.(108, 109) Nowa-

days, preventive measures for primary prevention of cardiovascular disease are tailored to 

individual lifetime risk estimates.(122) This could inform future prevention programs for 

common neurological diseases. For this public policy planning perspective, future studies 

with an even broader age span could expand on the current study by specifically targeting 

other common neurological diseases such as multiple sclerosis. This would provide insight 

into the lifetime risk of multiple sclerosis. Additionally, other common diseases in the elderly 
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population could be included, such as polyneuropathy, to provide an even more complete 

picture of the burden of neurological disease in the community.

This study provided a descriptive and quantitative overview of the burden of three com-

mon neurological diseases in the elderly population. To extend this overview, lifetime risk 

estimates for these diseases across different ethnicities are warranted. Additionally, it would 

be of particular interest for future studies to further study the effects of (epi-) genetic or 

lifestyle factors that could impact the lifetime risk of these diseases.

There are currently no disease modifying drugs available for dementia and most causes 

of parkinsonism, and prevention of stroke is hampered by suboptimal adherence to effec-

tive preventive strategies or unmet guideline thresholds.(123) Yet, a delay in onset of these 

common neurological diseases by merely a few years could reduce the population burden 

of these diseases substantially. In fact, preventive interventions may also contribute to a 

drop in competing mortality by affecting lifetime risk of diseases with similar risk factors. For 

instance, preventive interventions resulting in a delay in onset of strokes are likely also able 

to delay morbidity and mortality due to coronary or peripheral artery disease. Our projec-

tions of the preventive potential, which assumed constant life expectancy, may therefore be 

overestimating the compression of morbidity, and must therefore be interpreted as the upper 

limit of this preventive potential. In particular with diseases that are most common in the 

elderly, increased life expectancy due to for example risk factor control may counterbalance 

lowering in incidence rates.(124) Nevertheless, they illustrate that risks could drop strikingly 

with relatively minor delays in the occurrence and onset of disease, underlining the impor-

tance of preventive strategies as the way forward to combat these diseases on a global scale.

(100, 125-129) Recent observations on declining dementia incidence trends from several, 

large population-based studies in high-income countries may in fact reflect the (initial) signs 

of these preventive strategies through better vascular risk factor management, improved 

educational attainment, or other public health developments that improved the resilience for 

dementia.(130-132) These results also have implications for the type of prevention strategies 

to develop, including population-wide interventions targeted at risk factors with consider-

able sex-specific differences in attributable risk, such as loneliness and depression in women 

or diet in men.(126, 133)

Several methodological considerations should be taken into account when interpreting 

these lifetime risks. First, this population based study predominantly included individuals 

of European ancestry (97%), with a relatively long life expectancy.(117) Generalizing these 

lifetime risk estimates to other ethnicities or to populations with different life expectancies 

should therefore be done with caution. Second, although the overall response rate in the 

Rotterdam Study was high (72%), non-responders and individuals with insufficient screening 

at study entry may have had higher than average risk factor burden and associated risk of 

these diseases, which may have led to some underestimation or overestimation of lifetime 

risks.(134) The direction of this effect is balancing on the impact of such risk factor burden on 
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disease risk on the one hand, and the impact on the underlying life expectancy of these indi-

viduals on the other hand. Third, we acknowledge that parkinsonism may not be recognized 

as a disease itself, instead it represents a spectrum of underlying pathologies, ranging for 

example from Parkinson’s disease (representing 50.6% of all parkinsonism cases in this study) 

to more reversible causes of disease such as drug induced parkinsonism (representing only 

9.7%). Nevertheless, considering such pathologies as disease is commonly done in public 

health reports, such as the World Health Organization (WHO) topic on the global burden 

of disease. Fourth, we only considered the first neurological disease that became clinically 

manifested in these analyses – this may have underestimated the hidden additional burden 

imposed by neurodegenerative diseases, which may extend beyond individuals with clinical 

dementia or parkinsonism, as long prodromal phases of these neurodegenerative diseases 

may have preceded a clinically overt stroke. Finally, we were unable to take into account 

severity of clinical disease, and in particular for interpretation of stroke estimates, it should be 

noted that about half of ischemic strokes at the population level classify as minor according 

to the NIH Stroke Scale (NIHSS) and may have a limited impact on daily life.(135) Strengths of 

this study include the large sample size and simultaneous assessment of these diseases using 

virtually complete long-term follow-up data in the unselected general population.

In conclusion, one in two women develops dementia, stroke, or parkinsonism in their 

lifetime, whereas this risk approximates one in three for men. Women are almost twice as 

likely as men to be diagnosed with both stroke and dementia during their lifetime. Risks are 

theoretically highly amendable by preventive interventions at the population level. These 

findings strengthen the call for focus on preventive interventions to reduce the burden of 

common neurological disease in the aging population.
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suPPlementary materIal

Appendix A. Ascertainment methods of dementia, stroke, and 
parkinsonism.

Dementia

Participants were screened for dementia at baseline and subsequent center visits with the 

Mini-Mental State Examination and the Geriatric Mental Schedule organic level.1 Those with 

a Mini-Mental State Examination score <26 or Geriatric Mental Schedule score >0 underwent 

further investigation and informant interview, including the Cambridge Examination for 

Mental Disorders of the Elderly. All participants also underwent routine cognitive assessment. 

In addition, the entire cohort was continuously under surveillance for dementia through 

electronic linkage of the study database with medical records from general practitioners and 

the regional institute for outpatient mental health care. Available information on cognitive 

testing and clinical neuroimaging was used when required for diagnosis of dementia subtype. 

A consensus panel led by a consultant neurologist established the final diagnosis according 

to standard criteria for dementia (DSM-III-R), Alzheimer’s disease (NINCDS–ADRDA) and 

vascular dementia (NINDS-AIREN).

Stroke

Stroke was defined according to the World Health Organization criteria. Information on 

stroke was collected continuously from general practitioners and nursing home physicians. 

Research physicians reviewed potential strokes using hospital discharge letters and infor-

mation from general practitioners, and a consensus panel led by a consultant neurologist 

verified the stroke diagnoses.2 Strokes were classified in ischaemic or haemorrhagic stroke 

based on neuroimaging reports. If no neuroimaging was performed, strokes were classified 

as unspecified.

Parkinsonism

At baseline, we used a two-phase design to identify participants with parkinsonism or Par-

kinson’s Disease (PD). In the first phase, all subjects were asked about previous diagnosis of 

PD, and any drug use was coded according to the Anatomical Therapeutic Chemical (ATC) 

classification index.3 In addition, every participant was neurologically examined by one of the 

research physicians. All subjects who either used antiparkinsonian drugs (ATC code N04), 

reported that they had PD, or had at least one possible cardinal sign of parkinsonism (i.e., 

resting tremor, cogwheel rigidity, hypo- or bradykinesia, or impaired postural reflexes) at the 

neurologic screening examination were invited for further evaluation in a second phase. In 

this phase, those who screened positive during the first phase were examined by a research 

physician specialized in neurological disorders. A structured clinical work-up, including the 
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motor examination of the Unified Parkinson’s Disease Rating Scale (UPDRS), a neurologic 

examination, and standardized history taking, was used to establish the diagnosis and clas-

sification of parkinsonism. Additional information from medical records of specialists and 

general practitioners of these individuals was obtained.

We used four overlapping modalities to detect potential cases of parkinsonism during 

follow-up: in-person screening (on average every 4 years), self-reporting of PD during in-

person interviews, antiparkinsonian medication use, and alerts from continuous monitoring 

of clinical records. For the in-person screening the aforementioned two-phase design was 

used. In addition, the cohort was continuously monitored through a surveillance system for 

detection of new parkinsonism cases by computer linkage with the general practitioners’ 

automated medical record systems, which encompass diagnostic codes and narrative clinical 

notes from general practitioners as well as documentation from neurologists, geriatricians, 

and other medical specialists. Nearly all participants in the study were registered at one of 

the community pharmacies that serve the study area, which made it possible to identify 

subjects who used antiparkinsonian medication at any time during follow-up. For all persons 

who screened positive in any of these methods, complete medical records (including letters 

from medical records of specialists and general practitioners) were studied and case reports 

were compiled to establish the subtype of parkinsonism and the degree of certainty in the 

diagnosis. The final diagnoses were adjudicated in a consensus panel led by an experienced 

neurologist. We used diagnostic criteria agreed upon in EUROPARKINSON (European Com-

munity Concerted Action on the Epidemiology of Parkinson’s Disease).4 Parkinsonism was 

diagnosed as ‘definite’ if at least two of the cardinal signs were present in a subject not tak-

ing antiparkinsonian drugs, or if in a subject treated with antiparkinsonian medication one or 

more signs had improved by treatment (documented by medical history). PD was defined in a 

person with parkinsonism by exclusion of all other possible causes of parkinsonism.
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Appendix B. Ascertainment methods of study population characteristics

Ascertainment methods of study population characteristics

During home interviews, educational levels were assessed and categorized as primary 

education, lower/intermediate general education or lower vocational education, intermedi-

ate vocational education or higher general education, and higher vocational education or 

university. Smoking habits were assessed during the same interviews and participants were 

subsequently categorized as current, former and never smokers. At the research center, 

blood pressure was measured twice in sitting position on the right arm using a random-

zero sphygmomanometer, and the average of two measurements was used for analysis. 

Hypertension was defined as a resting blood pressure exceeding 140/90 mmHg or the use 

of blood pressure lowering medication. Depressive symptoms were assessed by using the 

Center for Epidemiology Depression Scale (CES-D), a score of 16 or higher is considered 

suggestive of depressive symptoms. Prevalent atrial fibrillation was diagnosed based on 

medical records through continuous linkage with the study database, and on available ECGs. 

In addition, nonfasting blood samples were collected and glucose levels were determined. 

In the first subcohort, diabetes mellitus wasdefined as a random or post-load serum glucose 

concentration≥11.1 mmol/L, or the use of drugs to lower blood glucose. In the second and 

third, diabetes mellitus was defined as a fasting serum glucoseconcentration ≥7.0 mmol/L, a 

non-fasting serum glucose concentration ≥11.1 mmol/L (only if fasting serum was unavail-

able), or the use of drugs to lower blood glucose. Serum total cholesterol and high-density 

lipoprotein cholesterol were acquired by an automated enzymatic procedure (Boehringer 

Mannheim System). Hypercholesterolemia was defined as a serum total cholesterol exceed-

ing 6.2 mmol/L. APOE genotype was obtained using polymerase chain reaction in the original 

cohort and was determined with a bi-allelic TaqMan assay in the extended cohort on coded 

DNA samples without knowledge of the dementia diagnosis.5,6APOE-ε4 carrier status was 

defined as carrier of one or two ε4 alleles.
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Appendix C. Supplementary tables and figure

Table 1. Baseline characteristics of individuals free of stroke, dementia, and parkinsonism

No event during 
follow-up
(N=9531)

Event during 
follow-up 
(N=2571)

P-value for 
difference

Age in years, mean (SD) 62.8 (9.0) 70.6 (8.3) <0.001

Women, n (%) 5360 (56.2) 1622 (63.1) <0.001

Educational level, n (%) <0.001

Primary 1314 (13.8) 629 (24.5)

Lower 3778 (39.6) 1042 (40.5)

Further 2668 (28.0) 638 (24.8)

Higher 1644 (17.2) 204 (7.9)

Smoking, n (%) <0.001

Never 2949 (30.9) 945 (36.8)

Past 4178 (43.8) 1078 (41.9)

Current 2348 (24.6) 523 (20.3)

Systolic blood pressure in mmHg, mean (SD) 137 (21) 143 (23) <0.001

Diastolic blood pressure in mmHg, mean (SD) 78 (12) 75 (12) <0.001

Hypertension, n (%) 4899 (51.4) 1582 (61.5) <0.001

Depression, n (%) 626 (6.6) 175 (6.8) <0.001

Atrial fibrillation, n (%) 402 (4.2) 197 (7.7) <0.001

Type 2 Diabetes, n (%) 836 (8.8) 288 (11.2) <0.001

Total cholesterol, mmol/L 6.10 (1.23) 6.49 (1.22) <0.001

High-density lipoprotein cholesterol, mmol/L 1.38 (0.40) 1.35 (0.37) <0.001

Hypercholesterolemia, n (%) 4049 (42.5) 1440 (56.0) <0.001

APOE genotype, n (%) <0.001

ε2/ε2 or ε2/ε3 1215 (12.8) 295 (11.5)

ε3/ε3 5346 (56.1) 1329 (51.7)

ε2/ε4, ε3/ε4, or ε4/ε4 2418 (25.4) 821 (31.9)

Abbreviations: SD: standard deviation, APOE Apolipoprotein E.
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Table 2. Overview of clinical diagnoses of incident common neurological diseases during follow-up

Diagnosis Men (N=5120) Women (N=6982)

No. of individuals with 
diagnosis

No. of individuals with 
diagnosis

Alzheimer’s disease 339 847

Parkinson’s disease 74 65

Parkinson’s disease dementia 16 16

Vascular dementia 48 64

Ischemic stroke 373 459

Hemorrhagic stroke 58 68

Unspecified stroke 106 221

Frontotemporal lobar degeneration 3 3

Herpes encephalitis 0 2

Semantic dementia 0 1

Spinocerebellar ataxia 0 1

Creutzfeldt Jacob disease 0 1

Post anoxic encephalopathy 1 2

Huntington dementia 1 1

Korsakov dementia 2 1

Progressive Supranuclear Palsy (PSP) 0 4

Drug-induced parkinsonism 10 16

Vascular parkinsonism 4 7

Lewy Body Disease (LBD) 3 5

Parkinsonism caused by dementia syndrome other 
than LBD

6 3

Corticobasal degeneration 0 2

Multiple System Atrophy 3 5

Parkinsonism caused by tumor 0 2

Unspecified dementia 46 72

Unspecified parkinsonism 23 42



109

Table 3. Risk of different subtypes of common neurological diseases from the age of 45, 55, 65, 75, and 85

Risk after age* Subtype Men (%) Women (%)

45

Alzheimer’s disease 15.2 (13.8;16.6) 27.9 (26.3;29.4)

Vascular dementia 2.3 (1.7;2.9) 2.3 (1.8;2.8)

Ischaemic stroke 14.4 (13.1;15.8) 13.6 (12.2;15.0)

Haemorrhagic stroke 2.2 (1.6;2.8) 2.0 (1.5;2.5)

Unspecified stroke 5.0 (4.2;5.9) 7.9 (7.0;8.7)

Parkinson’s disease 2.9 (2.2;3.5) 1.9 (1.5;2.4)

55

Alzheimer’s disease 14.3 (13.0;15.7) 27.4 (25.9;28.9)

Vascular dementia 2.3 (1.8;2.9) 2.3 (1.8;2.8)

Ischaemic stroke 14.2 (12.9;15.5) 13.1 (12.1;14.2)

Haemorrhagic stroke 2.2 (1.6;2.8) 1.9 (1.5;2.3)

Unspecified stroke 5.1 (4.2;5.9) 8.1 (7.2;9.0)

Parkinson’s disease 3.1 (2.2;3.9) 1.9 (1.5;2.4)

65

Alzheimer’s disease 12.3 (11.0;13.6) 24.4 (22.9;26.0)

Vascular dementia 2.0 (1.4;2.5) 2.1 (1.6;2.5)

Ischaemic stroke 11.1 (10.0;12.4) 11.0 (9.9;12.1)

Haemorrhagic stroke 2.1 (1.5;2.7) 1.9 (1.4;2.4)

Unspecified stroke 4.3 (3.6;5.1) 6.9 (6.1;7.8)

Parkinson’s disease 2.7 (2.0;3.5) 2.1 (1.4;2.7)

75

Alzheimer’s disease 14.5 (12.9;16.1) 27.1 (25.4;28.9)

Vascular dementia 2.5 (1.8;3.2) 2.5 (1.9;3.1)

Ischaemic stroke 11.2 (9.8;12.6) 10.9 (9.8;12.0)

Haemorrhagic stroke 2.1 (1.4;2.8) 1.9 (1.4;2.5)

Unspecified stroke 5.3 (4.4;6.2) 7.8 (6.9;8.7)

Parkinson’s disease 2.4 (1.7;3.1) 1.7 (1.1;2.2)

85

Alzheimer’s disease 15.1 (12.5;17.6) 26.6 (24.4;28.8)

Vascular dementia 2.7 (1.7;3.8) 2.4 (1.7;3.1)

Ischaemic stroke 11.1 (9.1;13.2) 10.1 (8.8;11.4)

Haemorrhagic stroke 1.3 (0.5;2.1) 1.7 (1.1;2.3)

Unspecified stroke 7.7 (6.0;9.4) 10.6 (9.3;11.9)

Parkinson’s disease 1.2 (0.1;2.0) 1.2 (0.1;1.7)

In these analyses, individuals remained at risk of the specific disease under study, irrespective of the occurrence of other 
diseases, e.g. individuals with an incident ischemic stroke or Parkinson’s disease were still at risk of Alzheimer’s disease.
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Figure 1. Risk of different subtypes of common neurological diseases for 45-years-old men and women.





“Ik ben niet zo druk met mijn 

gezondheid, wel probeer ik zo 

vaak mogelijk vers te koken, maar 

het schiet er soms ook wel bij in. 

Ik probeer voldoende te bewegen, 

zo ga ik regelmatig joggen maar 

ik verzwik ook snel wat. Elk 

weekend dans ik, dat is goed voor 

mijn lichaam en geest, het geeft 

mij een goed gevoel. Ik ben niet 

heel stressgevoelig, ik kan mijzelf 

snel weer met beide benen op de 

grond zetten. Naast mijn werk in 

de verzorging en als kapster, heb ik 

een druk bestaan met 4 kinderen 

en 1 kleinkind. Ik zag desondanks 

toch tijd voor ERGO. Ik vind het 

een waanzinnig belangrijk en 

interessant onderzoek.” 

(45 jaar)

“Dansen geeft mij een 
goed gevoel in 

lichaam en geest”   
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abstraCt

Background: To translate evidence from published studies on dementia into clinical practice, 

physicians and patients rely on generalizability of those studies. We assessed to which extent 

contemporary research reflects routine clinical assessment of dementia.

Methods: On Dec 17, 2019, we systematically reviewed PubMed for dementia studies to 

characterize study populations. We included studies of patients with dementia published in 

the major clinical journals between Sep 1, 2018 to Aug 31, 2019. Study characteristics, such 

as setting, number of participants, age at diagnosis, and use of biomarkers were extracted 

by two reviewers.

Results: Among 513 identified studies, 211 (41%) included <50 individuals with dementia. 

The remaining 302 studies included a median 214 patients [IQR 98-628] with a mean age 

at diagnosis of 74.1 years (SD 8.0). Age at dementia diagnosis differed with study setting, 

such that patients in clinical studies were on average 8.8 years [95% CI 7.3-10.2] younger 

than those in population-based studies (71.8 years (6.4) vs. 80.6 years (4.7)). Use of MRI, 

PET-imaging and cerebrospinal fluid was mostly done in clinical studies (80-96%), and conse-

quently in relatively young patients (mean age 71.6 years (5.1)). The vast majority of studies 

originated from North America and Europe (89%), including almost exclusively participants 

of Caucasian descent (median: 90% [79-97]).

Conclusions: Contemporary dementia research is limited in terms of ethnic and geographic 

diversity, and draws largely from clinical populations with relatively young patients. Greater 

inclusivity as well as deeper phenotyping in unselected cohorts could benefit diagnosis and 

development of effective treatments for all patients with dementia.
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baCkgrOund

Physicians must often translate scientific evidence on diagnosis and care into the best deci-

sions in the consultation room. The generalizability of published studies to the clinic, however, 

largely depends on whether the particular group of patients has sufficiently been studied in 

clinical research. Lack of generalizability, or external validity, has been shown a cause for ma-

jor concern in clinical trials,(136) including for dementia.(137-139) However, in the absence 

of disease-modifying interventions, the vast majority of research and clinical decision-making 

is observational in nature, querying etiology, diagnostic strategies, and prognosis. Lack of 

generalizability threatens these studies as well as clinical trials, when biological underpinning 

and disease course vary with patient characteristics, as is very common with dementia.(140) 

Back in 2004, it was suggested that representativeness of observational dementia research 

may also be limited,(141) but no published studies have investigated this systematically in 

contemporary setting.

Clinical guidelines for assessment of suspected dementia do not recommend extensive 

investigation with for example cerebrospinal fluid, or even brain MRI (over CT), in routine 

clinical practice.(142-145) Although very sensible from the viewpoint of efficient and cost-

effective care, this could easily lead to research populations that are not very representative 

of the wider population with the disease. It could notably exclude elderly individuals, who 

constitute the largest part of patients with cognitive decline, but often do not attend special-

ized memory clinics. Unlike in younger patients with dementia, who mostly present with 

distinct clinical phenotypes, the variety of symptoms that comes with accumulation of various 

pathologies at old age,(146, 147) influences diagnostic yield and treatment efficacy. Similarly, 

gender and ethnic differences in biology or presentation, due for instance to variation in ge-

netic make-up and comorbidity, can have an important impact on diagnosis, prognostic risk 

stratification, and treatment effects. As the prevalence of dementia is expected to increase 

most in Asia and Africa,(148, 149) inclusiveness is pivotal, but actual geographic and ethnic 

representativeness of study populations are not clearly established.(150)

We therefore systematically reviewed the contemporary literature to determine the extent 

to which dementia research is representative of the wider population with dementia, and 

identify particular patient, study, and disease characteristics that may help refine generaliz-

ability.

methOds

We conducted a systematic search of the literature in PubMed for studies including patients 

with dementia, published in any language between September 1, 2018 and August 31, 

2019. Of these, we selected all studies published in the top 100 journals, ranked by 2018 
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impact factor, in the following InCites (Clarivate Analytics) categories: clinical neurology, 

neurosciences, geriatrics and gerontology, psychiatry, neuroimaging, or general and internal 

medicine. A list of included journals and the complete search syntax are presented in ap-

pendix 1. We included any study of patients with dementia for extraction of study details 

by 2 reviewers. This review was not registered in PROSPERO, as it does not consider health 

outcomes on the individual patient level.

Study selection

We imported all retrieved records into an EndNote (Clarivate Analytics) library. A single 

reviewer (F.J.W.) screened all articles for eligibility, using the following inclusion criteria: (1) 

original research articles; and (2) inclusion of patients with dementia, with diagnosis either 

established at baseline or during follow-up.

Data extraction

Study characteristics were independently extracted from the identified reports by two 

investigators (S.S.M. and F.J.W.), with discrepancies resolved by consensus discussion and 

adjudicated by a third investigator (S.L.). The extracted information included: affiliation of the 

first author, geographical location of the study’s source population, study setting (e.g., clini-

cal, population-based, or nursing home), study design (e.g., longitudinal or cross-sectional), 

study aim (based on the research question), and use of imaging (e.g., magnetic resonance 

imaging (MRI), positron-emission tomography (PET)), genetic, cerebrospinal fluid (CSF), or 

blood biomarkers. We further extracted various patient characteristics of included study 

participants, including the number of patients with dementia, the age at diagnosis and in 

case of post-mortem studies: age of death, sex, and dementia subtype. After determin-

ing first the number of participants with dementia in each study, we then proceeded with 

extraction of further details in studies with ≥50 individuals with dementia, for reasons of 

efficiency as well as capturing in more detail the studies with –on average– greater precision. 

Finally, we looked up corresponding publicity scores (i.e., the Altmetric score) of all included 

articles on November 3, 2020. Altmetric scores are qualitative indices that are considered 

complementary to traditional, citation-based metrics to indicate the amount of attention an 

article receives based on for example public policy documents, mainstream media coverage 

and mentions on social networks.

Analysis

When a single publication described multiple study populations (e.g., from different cohorts), 

these were pooled for analyses, unless relevant distinctions in study setting, design or aims 

merited separate analyses. In case patient characteristics were reported for multiple subgroups 

of patients separately within one study, we used a weighted average across subgroups.
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First, we determined the number of participants across studies. As eluded to above, we 

then compared study and patients’ characteristics between different settings for all studies 

including ≥50 patients.

We calculated the mean age at diagnosis of dementia for clinical and population-based 

studies based on summary measures as reported by the individual studies (either mean or 

median age) and compared these between study settings using the t-test. As we anticipated 

that clinical studies would more often include patients with dementia subtypes that may 

occur at relatively younger age, such as dementia with Lewy bodies (DLB), frontotemporal 

dementia (FTD) and Creutzfeldt-Jakob Disease (CJD), we performed a sensitivity analysis 

of clinical studies without inclusion of DLB, FTD, and CJD. For post-mortem studies, we 

extracted age at death, as age at diagnosis was not reported in most studies. Likewise, for 

patients in nursing homes, the age was reflective of time at inclusion rather than time at 

diagnosis.

We compared the distributions of sex and ethnicity between study settings. Because aver-

age life-expectancy in the population is longer for women than for men, we stratified the sex 

analyses by age to determine whether longer overall survival in women might lead to higher 

percentages of women with increasing average age of the study populations.

Finally, we log transformed Altmetric scores because of their skewed distribution and 

subsequently assessed differences by study characteristics using linear regression, adjusted 

for the time between publication and collection of the scores.

We used SPSS (IBM SPSS Statistics 25) and R 3.6.3 (R Foundation for Statistical Computing, 

Vienna, Austria, www.r-project.org) for data processing and analysis. A two tailed p-value of 

less than 0.05 was considered significant.

results

Among a total 955 articles, we identified 513 eligible studies of individuals with dementia 

(flow diagram in appendix 1). A preclinical nature of the study (n=148) or inclusion of indi-

viduals without dementia (n=161) were the main reasons for ineligibility. Of 513 included 

studies, 211 (41%) studied less than 50 individuals (Figure 1). The remaining 302 studies 

represented 329 distinct study populations, with a median of 214 [IQR 98-628] participants 

with dementia (Figure 1; characteristics per study are provided in appendix 2).

The majority of studies were clinic-based (55%) or population-based (24%), followed by 

studies based on post-mortem examinations (17%), studies situated in nursing homes (2%), 

registry-based studies (1%), and a combination of clinical and population studies (4%). The 

three most investigated patient cohorts (i.e., ADNI, ROSMAP, and NACC) jointly represented 

one fifth (21%) of all study populations (appendix 1). All detailed characteristics of the 

included studies by study setting are presented in Table 1.
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Study aim and design

Of all 329 study populations of which we extracted detailed data, 152 (46%) aimed to un-

ravel dementia etiology and 96 (29%) to improve detection/diagnosis, while only a minority 

focused on disease management (7%), prognosis (5%), treatments (5%), or prevention (1%) 

(appendix 1). Population-based studies were mainly aimed at unravelling disease etiology, 

whereas clinical studies primarily investigated diagnosis and early detection of the disease. 

In terms of design, the overall numbers of cross-sectional and longitudinal studies were 

nearly identical (161 vs. 159), but a longitudinal design was twice as common in population-

based cohorts compared to clinical studies (65/79 (82%) vs. 72/180 (40%)). This difference 

between clinical studies and population cohorts was independent of differences in study 

aims (such as detection/diagnosis and etiology).

Ethnic and geographical diversity

The vast majority of the included populations originated from either North-America 

(n=153/302, 51%) or Europe (n=140/302, 46%), jointly accounting for 89% of all popula-

tions (Figure 2). Other continents were represented in 33 studies (11%) from Asia, 9 studies 

(3%) from Australia, and 5 studies (2%) from South-America, while none of the included 

studies described patients with dementia from Africa. We observed a similar geographical 

pattern for the affiliation of the lead author of the included articles (appendix 1). Accordingly, 

in 22% of the studies that reported on the ethnicity of their participants, a median 90% 

[79-97] were of Caucasian descent.
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Age and sex differences across study settings

The mean age at diagnosis of dementia across all studies was 74.1 years (SD 8.0). Age at 

diagnosis differed substantially by study setting, such that patients in clinical studies were on 

average 71.8 years (6.4) at time of diagnosis, compared to 80.6 years (4.7) in population-

based studies (mean difference: 8.8 years [95% confidence interval 7.3-10.2]; p<0.001) 

(Figure 3). This differences was broadly unchanged when excluding clinical studies of DLB, 

FTD and CJD (7.7 years [6.2-9.2]; p<0.001). Accordingly, in post-mortem studies, mean age 

at death was higher in population-based than in clinical post-mortem studies (appendix 1). 

Patients identified through registries had an age at diagnosis that was on average similar to 

that in population-based studies (mean age 79.4 years (16.1)). As expected, patients from 

nursing homes on average were oldest (mean age 84.8 years (4.7); Table 1).

A median 54% [45-62] of all patients in contemporary dementia research were women, 

somewhat higher in population-based studies (64% [52-70]) and nursing homes (69% [65-

72]) than in clinical studies (50% [44-59]) and post-mortem studies (53% [44-59]; appendix 

1). This difference in sex distribution seemed at least in part attributable to age differences 

between the study settings, as clinical studies that included patients with an average age >80 

years included more women (median: 65% [61-68]; n=11) than clinical studies of patients 

aged 75-80 years (51% [45-61]; n=33), 70-75 years (49% [44-55]; n=47) or <70 years (49% 

[43-54 

Biomarker use

Brain imaging was the most commonly applied biomarker for dementia, with 75/329 studies 

(23%) using MRI, and 41/329 studies (12%) using PET-imaging. Of studies using PET, 16 

 

 

 
Figure 2. Geographical diversity of study populations. 
From 302 studies on dementia published in 2018-2019. Study populations that were represented in the studies in this 
systematic review. If population from multiple countries were included in one study, all populations were counted once 
(unweighted). Of 302 included studies, 153 (51%) included participants from North-America and 140 (46%) from 
Europe. Asia, Australia, South-America and Africa were less represented with 33 (11%), 9 (3%), 5 (2%) and 0 (0%) 
studies including participants from these areas.
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used FDG-PET, 27 amyloid-PET and 4 tau-PET. CSF was assessed in 48/329 (15%) studies, 

genotyping was done in 65/329 (20%) of studies, and 29/329 (9%) of studies used plasma 

biomarkers.

Of all studies using imaging or CSF data, 80-96% came from clinical patient populations 

(Figure 4, appendix 1). Consequently, patients that underwent brain imaging or CSF in-

vestigation were on average relatively young at time of diagnosis (71.6 years (5.1)) and 

included fewer women (49%) in comparison with the overall age and sex distribution from 

population-based studies.

Publicity scores (Altmetric scores)

Study sample size was related to publicity scores, such that smaller studies received somewhat 

less media attention than the larger studies (with n=250 participants as cut-off: difference in 

log transformed scores (β) 0.46 [95% CI 0.16, 0.76]; p=0.003; appendix 1). Publicity scores 

also differed by study setting. Population-based studies received more attention than clinical 

studies (β 0.70 [0.35, 1.06]; p<0.001), whereas studies based in nursing homes received less 

publicity (β -1.57 [-2.65, -0.49]; p=0.004; appendix 1).

  
Figure 3. Distribution of age at dementia diagnosis in clinical and population-based studies. 
Dotted lines are the mean ages among all population-based (in blue) and over all clinical studies (in yellow).
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dIsCussIOn

In this comprehensive evaluation of all contemporary research on patients with dementia 

published in leading journals in clinical medicine, we observed poor representativeness of 

many study populations to the wider patient population with dementia. Only 1 in 5 studies 

reported on participants’ ethnicity, including almost exclusively participants of Caucasian 

descent residing in North-America and Europe. Age at diagnosis of dementia was on aver-

age nine years lower in clinical compared to population-based studies, and phenotyping by 

means of MRI, PET and CSF was consequently limited mostly to relatively young patients.

Observational studies comprised 96% of the included studies in this review. While internal 

validity (i.e., minimizing bias) is crucial to acquire truthful findings, the usefulness of the 

clinical research findings in many studies is threatened if the results cannot reasonably be 

applied to the broader group of patients in routine practice.(136) Our findings imply that 

non-representativeness of patients hampers the external validity of much of contemporary, 

observational dementia research, as has previously been suggested to play part in clinical 

trials.(137, 139, 141) This has important implications for the applicability of these results 

by clinicians outside specialized referral centers, who often diagnose, treat and monitor 

substantially different patient populations. For example, absolute risk estimates from predic-

tion models, the diagnostic value of specific tests, and the different types of pathology that 

contribute to the clinical manifestation of dementia often translate poorly to populations 

with very different background risk. These types of studies make up around half of all clinical 

-  
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Figure 4. Use of biomarkers by study setting. Distribution of study settings among studies using biomarkers. 
Percentages reflect the percentage of studies of a certain study type among all studies using the biomarker. 
Example: out of 48 studies using cerebrospinal fluid measurements, 46 (96%) were clinical, 1 (2%) was 
population-based and 1 (2%) was a post-mortem study. Studies that used multiple biomarkers contribute to 
each of those biomarkers in the figure above.
CSF, cerebrospinal fluid; MRI, magnetic resonance imaging; PET, positron emission tomography.
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dementia research, on the basis of this systematic review. While relative risk estimates – in 

contrast to absolute risks – may be more stable across populations,(151) additional study is 

needed to determine to what extent poor transportability hampers progress in the current 

understanding of disease etiology, and consequently development of successful treatment 

strategies.

This review demonstrates that younger patients are particularly overrepresented in 

dementia research. These patients often present with distinct clinical phenotypes, due to 

the predominance of a single type of brain pathology, be it hallmarks of Alzheimer’s dis-

ease, vascular brain injury, alpha-synuclein, or prions. However, by the time the average 

person reaches age 80, multiple types of brain pathology will have accumulated, and jointly 

contribute to a dementia phenotype with a conglomerate of symptoms that precludes a 

single etiological diagnosis.(147, 152) As the median age at diagnosis of dementia in the 

population is over 80, mixed pathology is present in the vast majority of elderly patients 

with dementia.(153-156) For example, hippocampal atrophy is a specific sign of Alzheimer’s 

disease in younger patients, but much more common in the elderly even in the absence 

of cognitive impairment.(155) Similarly, amyloid pathology is increasingly common in the 

elderly, in whom it often does not correlate with cognitive performance.(157) We observed 

that biomarkers and diagnostic tools, such as PET-imaging, CSF sampling and even brain MRI, 

were sparsely used among studies of older participants with dementia. Therefore, conclu-

sions based on studies of younger patients may not be readily translatable into best practice 

for the majority of older dementia patients. Broader inclusiveness of clinical studies and more 

in depth study of biomarkers in well-defined, unselected populations may help to ensure 

transportability to a patient population beyond specialized referral centers.(158) Indeed, 

generalizability of associations was recently found to be limited across the clinic-based ADNI 

and population-based Atherosclerosis Risk in Communities (ARIC) cohorts.(159)

Over the coming decades, dementia prevalence will increase most in low and middle 

income countries (LMICs), so that by 2050 68% of patients with dementia will be living in 

LMICs, mainly concerning Africa, Asia, and South America.(148, 149) Yet, 9 out of every 10 

studies in this review included patients from North America or Europe, including on average 

90% individuals of Caucasian descent. The projected increases in dementia prevalence are 

largely due shifts in demography and an increasing prevalence of dementia risk factors.(160) 

In many instances, however, it remains unknown if risk factors exert similar risk-increasing 

effects across populations with various genetic make-up. Whether the genetic predispo-

sition for dementia differs by ethnicity also remains unclear.(161, 162) Other differences 

that warrant cross-cultural dementia research relate to awareness, recognition (including 

stigmatization), and (available means for) diagnosis and disease management.(161, 163) It 

should be noted that only 1 in 5 studies report on the ethnicity of the participating patients. 

The racial diversity in other studies was likely similar, given their geographical location and 

overlap in population with studies that did report these distributions. Standardized reporting 
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of ethnical background of study participants may promote inclusiveness in future studies, 

for example by implementing this information in internationally recognized guidelines for 

reporting studies.

The veracity of any research finding depends on validity (i.e., the absence of bias) and 

precision (i.e., power). Our observation that over 40% of studies include less than 50 patients 

with dementia, triggers caution about the precision of findings in much of contemporary 

evidence. Insufficient samples sizes are related to a reduced chance of detecting true effects 

as well as a lower likelihood that statistically significant results in fact reflect a true effect.

(164) In addition, underpowered studies prompt publication bias due to selective reporting 

of statistically significant results. Although smaller studies can provide valuable insight, and 

various smaller studies included in this review undoubtedly have, adequately powered stud-

ies are pivotal to avoid spurious findings.

Although we believe our results accurately reflect the most informative contemporary de-

mentia research, certain limitations should be considered when interpreting our results. First, 

detailed characteristics of studies with smaller sample sizes (<50 participants with dementia) 

were not extracted. Based on our observations among the studies with ≥50 participants, it 

can be expected that smaller studies were mostly clinical studies among relatively younger 

patients. Second, restricting our search to the more renowned medical journals may have 

biased our results to the inclusion of research from institutions with a longer tradition of 

publishing in medical journals in the English language, thereby underestimating the overall 

contribution to dementia research from South-America, Africa or Asia. Nevertheless, our 

findings are in line with previously noted underrepresentation of low- and middle-income 

countries in population-based research,(163) extending this to other settings as well. Third, 

not all articles reported data on the ethnicity, sex and age at diagnosis of included patients, 

calling for more consistent reporting of important population characteristics for example by 

using international reporting guidelines. Fourth, age at diagnosis in the included reports may 

be underestimated – compared to the general population – by earlier diagnosis due either to 

sensitive diagnostic tools in specialized memory clinics or routinely applied cognitive screen-

ing in population-based studies, but this is unlikely to have affected the relative differences 

between study settings.

In conclusion, external validity of contemporary dementia research is hampered by lack of 

ethnic and geographic diversity. Elderly patients are particularly underrepresented in clinical 

studies, notably with regards to the development and application of biomarkers. Increas-

ing inclusiveness and in-depth study of biomarkers in well-defined, unselected populations 

ensures transportability to patient populations beyond specialized referral centers.
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eAppendix 1. Search strategy
Search terms
(dementia[tiab] OR alzheimer*[tiab] OR “lewy body” OR “lewy bodies” OR “vascular cognitive impairment” OR “post-
stroke dementia”) AND (patient[tiab] OR patients[tiab] OR person*[tiab] OR subject*[tiab] OR participant*[tiab] OR 
individual*[tiab]) AND (“2018/09/01”[PDAT] : “2019/08/31”[PDAT]) AND “English”[LA] NOT case reports[pt] NOT sys-
tematic review[pt] NOT review[pt] NOT clinical conference[pt] NOT congress[pt] NOT editorial[pt] NOT Meta-analysis[pt] 
NOT other animals[mh]
Included journals

Full Journal Title Short title (ISO)

Acta Neuropathologica Acta Neuropathol

Acta Neuropathologica Communications Acta Neuropathol Commun

Acta Psychiatrica Scandinavica Acta Psychiatr Scand

Addiction Addiction

Ageing Research Reviews Ageing Res Rev

Aging And Disease Aging Dis

Aging Cell Aging Cell

Aging-Us Aging-US

Alzheimers & Dementia Alzheimers Dement

Alzheimers Research & Therapy Alzheimers Res Ther

American Journal Of Medicine Am J Med

American Journal Of Psychiatry Am J Psychiat

Annals Of Internal Medicine Ann Intern Med

Annals Of Neurology Ann Neurol

Annual Review Of Neuroscience  Annu Rev Neurosci

Annual Review Of Vision Science Annu Rev Vis Sci

Australian And New Zealand Journal Of Psychiatry Aust N Z J Psych

Behavioral And Brain Sciences Behav Brain Sci

Biological Psychiatry Biol Psychiatry

Bmc Medicine BMC Med

Bmj-British Medical Journal BMJ

Brain Brain

Brain Behavior And Immunity Brain Behav Immun

Brain Pathology Brain Pathol

Brain Stimulation Brain Stimul

British Journal Of Psychiatry Br J Psychiatry

Canadian Medical Association Journal Can Med Assoc J

Cerebral Cortex Cereb Cortex

Cochrane Database Of Systematic Reviews Cochrane Database Syst Rev

Cortex Cortex

Current Opinion In Neurobiology Curr Opin Neurobiol

Depression And Anxiety Depress Anxiety

Epidemiology And Psychiatric Sciences Epidemiol Psychiatr Sci

Epilepsia Epilepsia

Epilepsy Currents Epilepsy Curr
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Full Journal Title Short title (ISO)

Frontiers In Neuroendocrinology Front Neuroendocrinol

Glia Glia

Human Brain Mapping Hum Brain Mapp

Jama Internal Medicine JAMA Intern Med

Jama Neurology JAMA Neurol

Jama Psychiatry JAMA Psychiatry

Jama-Journal Of The American Medical Association JAMA

Journal Of Cachexia Sarcopenia And Muscle J Caxhexia Sarcopenia Muscle

Journal Of Cerebral Blood Flow And Metabolism J Cereb Blood Flow Metab

Journal Of Child Psychology And Psychiatry J Child Psychol Psychiatry

Journal Of Clinical Medicine J Clin Med

Journal Of Internal Medicine J Intern Med

Journal Of Neuroinflammation J Neuroinflamm

Journal Of Neurology Neurosurgery And Psychiatry J Neurol Neurosurg Psychiatry

Journal Of Neuroscience J Neurosci

Journal Of Neurotrauma J Neurotrauma

Journal Of Pain J Pain

Journal Of Pineal Research J Pineal Res

Journal Of Psychiatry & Neuroscience J Psychiatry Neurosci

Journal Of The American Academy Of Child And Adolescent Psychiatry J Am Acad Child Adolesc Psychiatr

Journal Of The American Medical Directors Association J Am Med Dir Assoc

Journals Of Gerontology Series A-Biological Sciences And Medical Sciences J Gerontol Ser A-Biol Sci Med Sci

Lancet Lancet

Lancet Neurology Lancet Neurol

Lancet Psychiatry Lancet Psychiatry

Mayo Clinic Proceedings Mayo Clin Proc

Molecular Autism Mol Autism

Molecular Neurobiology Mol Neurobiol

Molecular Neurodegeneration Mol Neurodegener

Molecular Psychiatry Mol Psychiatry

Movement Disorders Mov Disord

Multiple Sclerosis Journal Mult Scler J

Nature Neuroscience Nature Neuroscience

Nature Reviews Disease Primers Nat Rev Dis Primers

Nature Reviews Neurology Nat Rev Neurol

Nature Reviews Neuroscience Nat Rev Neurosci

Neural Networks Neural Netw

Neuro-Oncology Neuro-Oncology

Neurobiology Of Disease Neurobiol Dis

Neuroendocrinology Neuroendocrinology

Neuroimage Neuroimage



Chapter 2.5 | External validity of contemporary dementia research

128

Full Journal Title Short title (ISO)

Neurology Neurology

Neuron Neuron

Neuropathology And Applied Neurobiology Neuropathol Appl Neurobiol

Neuropsychology Review Neuropsychol Rev

Neuropsychopharmacology Neuropsychopharmacology

Neuroscience And Biobehavioral Reviews Neurosci Biobehav Rev

Neuroscientist Neuroscientist

Neurotherapeutics Neurotherapeutics

New England Journal Of Medicine N Engl J Med

Pain Pain

Plos Medicine PLos Med

Progress In Neurobiology Prog Neurobiol

Psychological Medicine Psychol Med

Psychotherapy And Psychosomatics Psychother Psychosom

Schizophrenia Bulletin Schizophr Bull

Sleep Sleep

Sleep Medicine Reviews Sleep Med Rev

Stroke Stroke

Translational Neurodegeneration Transl Neurodegener

Translational Research Am J Transl Res

Translational Stroke Research Transl Stroke Res

Trends In Cognitive Sciences Trends Cogn Sci

Trends In Neurosciences Trends Neurosci

World Psychiatry World Psychiatry
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eFigure 1. Flow-diagram of study inclusion

The included 302 studies represented 329 distinct study populations.
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eTable 1. Representation of the most investigated study populations (ADNI, ROSMAP, NACC) 

(Agglomerated) study populations Setting Number of studies (%) Cumulative (%)a

ADNI Clinical 46 (14%) 46 (14%)

ROSMAP Population-based 13 (4%) 58 (18%)

NACC Clinical 11 (3%) 68 (21%)

Numbers are shown for cohorts that were used in ≥10 of the included studies.
a 1 study included participants from all three cohorts.

eTable 2. Aim of studies by study setting

Study aim
Number

of studies
(%)

Age at
diagnosis

Study setting, N (%)

Clinical
Population-

based
Nursing 
home

Post-
mortem

Registry Mixeda

All studies 329 74.1 (8.0) 180 79 7 45 4 14

Etiology 156 (74) 72.3 (8.6) 65 (36) 41 (52) - 39 (87) 1 (25) 10 (71)

Detection 96 (29) 73.6 (6.6) 75 (42) 17 (22) - 4 (9) - -

Disease management 24 (7) 82.4 (2.4) 12 (7) 4 (5) 6 (86) - 1 (25) 1 (7)

Prognosis 17 (5) 73.4 (9.5) 9 (5) 4 (5) 1 (14) 1 (2) - 2 (14)

Treatment 15 (5) 72.1 (3.0) 10 (6) 4 (5) - - 1 (25) -

Descriptive 14 (4) 76.7 (9.9) 6 (3) 5 (6) - 1 (2) 1 (25) 1 (7)

Health services 7 (2) 78.7 (5.1) 3 (2) 4 (5) - - - -

a Mixed refers to study populations that were partly selected from a clinical setting and partly from a population-based 
setting.

eTable 3. Design of studies by study setting

Study design

Cross-sectional Longitudinal Both

N 161 159 9

Age at dementia diagnosis, years 72.4 (7.8) 76.1 (7.9) 71.5 (6.2)

Percentage women 54 [46-60] 55 [44-65] 52 [51-53]

Race

   Race reported 38 (24) 36 (23) 0 (0)

   Percentage White 92 [82-98] 84 [76-93] -

   Percentage Black 4 [0-11] 13 [5-22] -

   Percentage Asian 0 [0-2] 1 [0-5] -

Study setting

   Clinicala 102 (57) 72 (40) 6 (3)

   Population-baseda 13 (16) 65 (82) 1 (1)

Numbers are frequencies (%), mean (SD) or median [IQR].
Compared to clinical studies, population-based studies are more often longitudinal. This was independent of the study 
aim with an adjusted odds ratio for the study being longitudinal 9.8 (95% confidence interval 4.8-21.3) among popu-
lation-based studies compared to clinical studies.
a Percentages are row percentages. For example: 16% of all population-based studies had a cross-sectional design.
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eFigure 2. Geographical diversity of affiliation of the lead authors from 302 included studies on dementia 
published in 2018-2019
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eTable 4. Numbers of studies reporting dementia subtypes among all studies and by study setting

Dementia subtypes
All studies Clinical studies

Population-based
studies

N (%)
Number of
patientsa N (%)

Number of
patientsa N (%)

Number of
patientsa

Alzheimer’s disease 228 (69) 172 [73-504] 139 (77) 164 [78-407] 38 (48) 362 [150-1217]

Dementia with Lewy bodies 43 (13) 33 [15-94] 29 (16) 34 [17-87] 2 (3) 35 [18-51]

Frontotemporal dementia 43 (13) 71 [22-146] 34 (19) 71 [26-124] 1 (1) 163 [NA]

Vascular dementia 34 (10) 26 [12-66] 18 (10) 20 [12-66] 7 (9) 52 [31-58]

Parkinson’s disease dementia 16 (5) 47 [26-169] 7 (4) 33 [18-112] 1 (1) 52 [NA]

Progressive supranuclear palsy 12 (4) 34 [20-84] 6 (3) 27 [19-34] 0 (0) -

Corticobasal ganglionic degeneration 9 (3) 15 [15-29] 5 (3) 15 [10-21] 0 (0) -

Creutzfeldt-Jakob disease 4 (1) 224 [130-283] 4 (2) 224 [130-283] 0 (0) -

Posterior cortical atrophy 4 (1) 21 [17-47] 4 (2) 21 [17-47] 0 (0) -

Mixedb 15 (5) 34 [17-70] 15 (8) 42 [20-111] 5 (6) 66 [45-68]

Other typesc 53 (16) 51 [21-223] 24 (13) 66 [20-462] 17 (22) 61 [29-144]

All-cause onlyd 74 (22) 234 [90-713] 20 (11) 186 [114-643] 35 (44) 257 [80-1038]

Number of studies that reported participants with certain dementia subtypes. Percentages are the percentage out of all 
studies (N=329), all clinical studies (N=180) or all population-based studies (N=79).
a Mean number of patients with the dementia subtype [interquartile range].
b Mixed includes: “mixed”, Alzheimer’s disease/vascular dementia and Alzheimer’s disease/dementia with Lewy bodies.
c Other types includes: dementia due to traumatic brain injury, alcohol use, normal pressure hydrocephalus, multiple 
sclerosis, tumours, and unknown or unspecified cases.
d All-cause includes studies without specification of dementia subtypes.
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eTable 5. Characteristics of study populations and the number of studies reporting those characteristics in 
post-mortem studies

Setting of post-mortem study

Clinical Population-based Mixeda

Number of studies, No. (%) 29 11 5

Number of participants with dementia, median [IQR] 96 [80, 179] 203 [117, 401] 404 [130, 726]

Age dementia diagnosis, mean (SD) 68.7 (7.7) 93.3 (NA) 82.6 (6.2)

Age at death, mean (SD) 78.1 (6.4) 91.4 (3.35) 89.3 (2.9)

Percentage women, median [IQR] 52.9 [43.9, 56.1] 66.0 [38.0, 68.8] 60.9 [57.4, 64.3]

Studies reporting age at dementia diagnosis, No. (%) 16 (55) 1 (9) 2 (40)

Studies reporting age at death, No. (%) 21 (72) 6 (55) 3 (60)

Studies reporting sex of dementia patients, No. (%) 21 (72) 5 (46) 2 (40)

Race

   Studies reporting race, No. (%) 6 (21) 3 (27) 0 (0)

   Studies reporting White race, No. (%)b 6 (21) 3 (27) 0 (0)

   Studies reporting Black race, No. (%)b 3 (10) 1 (9) 0 (0)

   Studies reporting Asian race, No. (%)b 3 (10) 0 (0) 0 (0)

   Percentage White, median [IQR] 98 [95-98] 96 [96-96] -

   Percentage Black, median [IQR] 0 [0-9] 4 [NA]c -

   Percentage Asian, median [IQR] 0 [0-0] - -

Numbers are frequencies (%), mean (SD) or median [IQR].
a Mixed refers to study populations that were partly selected from a clinical setting and partly from a population-based 
setting.
b Number of studies in which the percentage of White, Black or Asian race could be deduced.
c Interquartile ranges could not be calculated due to small sample sizes.

eTable 6. Use of biomarkers across all study settings

Biomarker
All 

studiesa

Study settingb

Clinical
Population-

based
Post-

mortem
Nursing 
home

Registry Mixedc

Magnetic resonance imaging 75 (23) 67 (89) 6 (8) 2 (3) - - -

Positron emission tomography 41 (12) 33 (80) 3 (7) 3 (7) - - 2 (5)

Cerebrospinal fluid 48 (15) 46 (96) 1 (2) 1 (2) - - -

Genotype 65 (20) 33 (51) 10 (15) 12 (18) - - 10 (15)

Plasma/serum 29 (9) 15 (52) 11 (38) 3 (10) - - -

a Number of studies using this tool (percentage of total number of studies (N = 329)).
b Number of studies using this tool among clinical and population-based studies (row percentage). Example: of 75 stud-
ies that used magnetic resonance imaging, 89% were clinical studies.
c Mixed refers to study populations that were partly selected from a clinical setting and partly from a population-based 
setting.
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eTable 7. Altmetric scores of studies by study characteristics

Number of 
studies

Altmetric score, median  
[IQR]

β (95% CI)

Study setting

Clinical 180 16 [10-26] Reference

Population-based 79 25 [13-145] 0.70 (0.35, 1.06)a

Mixed 14 51 [31-60] 0.79 (0.07, 1.51)

Nursing home 7 4 [2-10] -1.57 (-2.65, -0.49)a

Post-mortem 45 17 [11-27] 0.07 ( -0.37, 0.51)

Registry 4 3 [2-11] -1.34 (-2.66, -0.03)

Study design

Cross-sectional 161 16 [10-31] Reference

Longitudinal 159 20 [11-61] 0.25 (-0.06, 0.55)

Both 9 18 [11-22] -0.25 (-1.18, 0.68)

Study type

Cohort 193 18 [10-60] Reference

Case-control 122 16 [11-26] -0.16 (-0.48, 0.16)

Both 14 21 [12-65] 0.11 (-0.67, 0.89)

Study aim

Eetiology 156 17 [11-49] Reference

Detection 96 18 [10-36] -0.08 (-0.44, 0.28)

Disease management 24 10 [4-21] -0.88 (-1.48, -0.27)a

Prognosis 17 19 [12-60] -0.07 (-0.76, 0.62)

Treatment 15 15 [8-55] -0.23 (-0.98, 0.52)

Descriptive 14 18 [13-35] -0.14 (-0.89, 0.61)

Health services 7 21 [2-93] -0.68 (-1.72, 0.37)

Number of patients

<50 10 14[10-49] Reference

50-99 75 14 [10-23] -0.05 (-0.95, 0.86)

100-249 95 16 [11-26] 0.12 (-0.77, 1.01)

250-499 49 23 [13-51] 0.55 (-0.38, 1.48)

500-999 41 20 [12-87] 0.50 (-0.44, 1.45)

1000-4999 31 21 [10-128] 0.52 (-0.46, 1.50)

≥5000 27 22 [11-59] 0.38 (-0.62, 1.38)

β reflects the difference in log transformed Altmetric score compared to the reference category (largest group), adjusted 
for time since publication until collection of Altmetric scores (November 2, 2020).
a Significantly different from the log transformed score in the reference group, after using a Benjamini-Hochberg cor-
rection for multiple testing with a false discovery rate of 0.05.
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eTable 8. Number of studies reporting characteristics of the study population

All
studies

Setting

Clinical
Population-

based
Nursing 
home

Post-
mortem

Registry Mixeda

Studies reporting age at dementia diagnosis 222 (67) 139 (77) 45 (57) 11 (79) 5 (71) 19 (42) 3 (75)

Studies reporting sex of dementia patients 223 (68) 136 (76) 47 (60) 5 (36) 6 (86) 28 (62) 1 (25)

Race 74 (23) 32 (18) 25 (32) 2 (29) 9 (20) 2 (50) 4 (29)

   Whiteb 74 (23) 32 (18) 25 (32) 2 (29) 2 (20) 2 (50) 4 (29)

   Blackb 51 (16) 26 (14) 15 (19) 2 (29) 4 (9) 1 (25) 3 (21)

   Asianb 32 (10) 14 (8) 10 (13) 1 (14) 3 (7) 1 (25) 3 (21)

Numbers are frequencies (%) or median [IQR].
a Mixed refers to study populations that were partly selected from a clinical setting and partly from a population-based 
setting.
b Number of studies in which the percentage of White, Black or Asian race could be deduced.
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eAppendix 2. Studies included in the systematic review with their characteristics and characteristics of their
study populations

Studiesa Country of
first authorb

Study setting Study type Study design Aim Biomarkers 
usedc

Nd Agee Age at
deathe

Sexe Race/ethnicityf Dementia
subtypesg

Country of study 
populationh

Cohorti Altmetric
score

Akbaraly1 France Population-based Cohort Longitudinal Etiology 344 75.6 40.1 White (88%),
South-Asian (6%),
Black

All-cause only UK 245

Aksman2 England Clinical Cohort Longitudinal Detection MRI, PET 
(amyloid-β), CSF

90 AD Canada, US ADNI 3

Alcolea3 Spain Clinical Case-control Cross-sectional Detection CSF 146 69.5 43.8 AD, FTD US 14

Alderson4 UK Clinical Case-control Cross-sectional Etiology MRI 34 73.8 52.9 AD Canada, US ADNI 10

Alexandris5 UK Post-mortem 
(clinical)

Case-control Cross-sectional Etiology 81 72.6 81.3 AD, DLB, 
PDD, mixed

UK 14

Alosco6 US Post-mortem 
(clinical)

Case-control Cross-sectional Etiology 120 White (81%),
AA (19%)

All-cause only US 148

An7 South Korea Clinical Cohort Longitudinal Prognosis 5909 AD, VaD, 
other

South Korea 17

Ashton8 Sweden Post-mortem 
(clinical)

Case-control Longitudinal Etiology Plasma/serum 57 83.0 87.0 61.4 AD UK 18

Ayton9 Australia Post-mortem 
(Population-
based)

Case-control Longitudinal Etiology 69 91.1 38.0 AD US MAP 37

Bae10 South Korea Population-based Cohort Longitudinal Prognosis 245 78.7 71.6 AD South Korea 7

Baiardi11 Italy Clinical Case-control Cross-sectional Detection 277 CJD, Other Italy 23

Baldeiras12 Portugal Clinical Cohort Longitudinal Detection CSF 238 69.2 65.8 AD Portugal 22

Barnes13 US Population-based Cohort Longitudinal Etiology 15533 n-H-White (73%),
n-H-Black (16%),
H (2%)

All-cause only US 682

Bayen14 France Clinical Case-control Cross-sectional Descriptive 353 58.7 49.0 White (74%),
H (18%),
AA (4%)

All-cause only US 37

Bell15 US Post-mortem 
(mixed)

Case-control Cross-sectional Etiology Genotype 130 87.0 92.6 AD US 19

Benussi16 Italy Clinical Case-control Cross-sectional Detection 120 64.1 47.3 AD, FTD Italy 22

Benussi (2)17 Italy Clinical Case-control Cross-sectional Detection 94 68.1 39.4 AD, DLB, FTD, 
PSP, CBD, 
other

Italy 11

Bhagwat18 US Clinical Case-control Longitudinal Prognosis MRI 268 AD Canada, US ADNI 7

Bi19 China Clinical Case-control Cross-sectional Etiology Genotype 713 75.2 61.5 Han Chinese
(100%)

AD China 18

Bieniek20 US Post-mortem 
(clinical)

Cohort Cross-sectional Etiology 209 White (98%) AD, other US 137

Bolt21 Netherlands Nursing home Cohort Cross-sectional Disease
management

252 85.6 66.3 AD, DLB, 
VaD, mixed, 
other

Netherlands 3
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eAppendix 2. Studies included in the systematic review with their characteristics and characteristics of their
study populations

Studiesa Country of
first authorb

Study setting Study type Study design Aim Biomarkers 
usedc

Nd Agee Age at
deathe

Sexe Race/ethnicityf Dementia
subtypesg

Country of study 
populationh

Cohorti Altmetric
score

Akbaraly1 France Population-based Cohort Longitudinal Etiology 344 75.6 40.1 White (88%),
South-Asian (6%),
Black

All-cause only UK 245

Aksman2 England Clinical Cohort Longitudinal Detection MRI, PET 
(amyloid-β), CSF

90 AD Canada, US ADNI 3

Alcolea3 Spain Clinical Case-control Cross-sectional Detection CSF 146 69.5 43.8 AD, FTD US 14

Alderson4 UK Clinical Case-control Cross-sectional Etiology MRI 34 73.8 52.9 AD Canada, US ADNI 10

Alexandris5 UK Post-mortem 
(clinical)

Case-control Cross-sectional Etiology 81 72.6 81.3 AD, DLB, 
PDD, mixed

UK 14

Alosco6 US Post-mortem 
(clinical)

Case-control Cross-sectional Etiology 120 White (81%),
AA (19%)

All-cause only US 148

An7 South Korea Clinical Cohort Longitudinal Prognosis 5909 AD, VaD, 
other

South Korea 17

Ashton8 Sweden Post-mortem 
(clinical)

Case-control Longitudinal Etiology Plasma/serum 57 83.0 87.0 61.4 AD UK 18

Ayton9 Australia Post-mortem 
(Population-
based)

Case-control Longitudinal Etiology 69 91.1 38.0 AD US MAP 37

Bae10 South Korea Population-based Cohort Longitudinal Prognosis 245 78.7 71.6 AD South Korea 7

Baiardi11 Italy Clinical Case-control Cross-sectional Detection 277 CJD, Other Italy 23

Baldeiras12 Portugal Clinical Cohort Longitudinal Detection CSF 238 69.2 65.8 AD Portugal 22

Barnes13 US Population-based Cohort Longitudinal Etiology 15533 n-H-White (73%),
n-H-Black (16%),
H (2%)

All-cause only US 682

Bayen14 France Clinical Case-control Cross-sectional Descriptive 353 58.7 49.0 White (74%),
H (18%),
AA (4%)

All-cause only US 37

Bell15 US Post-mortem 
(mixed)

Case-control Cross-sectional Etiology Genotype 130 87.0 92.6 AD US 19

Benussi16 Italy Clinical Case-control Cross-sectional Detection 120 64.1 47.3 AD, FTD Italy 22

Benussi (2)17 Italy Clinical Case-control Cross-sectional Detection 94 68.1 39.4 AD, DLB, FTD, 
PSP, CBD, 
other

Italy 11

Bhagwat18 US Clinical Case-control Longitudinal Prognosis MRI 268 AD Canada, US ADNI 7

Bi19 China Clinical Case-control Cross-sectional Etiology Genotype 713 75.2 61.5 Han Chinese
(100%)

AD China 18

Bieniek20 US Post-mortem 
(clinical)

Cohort Cross-sectional Etiology 209 White (98%) AD, other US 137

Bolt21 Netherlands Nursing home Cohort Cross-sectional Disease
management

252 85.6 66.3 AD, DLB, 
VaD, mixed, 
other

Netherlands 3
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eAppendix 2. Studies included in the systematic review with their characteristics and characteristics of their 
study populations (continued)

Studiesa Country of
first authorb

Study setting Study type Study design Aim Biomarkers 
usedc

Nd Agee Age at
deathe

Sexe Race/ethnicityf Dementia
subtypesg

Country of study 
populationh

Cohorti Altmetric
score

Bos22 Netherlands Clinical Cohort Both Etiology CSF 180 70.4 51.7 AD Belgium, Denmark, 
Finland, France, 
Germany, Greece, 
Italy, Luxembourg, 
Netherlands, Romania, 
Spain, Sweden, 
Switzerland, UK

22

Boumenir23 France Clinical Cohort Longitudinal Prognosis CSF 321 71.0 62.3 AD France 13

Bouts24 Netherlands Population-based Cohort Cross-sectional Detection MRI 77 68.6 59.7 AD Austria, Netherlands 10

Boyle25 US Population-based Cohort Longitudinal Detection 151 85.6 80.1 AD US 336

Broce26 US Clinical Case-control Cross-sectional Etiology Genotype 27702 73.9 54.0 EA (100%) AD Austria, Belgium, 
Finland, Germany, 
Greece, Hungary, 
Iceland, Italy, 
Netherlands, Spain, 
Sweden, UK, USA

342

Bruun27 Denmark Clinical Cohort Longitudinal Detection MRI, CSF 68 AD, DLB, FTD, 
VaD, PSP, 
mixed

Denmark, Finland, 
Italy, Netherlands

22

Bubu28 US Clinical Cohort Longitudinal Etiology PET (amyloid-β), 
CSF

325 76.0 37.0 AD Canada, US ADNI 19

Burton29 Scotland Clinical Cohort Longitudinal Disease
management

620 83.2 62.8 All-cause only Scotland 12

Cacace30 Belgium Clinical Case-control Cross-sectional Etiology Genotype 1270 63.5 AD, FTD Belgium, Netherlands 23

Cai31 US Nursing home Cohort Longitudinal Disease
management

816 40.3 Black (48%),
White (36%)

All-cause only US 1

Callaghan32 US Clinical Case-control Cross-sectional Health
services

120720 72.4 56.7 White (92%),
Black/AA (9%),
H (7%),
Asian (2%)

All-cause only US 340

Calvó-Perxas33 Spain Clinical Cohort Longitudinal Descriptive 7357 77.1 50.7 AD, DLB, FTD, 
PDD, PSP, 
CJD, mixed, 
other

Spain 1

Caminiti34 Italy Clinical Case-control Longitudinal Detection PET (FDG) 52 70.9 41.6 DLB, other Italy 20

Cannon-
Albright35

US Population-based Cohort Longitudinal Detection 4436 85.0 64.0 AD US 222

Casanova36 US Clinical Cohort Cross-sectional Detection MRI 81 White (92%),
Black/AA (5%)

AD US 10

US Clinical Cohort Longitudinal Detection MRI 171 75.5 44.4 AD Canada, US ADNI 10

Chakraborty37 Netherlands Post-mortem 
(clinical)

Case-control Cross-sectional Etiology Plasma/serum 17 80.0 52.9 AD Netherlands 14

Netherlands Clinical Case-control Cross-sectional Etiology CSF, plasma/
serum

39 69.0 AD, VaD, 
other

Netherlands 14

Chang38 Taiwan Clinical Case-control Cross-sectional Etiology MRI, genotype 193 73.6 48.7 AD Taiwan 10

Chang (2)39 Taiwan Clinical Case-control Cross-sectional Etiology MRI, genotype 97 71.5 45.4 AD Taiwan 7
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eAppendix 2. Studies included in the systematic review with their characteristics and characteristics of their 
study populations (continued)

Studiesa Country of
first authorb

Study setting Study type Study design Aim Biomarkers 
usedc

Nd Agee Age at
deathe

Sexe Race/ethnicityf Dementia
subtypesg

Country of study 
populationh

Cohorti Altmetric
score

Bos22 Netherlands Clinical Cohort Both Etiology CSF 180 70.4 51.7 AD Belgium, Denmark, 
Finland, France, 
Germany, Greece, 
Italy, Luxembourg, 
Netherlands, Romania, 
Spain, Sweden, 
Switzerland, UK

22

Boumenir23 France Clinical Cohort Longitudinal Prognosis CSF 321 71.0 62.3 AD France 13

Bouts24 Netherlands Population-based Cohort Cross-sectional Detection MRI 77 68.6 59.7 AD Austria, Netherlands 10

Boyle25 US Population-based Cohort Longitudinal Detection 151 85.6 80.1 AD US 336

Broce26 US Clinical Case-control Cross-sectional Etiology Genotype 27702 73.9 54.0 EA (100%) AD Austria, Belgium, 
Finland, Germany, 
Greece, Hungary, 
Iceland, Italy, 
Netherlands, Spain, 
Sweden, UK, USA

342

Bruun27 Denmark Clinical Cohort Longitudinal Detection MRI, CSF 68 AD, DLB, FTD, 
VaD, PSP, 
mixed

Denmark, Finland, 
Italy, Netherlands

22

Bubu28 US Clinical Cohort Longitudinal Etiology PET (amyloid-β), 
CSF

325 76.0 37.0 AD Canada, US ADNI 19

Burton29 Scotland Clinical Cohort Longitudinal Disease
management

620 83.2 62.8 All-cause only Scotland 12

Cacace30 Belgium Clinical Case-control Cross-sectional Etiology Genotype 1270 63.5 AD, FTD Belgium, Netherlands 23

Cai31 US Nursing home Cohort Longitudinal Disease
management

816 40.3 Black (48%),
White (36%)

All-cause only US 1

Callaghan32 US Clinical Case-control Cross-sectional Health
services

120720 72.4 56.7 White (92%),
Black/AA (9%),
H (7%),
Asian (2%)

All-cause only US 340

Calvó-Perxas33 Spain Clinical Cohort Longitudinal Descriptive 7357 77.1 50.7 AD, DLB, FTD, 
PDD, PSP, 
CJD, mixed, 
other

Spain 1

Caminiti34 Italy Clinical Case-control Longitudinal Detection PET (FDG) 52 70.9 41.6 DLB, other Italy 20

Cannon-
Albright35

US Population-based Cohort Longitudinal Detection 4436 85.0 64.0 AD US 222

Casanova36 US Clinical Cohort Cross-sectional Detection MRI 81 White (92%),
Black/AA (5%)

AD US 10

US Clinical Cohort Longitudinal Detection MRI 171 75.5 44.4 AD Canada, US ADNI 10

Chakraborty37 Netherlands Post-mortem 
(clinical)

Case-control Cross-sectional Etiology Plasma/serum 17 80.0 52.9 AD Netherlands 14

Netherlands Clinical Case-control Cross-sectional Etiology CSF, plasma/
serum

39 69.0 AD, VaD, 
other

Netherlands 14

Chang38 Taiwan Clinical Case-control Cross-sectional Etiology MRI, genotype 193 73.6 48.7 AD Taiwan 10

Chang (2)39 Taiwan Clinical Case-control Cross-sectional Etiology MRI, genotype 97 71.5 45.4 AD Taiwan 7
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eAppendix 2. Studies included in the systematic review with their characteristics and characteristics of their 
study populations (continued)

Studiesa Country of
first authorb

Study setting Study type Study design Aim Biomarkers 
usedc

Nd Agee Age at
deathe

Sexe Race/ethnicityf Dementia
subtypesg

Country of study 
populationh

Cohorti Altmetric
score

Chin-Hsiao40 Taiwan Population-based Cohort Longitudinal Etiology 4656 All-cause only Taiwan 10

Chio41 Italy Population-based Cohort Cross-sectional Etiology 163 FTD Italy 13

Choi42 Korea Clinical Case-control Cross-sectional Etiology MRI, genotype 2302 73.5 65.6 East-Asian
(100%)

AD Korea

Korea Clinical Cohort Cross-sectional Etiology MRI, genotype 9942 74.5 60.0 EA (85%),
AA (15%)

AD US

Korea Clinical Cohort Cross-sectional Etiology MRI, genotype 568 74.3 45.8 EA (100%) AD Canada, US ADNI

Chuang43 Taiwan Population-based Cohort Both Etiology 260 74.1 51.9 All-cause only Taiwan 4

Cicognola44 Sweden Post-mortem 
(clinical)

Case-control Both Etiology CSF 179 72.4 56.1 AD, PSP, CBD, 
other

Sweden 18

Coughlin45 US Post-mortem 
(clinical)

Case-control Cross-sectional Etiology 80 71.2 29.8 AD, DLB, PDD US 11

Coupland46 England Population-based Case-control Cross-sectional Etiology 58769 82.4 63.1 White (97%) AD, VaD, 
other

England 7

Crum47 US Post-mortem 
(clinical)

Cohort Cross-sectional Etiology 1816 72.1 45.1 AD US NACC 12

Curcio48 Italy Clinical Cohort Cross-sectional Disease
management

522 83.3 60.0 All-cause only Italy 7

D’Onofrio49 Italy Clinical Cohort Cross-sectional Etiology Genotype 257 78.0 68.1 Caucasian (100%) AD Italy 10

De Pablo-
Fernandez50

England Post-mortem 
(clinical)

Cohort Longitudinal Prognosis 64 74.6 All-cause only England 232

De Wilde51 Netherlands Clinical Cohort Cross-sectional Detection PET (amyloid-β) 234 66.0 42.0 AD, DLB, FTD, 
VaD, other

Netherlands 104

Deal52 US Population-based Cohort Longitudinal Detection 1259 White (78%),
Black (22%)

All-cause only US 18

Dekhtyar53 Sweden Population-based Cohort Longitudinal Etiology Genotype 232 82.7 69.8 All-cause only Sweden 44

Del-Aguila54 US Post-mortem 
(clinical)

Case-control Cross-sectional Etiology Genotype 195 83.7 61.3 AD US 26

Ding55 Sweden Population-based Cohort Longitudinal Etiology 399 71.4 AD, mixed, 
other

Sweden 193

Doi56 Japan Population-based Cohort Longitudinal Detection 245 76.9 60.8 All-cause only Japan

Dooley57 UK Clinical Cohort Cross-sectional Disease
management

71 81.0 62.0 White (86%),
Caribbean (4%),
Black (2%),
African (2%)

AD, DLB, FTD, 
mixed, other

UK 10

Doré58 Australia Post-mortem 
(clinical)

Cohort Cross-sectional Detection MRI, PET 
(amyloid-β)

79 79.5 AD, other Australia, France, 
Germany, Japan, US

10

Dufournet59 France Clinical Cohort Longitudinal Health services 996 AD, DLB, FTD, 
mixed

France 1

Edmonds60 US Clinical Cohort Longitudinal Detection 185 AD Canada, US ADNI 16
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eAppendix 2. Studies included in the systematic review with their characteristics and characteristics of their 
study populations (continued)

Studiesa Country of
first authorb

Study setting Study type Study design Aim Biomarkers 
usedc

Nd Agee Age at
deathe

Sexe Race/ethnicityf Dementia
subtypesg

Country of study 
populationh

Cohorti Altmetric
score

Chin-Hsiao40 Taiwan Population-based Cohort Longitudinal Etiology 4656 All-cause only Taiwan 10

Chio41 Italy Population-based Cohort Cross-sectional Etiology 163 FTD Italy 13

Choi42 Korea Clinical Case-control Cross-sectional Etiology MRI, genotype 2302 73.5 65.6 East-Asian
(100%)

AD Korea

Korea Clinical Cohort Cross-sectional Etiology MRI, genotype 9942 74.5 60.0 EA (85%),
AA (15%)

AD US

Korea Clinical Cohort Cross-sectional Etiology MRI, genotype 568 74.3 45.8 EA (100%) AD Canada, US ADNI

Chuang43 Taiwan Population-based Cohort Both Etiology 260 74.1 51.9 All-cause only Taiwan 4

Cicognola44 Sweden Post-mortem 
(clinical)

Case-control Both Etiology CSF 179 72.4 56.1 AD, PSP, CBD, 
other

Sweden 18

Coughlin45 US Post-mortem 
(clinical)

Case-control Cross-sectional Etiology 80 71.2 29.8 AD, DLB, PDD US 11

Coupland46 England Population-based Case-control Cross-sectional Etiology 58769 82.4 63.1 White (97%) AD, VaD, 
other

England 7

Crum47 US Post-mortem 
(clinical)

Cohort Cross-sectional Etiology 1816 72.1 45.1 AD US NACC 12

Curcio48 Italy Clinical Cohort Cross-sectional Disease
management

522 83.3 60.0 All-cause only Italy 7

D’Onofrio49 Italy Clinical Cohort Cross-sectional Etiology Genotype 257 78.0 68.1 Caucasian (100%) AD Italy 10

De Pablo-
Fernandez50

England Post-mortem 
(clinical)

Cohort Longitudinal Prognosis 64 74.6 All-cause only England 232

De Wilde51 Netherlands Clinical Cohort Cross-sectional Detection PET (amyloid-β) 234 66.0 42.0 AD, DLB, FTD, 
VaD, other

Netherlands 104

Deal52 US Population-based Cohort Longitudinal Detection 1259 White (78%),
Black (22%)

All-cause only US 18

Dekhtyar53 Sweden Population-based Cohort Longitudinal Etiology Genotype 232 82.7 69.8 All-cause only Sweden 44

Del-Aguila54 US Post-mortem 
(clinical)

Case-control Cross-sectional Etiology Genotype 195 83.7 61.3 AD US 26

Ding55 Sweden Population-based Cohort Longitudinal Etiology 399 71.4 AD, mixed, 
other

Sweden 193

Doi56 Japan Population-based Cohort Longitudinal Detection 245 76.9 60.8 All-cause only Japan

Dooley57 UK Clinical Cohort Cross-sectional Disease
management

71 81.0 62.0 White (86%),
Caribbean (4%),
Black (2%),
African (2%)

AD, DLB, FTD, 
mixed, other

UK 10

Doré58 Australia Post-mortem 
(clinical)

Cohort Cross-sectional Detection MRI, PET 
(amyloid-β)

79 79.5 AD, other Australia, France, 
Germany, Japan, US

10

Dufournet59 France Clinical Cohort Longitudinal Health services 996 AD, DLB, FTD, 
mixed

France 1

Edmonds60 US Clinical Cohort Longitudinal Detection 185 AD Canada, US ADNI 16
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eAppendix 2. Studies included in the systematic review with their characteristics and characteristics of their 
study populations (continued)

Studiesa Country of
first authorb

Study setting Study type Study design Aim Biomarkers 
usedc

Nd Agee Age at
deathe

Sexe Race/ethnicityf Dementia
subtypesg

Country of study 
populationh

Cohorti Altmetric
score

Egan61 US Clinical Cohort Longitudinal Treatment 1957 72.0 55.0 AD Argentina, Australia, 
Austria, Belgium, 
Brazil, Canada, 
Denmark, France, 
Germany, Hungary, 
Israel, Italy, Japan, 
Korea, Netherlands, 
New Zealand, 
Portugal, Spain, 
Turkey, UK, USA

10

Eriksson62 Sweden Clinical Case-control Longitudinal Detection 5136 77.0 62.1 AD, VaD, 
mixed, other

Sweden 16

Espay63 US Clinical Cohort Longitudinal Treatment 50 73.0 32.0 All-cause only Canada, US 10

Espeland64 US Clinical Cohort Cross-sectional Etiology 68 61.1 n-H-White (61%),
AA (16%),
H (13%)

All-cause only US 1

Evans65 Netherlands Population-based Cohort Longitudinal Etiology MRI 76 AD Netherlands 11

Evenblij66 Netherlands Population-based Cohort Cross-sectional Health
services

803 64.6 Dutch (99%) All-cause only Netherlands 2

Fahrenhold67 UK Post-mortem 
(Population-
based)

Cohort Cross-sectional Etiology 148 89.0 68.8 AD, other UK 3

Fani68 Netherlands Population-based Cohort Longitudinal Etiology Plasma/serum 529 Caucasian (98%) AD, other Netherlands 10

Farfel69 US Post-mortem 
(Population-
based)

Cohort Cross-sectional Descriptive 917 AD US ROS-MAP 12

Ferro70 Netherlands Clinical Cohort Longitudinal Etiology MRI, CSF 402 All-cause only Netherlands 10

Firth71 UK Clinical Case-control Longitudinal Etiology MRI 223 59.9 44.5 AD, PCA Spain, UK, US 97

FitzGerald72 UK Clinical Case-control Longitudinal Disease
management

970 80.2 50.0 White (79%),
non-White (21%)

AD, DLB UK 22

Foiani73 UK Clinical Case-control Cross-sectional Etiology CSF 66 64.2 42.7 FTD UK 29

Frolich74 Germany Clinical Trial Longitudinal Treatment 452 73.6 51.1 White (99%) AD Austria, Belgium, 
Canada, France, 
Germany, Italy, 
Netherlands, Poland, 
Portugal, Spain, UK, 
US

65

GBD Dementia 
Collaborators75

Global Population-based Cohort Longitudinal Descriptive 61.6 All-cause only 604

Geier76 US Post-mortem 
(clinical)

Case-control Cross-sectional Etiology Genotype 94 59.5 68.6 46.2 White (100%) FTD US 18

Gibbons77 US Post-mortem 
(clinical)

Case-control Cross-sectional Detection 180 64.4 72.6 43.9 FTD, PSP, 
CBD, other

US 18

Gillespie78 US Clinical Cohort Longitudinal Disease
management

731 86.0 75.6 White (97%),
non-White (3%)

All-cause only US 19



143

eAppendix 2. Studies included in the systematic review with their characteristics and characteristics of their 
study populations (continued)

Studiesa Country of
first authorb

Study setting Study type Study design Aim Biomarkers 
usedc

Nd Agee Age at
deathe

Sexe Race/ethnicityf Dementia
subtypesg

Country of study 
populationh

Cohorti Altmetric
score

Egan61 US Clinical Cohort Longitudinal Treatment 1957 72.0 55.0 AD Argentina, Australia, 
Austria, Belgium, 
Brazil, Canada, 
Denmark, France, 
Germany, Hungary, 
Israel, Italy, Japan, 
Korea, Netherlands, 
New Zealand, 
Portugal, Spain, 
Turkey, UK, USA

10

Eriksson62 Sweden Clinical Case-control Longitudinal Detection 5136 77.0 62.1 AD, VaD, 
mixed, other

Sweden 16

Espay63 US Clinical Cohort Longitudinal Treatment 50 73.0 32.0 All-cause only Canada, US 10

Espeland64 US Clinical Cohort Cross-sectional Etiology 68 61.1 n-H-White (61%),
AA (16%),
H (13%)

All-cause only US 1

Evans65 Netherlands Population-based Cohort Longitudinal Etiology MRI 76 AD Netherlands 11

Evenblij66 Netherlands Population-based Cohort Cross-sectional Health
services

803 64.6 Dutch (99%) All-cause only Netherlands 2

Fahrenhold67 UK Post-mortem 
(Population-
based)

Cohort Cross-sectional Etiology 148 89.0 68.8 AD, other UK 3

Fani68 Netherlands Population-based Cohort Longitudinal Etiology Plasma/serum 529 Caucasian (98%) AD, other Netherlands 10

Farfel69 US Post-mortem 
(Population-
based)

Cohort Cross-sectional Descriptive 917 AD US ROS-MAP 12

Ferro70 Netherlands Clinical Cohort Longitudinal Etiology MRI, CSF 402 All-cause only Netherlands 10

Firth71 UK Clinical Case-control Longitudinal Etiology MRI 223 59.9 44.5 AD, PCA Spain, UK, US 97

FitzGerald72 UK Clinical Case-control Longitudinal Disease
management

970 80.2 50.0 White (79%),
non-White (21%)

AD, DLB UK 22

Foiani73 UK Clinical Case-control Cross-sectional Etiology CSF 66 64.2 42.7 FTD UK 29

Frolich74 Germany Clinical Trial Longitudinal Treatment 452 73.6 51.1 White (99%) AD Austria, Belgium, 
Canada, France, 
Germany, Italy, 
Netherlands, Poland, 
Portugal, Spain, UK, 
US

65

GBD Dementia 
Collaborators75

Global Population-based Cohort Longitudinal Descriptive 61.6 All-cause only 604

Geier76 US Post-mortem 
(clinical)

Case-control Cross-sectional Etiology Genotype 94 59.5 68.6 46.2 White (100%) FTD US 18

Gibbons77 US Post-mortem 
(clinical)

Case-control Cross-sectional Detection 180 64.4 72.6 43.9 FTD, PSP, 
CBD, other

US 18

Gillespie78 US Clinical Cohort Longitudinal Disease
management

731 86.0 75.6 White (97%),
non-White (3%)

All-cause only US 19
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eAppendix 2. Studies included in the systematic review with their characteristics and characteristics of their 
study populations (continued)

Studiesa Country of
first authorb

Study setting Study type Study design Aim Biomarkers 
usedc

Nd Agee Age at
deathe

Sexe Race/ethnicityf Dementia
subtypesg

Country of study 
populationh

Cohorti Altmetric
score

Gilsanz79 US Registry 
(insurance)

Cohort Longitudinal Etiology 212 63.4 White (78%),
H (6%),
Black (5%)

All-cause only US 4

Gilsanz (2)80 US Registry 
(insurance)

Cohort Longitudinal Descriptive 771 95.5 White (70%),
Black (19%),
Latino (7%),
Asian (10%)

All-cause only US 30

Groot81 Netherlands Clinical Case-control Cross-sectional Etiology MRI, genotype 145 68.3 53.8 AD Netherlands 15

Grothe82 Germany Clinical Case-control Cross-sectional Etiology MRI, PET 
(amyloid-β)

108 74.9 42.6 AD Canada, US ADNI 84

Guterman83 US Population-based Cohort Longitudinal Health
services

663 77.3 55.4 White (89%),
Asian/Pacific 
Islander (6%),
Black/AA (5%).
H (10%)

All-cause only US 152

Gutierrez84 US Population-based Cohort Longitudinal Etiology MRI 76 80.7 79.0 H (58%),
n-H-Black (26%),
n-H-White (16%)

AD US 24

Haaksma85 Netherlands Population-based Cohort Longitudinal Prognosis 512 88.3 78.3 AD, VaD, 
mixed, other

Sweden 13

Haaksma (2)86 Netherlands Clinical Cohort Longitudinal Prognosis 331 76.2 54.7 AD, mixed, 
other

Netherlands 11

Hafdi87 Netherlands Population-based Cohort Longitudinal Etiology 233 Caucasian (98%) All-cause only Netherlands 11

Hall88 Finland Population-based Cohort Longitudinal Detection Genotype 97 88.3 80.0 All-cause only Finland 17

Hanseeuw89 US Population-based Case-control Longitudinal Detection PET (amyloid-β) 197 75.3 41.6 AD Canada, US ADNI 2

US Clinical Case-control Longitudinal Detection PET (amyloid-β) 16 68.1 35.3 AD US 2

Hansson90 Sweden Clinical Cohort Cross-sectional Detection CSF, PET 
(amyloid-β)

128 74.3 40.6 AD Sweden ADNI 14

Harnod91 Taiwan Population-based Cohort Longitudinal Prognosis 1725 74.6 42.4 All-cause only Taiwan 1

Hase92 UK Post-mortem 
(clinical)

Case-control Cross-sectional Etiology 110 83.7 55.5 AD, DLB, 
VaD, mixed

UK 11

Hase (2)93 UK Post-mortem 
(clinical)

Case-control Cross-sectional Etiology 112 81.8 47.3 AD, DLB, 
VaD, mixed

UK 14

Hendershott94 US Clinical Cohort Cross-sectional Detection 91 All-cause only US 7

Hendrie95 US Population-based Cohort Longitudinal Etiology Plasma/serum 913 75.6 70.6 AA (58%),
Caucasian (42%)

US 13

Hilal96 Singapore Clinical Case-control Longitudinal Etiology MRI 153 76.2 60.8 AD, VaD Singapore 14

Hithersay97 UK Mixed Cohort Longitudinal Prognosis 66 52.0 54.5 All-cause only UK 199

Hong98 South Korea Clinical Trial Longitudinal Treatment 175 75.2 61.3 AD South Korea 1

Hoogland99 Netherlands Clinical Cohort Longitudinal Detection 151 36.7 PDD Australia, Canada, US, 
UK, Spain, Germany, 
Italy, Netherlands, 
Norway, India, 

10

Hooshmand100 Sweden Population-based Cohort Longitudinal Etiology MRI, plasma/
serum

241 82.8 73.9 AD, other Sweden 37
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eAppendix 2. Studies included in the systematic review with their characteristics and characteristics of their 
study populations (continued)

Studiesa Country of
first authorb

Study setting Study type Study design Aim Biomarkers 
usedc

Nd Agee Age at
deathe

Sexe Race/ethnicityf Dementia
subtypesg

Country of study 
populationh

Cohorti Altmetric
score

Gilsanz79 US Registry 
(insurance)

Cohort Longitudinal Etiology 212 63.4 White (78%),
H (6%),
Black (5%)

All-cause only US 4

Gilsanz (2)80 US Registry 
(insurance)

Cohort Longitudinal Descriptive 771 95.5 White (70%),
Black (19%),
Latino (7%),
Asian (10%)

All-cause only US 30

Groot81 Netherlands Clinical Case-control Cross-sectional Etiology MRI, genotype 145 68.3 53.8 AD Netherlands 15

Grothe82 Germany Clinical Case-control Cross-sectional Etiology MRI, PET 
(amyloid-β)

108 74.9 42.6 AD Canada, US ADNI 84

Guterman83 US Population-based Cohort Longitudinal Health
services

663 77.3 55.4 White (89%),
Asian/Pacific 
Islander (6%),
Black/AA (5%).
H (10%)

All-cause only US 152

Gutierrez84 US Population-based Cohort Longitudinal Etiology MRI 76 80.7 79.0 H (58%),
n-H-Black (26%),
n-H-White (16%)

AD US 24

Haaksma85 Netherlands Population-based Cohort Longitudinal Prognosis 512 88.3 78.3 AD, VaD, 
mixed, other

Sweden 13

Haaksma (2)86 Netherlands Clinical Cohort Longitudinal Prognosis 331 76.2 54.7 AD, mixed, 
other

Netherlands 11

Hafdi87 Netherlands Population-based Cohort Longitudinal Etiology 233 Caucasian (98%) All-cause only Netherlands 11

Hall88 Finland Population-based Cohort Longitudinal Detection Genotype 97 88.3 80.0 All-cause only Finland 17

Hanseeuw89 US Population-based Case-control Longitudinal Detection PET (amyloid-β) 197 75.3 41.6 AD Canada, US ADNI 2

US Clinical Case-control Longitudinal Detection PET (amyloid-β) 16 68.1 35.3 AD US 2

Hansson90 Sweden Clinical Cohort Cross-sectional Detection CSF, PET 
(amyloid-β)

128 74.3 40.6 AD Sweden ADNI 14

Harnod91 Taiwan Population-based Cohort Longitudinal Prognosis 1725 74.6 42.4 All-cause only Taiwan 1

Hase92 UK Post-mortem 
(clinical)

Case-control Cross-sectional Etiology 110 83.7 55.5 AD, DLB, 
VaD, mixed

UK 11

Hase (2)93 UK Post-mortem 
(clinical)

Case-control Cross-sectional Etiology 112 81.8 47.3 AD, DLB, 
VaD, mixed

UK 14

Hendershott94 US Clinical Cohort Cross-sectional Detection 91 All-cause only US 7

Hendrie95 US Population-based Cohort Longitudinal Etiology Plasma/serum 913 75.6 70.6 AA (58%),
Caucasian (42%)

US 13

Hilal96 Singapore Clinical Case-control Longitudinal Etiology MRI 153 76.2 60.8 AD, VaD Singapore 14

Hithersay97 UK Mixed Cohort Longitudinal Prognosis 66 52.0 54.5 All-cause only UK 199

Hong98 South Korea Clinical Trial Longitudinal Treatment 175 75.2 61.3 AD South Korea 1

Hoogland99 Netherlands Clinical Cohort Longitudinal Detection 151 36.7 PDD Australia, Canada, US, 
UK, Spain, Germany, 
Italy, Netherlands, 
Norway, India, 

10

Hooshmand100 Sweden Population-based Cohort Longitudinal Etiology MRI, plasma/
serum

241 82.8 73.9 AD, other Sweden 37
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eAppendix 2. Studies included in the systematic review with their characteristics and characteristics of their 
study populations (continued)

Studiesa Country of
first authorb

Study setting Study type Study design Aim Biomarkers 
usedc

Nd Agee Age at
deathe

Sexe Race/ethnicityf Dementia
subtypesg

Country of study 
populationh

Cohorti Altmetric
score

Huang101 Taiwan Population-based Cohort Longitudinal Treatment 1738 73.0 All-cause only Taiwan 7

Huang (2)102 Taiwan Clinical Case-control Cross-sectional Etiology Genotype 584 79.2 70.5 AD Taiwan 7

Husebo103 Norway Nursing home Trial Longitudinal Disease
management

465 All-cause only Norway 12

Hwang104 Korea Clinical Cohort Cross-sectional Descriptive 56 75.6 78.6 AD Korea 1

Iglesias105 UK Clinical Case-control Cross-sectional Detection MRI 213 76.0 AD Canada, US ADNI 48

Ihara106 US Post-mortem 
(mixed)

Case-control Cross-sectional Etiology 69 78.2 88.3 67.7 AD, FTD, VaD US 8

Illan-Gala107 Spain Clinical Case-control Cross-sectional Detection CSF 86 64.2 37.2 FTD Spain 13

Illan-Gala (2)108 Spain Clinical Case-control Longitudinal Detection MRI, CSF 70 58.8 27.1 FTD Spain 43

Jack109 US Population-based Cohort Cross-sectional Detection PET (amyloid-β, 
tau)

647 84.0 53.5 All-cause only US 81

Jaidi110 France Clinical Cohort Cross-sectional Disease
management

147 84.1 64.6 AD, DLB, 
VaD, mixed

France 3

Jennings111 US Clinical Case-control Longitudinal Disease
management

3249 82.3 66.8 White (73%),
Black (10%),
Asian (8%),
H (6%)

AD, other US 150

Jeppsson112 Sweden Clinical Case-control Cross-sectional Detection CSF 309 72.1 54.0 AD, FTD, VaD, 
PSP, CBD, 
other

Finland, Sweden 17

Jia113 China Clinical Trial Longitudinal Treatment Plasma/serum 210 67.8 56.7 AD China 83

Jia (2)114 China Clinical Case-control Cross-sectional Detection CSF, plasma/
serum

101 65.3 57.4 AD China 18

Jiao115 China Clinical Case-control Cross-sectional Etiology Genotype 90 56.0 57.9 Han Chinese
(100%)

FTD China 7

Jones116 UK Clinical Cohort Cross-sectional Etiology MRI 70 66.8 44.3 AD Finland, US 7

Jutten117 Netherlands Clinical Cohort Cross-sectional Detection MRI 90 70.9 45.6 AD, DLB Netherlands, Scotland 26

Kang118 Korea Clinical Case-control Cross-sectional Detection MRI, PET 
(amyloid-β)

92 AD Korea 10

Kang (2)119 Korea Clinical Case-control Cross-sectional Etiology MRI, PET 
(amyloid-β)

60 AD, DLB, 
mixed

Korea 10

Kao120 Taiwan Clinical Case-control Cross-sectional Etiology MRI 501 77.9 69.3 AD Taiwan 11

Kapogiannis121 US Population-based Case-control Longitudinal Detection Plasma/serum 154 81.2 52.8 White (89%),
non-White (11%)

AD US 56

Karssemeijer122 Netherlands Clinical Trial Longitudinal Disease
management

115 78.6 46.1 AD, VaD, 
mixed, other

Netherlands 25

Karssemeijer 
(2)123

Netherlands Clinical Trial Longitudinal Disease
management

115 78.6 46.1 AD, VaD, 
mixed, other

Netherlands 4

Kim124 Korea Clinical Case-control Cross-sectional Detection MRI, PET (FDG), 
CSF

51 75.2 35.3 AD Canada, US ADNI 7

Kim (2)125 Korea Clinical Cohort Longitudinal Detection MRI 124 All-cause only Korea 66
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eAppendix 2. Studies included in the systematic review with their characteristics and characteristics of their 
study populations (continued)

Studiesa Country of
first authorb

Study setting Study type Study design Aim Biomarkers 
usedc

Nd Agee Age at
deathe

Sexe Race/ethnicityf Dementia
subtypesg

Country of study 
populationh

Cohorti Altmetric
score

Huang101 Taiwan Population-based Cohort Longitudinal Treatment 1738 73.0 All-cause only Taiwan 7

Huang (2)102 Taiwan Clinical Case-control Cross-sectional Etiology Genotype 584 79.2 70.5 AD Taiwan 7

Husebo103 Norway Nursing home Trial Longitudinal Disease
management

465 All-cause only Norway 12

Hwang104 Korea Clinical Cohort Cross-sectional Descriptive 56 75.6 78.6 AD Korea 1

Iglesias105 UK Clinical Case-control Cross-sectional Detection MRI 213 76.0 AD Canada, US ADNI 48

Ihara106 US Post-mortem 
(mixed)

Case-control Cross-sectional Etiology 69 78.2 88.3 67.7 AD, FTD, VaD US 8

Illan-Gala107 Spain Clinical Case-control Cross-sectional Detection CSF 86 64.2 37.2 FTD Spain 13

Illan-Gala (2)108 Spain Clinical Case-control Longitudinal Detection MRI, CSF 70 58.8 27.1 FTD Spain 43

Jack109 US Population-based Cohort Cross-sectional Detection PET (amyloid-β, 
tau)

647 84.0 53.5 All-cause only US 81

Jaidi110 France Clinical Cohort Cross-sectional Disease
management

147 84.1 64.6 AD, DLB, 
VaD, mixed

France 3

Jennings111 US Clinical Case-control Longitudinal Disease
management

3249 82.3 66.8 White (73%),
Black (10%),
Asian (8%),
H (6%)

AD, other US 150

Jeppsson112 Sweden Clinical Case-control Cross-sectional Detection CSF 309 72.1 54.0 AD, FTD, VaD, 
PSP, CBD, 
other

Finland, Sweden 17

Jia113 China Clinical Trial Longitudinal Treatment Plasma/serum 210 67.8 56.7 AD China 83

Jia (2)114 China Clinical Case-control Cross-sectional Detection CSF, plasma/
serum

101 65.3 57.4 AD China 18

Jiao115 China Clinical Case-control Cross-sectional Etiology Genotype 90 56.0 57.9 Han Chinese
(100%)

FTD China 7

Jones116 UK Clinical Cohort Cross-sectional Etiology MRI 70 66.8 44.3 AD Finland, US 7

Jutten117 Netherlands Clinical Cohort Cross-sectional Detection MRI 90 70.9 45.6 AD, DLB Netherlands, Scotland 26

Kang118 Korea Clinical Case-control Cross-sectional Detection MRI, PET 
(amyloid-β)

92 AD Korea 10

Kang (2)119 Korea Clinical Case-control Cross-sectional Etiology MRI, PET 
(amyloid-β)

60 AD, DLB, 
mixed

Korea 10

Kao120 Taiwan Clinical Case-control Cross-sectional Etiology MRI 501 77.9 69.3 AD Taiwan 11

Kapogiannis121 US Population-based Case-control Longitudinal Detection Plasma/serum 154 81.2 52.8 White (89%),
non-White (11%)

AD US 56

Karssemeijer122 Netherlands Clinical Trial Longitudinal Disease
management

115 78.6 46.1 AD, VaD, 
mixed, other

Netherlands 25

Karssemeijer 
(2)123

Netherlands Clinical Trial Longitudinal Disease
management

115 78.6 46.1 AD, VaD, 
mixed, other

Netherlands 4

Kim124 Korea Clinical Case-control Cross-sectional Detection MRI, PET (FDG), 
CSF

51 75.2 35.3 AD Canada, US ADNI 7

Kim (2)125 Korea Clinical Cohort Longitudinal Detection MRI 124 All-cause only Korea 66
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eAppendix 2. Studies included in the systematic review with their characteristics and characteristics of their 
study populations (continued)

Studiesa Country of
first authorb

Study setting Study type Study design Aim Biomarkers 
usedc

Nd Agee Age at
deathe

Sexe Race/ethnicityf Dementia
subtypesg

Country of study 
populationh

Cohorti Altmetric
score

Kim (3)126 Korea Population-based Cohort Longitudinal Treatment 565 64.2 AD, VaD, 
other

Korea 1

Kim (4)127 UK Clinical Case-control Cross-sectional Detection CSF, MRI, 
plasma/serum

115 69.6 56.5 AD Belgium, Denmark, 
Finland, France, 
Germany, Greece, 
Italy, Luxembourg, 
Netherlands, Romania, 
Spain, Sweden, 
Switzerland, UK

20

Klimiuk128 Poland Clinical Case-control Cross-sectional Detection Plasma/serum 50 80.2 70.0 AD, VaD, 
mixed

Poland 10

Knopman129 US Population-based Cohort Longitudinal Etiology 342 78.9 57.0 White (58%),
AA (42%)

All-cause only US 5

Komatsu130 Japan Clinical Case-control Longitudinal Detection 133 75.7 57.1 AD, DLB Japan 16

Konukoglu131 Switzerland Clinical Case-control Cross-sectional Detection CSF, MRI 145 AD Canada, US ADNI 10

Koponen132 Finland Population-based Cohort Longitudinal Disease
management

39818 81.5 66.6 AD Finland 123

Koriath133 UK Clinical Case-control Cross-sectional Detection Genotype 2784 AD, FTD, CJD, 
other

UK 37

Krance134 Canada Clinical Cohort Longitudinal Detection MRI, PET 
(amyloid-β), CSF

119 AD Canada, US ADNI 13

Kummer135 US Population-based Cohort Longitudinal Etiology 81974 79.7 65.4 AD US 101

Kuo136 Taiwan Population-based Cohort Longitudinal Etiology 29319 50.2 All-cause only Taiwan 6

Lamar137 US Post-mortem 
(Population-
based)

Cohort Cross-sectional Etiology Genotype 603 White (96%),
Black (4%)

All-cause only US ROS-MAP 17

Lansdall138 UK Clinical Cohort Longitudinal Prognosis 124 69.3 50.0 FTD, PSP, 
CBD, other

US 39

Lavikainen139 Finland Population-based Cohort Longitudinal Disease
management

8864 80.0 66.3 AD Finland 68

Lee140 Korea Clinical Case-control Cross-sectional Detection MRI 198 75.4 47.5 White (88%),
Black (4%)

AD Canada, US ADNI 357

Lee (2)141 US Population-based Cohort Longitudinal Etiology 792 White (90%) AD US 22

Lee (3)142 Korea Clinical Case-control Cross-sectional Etiology MRI, plasma/
serum

78 AD Korea 10

Lee (4)143 Korea Clinical Case-control Longitudinal Detection MRI 226 73.7 42.9 AD Canada, US ADNI 7

Leeuwis144 Netherlands Clinical Cohort Cross-sectional Etiology MRI 348 68.6 47.0 All-cause only Netherlands 1

Legdeur145 Netherlands Population-based Cohort Longitudinal Etiology 13511 All-cause only Netherlands 25

Leonenko146 UK Clinical Cohort Longitudinal Detection Genotype 174 AD Canada, US ADNI 15

Leontjevas147 Netherlands Nursing home Cohort Cross-sectional Disease
management

243 82.8 65.0 All-cause only Netherlands

Lerche148 Germany Clinical Case-control Cross-sectional Etiology CSF, genotype 100 69.1 25.9 DLB Germany 12
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eAppendix 2. Studies included in the systematic review with their characteristics and characteristics of their 
study populations (continued)

Studiesa Country of
first authorb

Study setting Study type Study design Aim Biomarkers 
usedc

Nd Agee Age at
deathe

Sexe Race/ethnicityf Dementia
subtypesg

Country of study 
populationh

Cohorti Altmetric
score

Kim (3)126 Korea Population-based Cohort Longitudinal Treatment 565 64.2 AD, VaD, 
other

Korea 1

Kim (4)127 UK Clinical Case-control Cross-sectional Detection CSF, MRI, 
plasma/serum

115 69.6 56.5 AD Belgium, Denmark, 
Finland, France, 
Germany, Greece, 
Italy, Luxembourg, 
Netherlands, Romania, 
Spain, Sweden, 
Switzerland, UK

20

Klimiuk128 Poland Clinical Case-control Cross-sectional Detection Plasma/serum 50 80.2 70.0 AD, VaD, 
mixed

Poland 10

Knopman129 US Population-based Cohort Longitudinal Etiology 342 78.9 57.0 White (58%),
AA (42%)

All-cause only US 5

Komatsu130 Japan Clinical Case-control Longitudinal Detection 133 75.7 57.1 AD, DLB Japan 16

Konukoglu131 Switzerland Clinical Case-control Cross-sectional Detection CSF, MRI 145 AD Canada, US ADNI 10

Koponen132 Finland Population-based Cohort Longitudinal Disease
management

39818 81.5 66.6 AD Finland 123

Koriath133 UK Clinical Case-control Cross-sectional Detection Genotype 2784 AD, FTD, CJD, 
other

UK 37

Krance134 Canada Clinical Cohort Longitudinal Detection MRI, PET 
(amyloid-β), CSF

119 AD Canada, US ADNI 13

Kummer135 US Population-based Cohort Longitudinal Etiology 81974 79.7 65.4 AD US 101

Kuo136 Taiwan Population-based Cohort Longitudinal Etiology 29319 50.2 All-cause only Taiwan 6

Lamar137 US Post-mortem 
(Population-
based)

Cohort Cross-sectional Etiology Genotype 603 White (96%),
Black (4%)

All-cause only US ROS-MAP 17

Lansdall138 UK Clinical Cohort Longitudinal Prognosis 124 69.3 50.0 FTD, PSP, 
CBD, other

US 39

Lavikainen139 Finland Population-based Cohort Longitudinal Disease
management

8864 80.0 66.3 AD Finland 68

Lee140 Korea Clinical Case-control Cross-sectional Detection MRI 198 75.4 47.5 White (88%),
Black (4%)

AD Canada, US ADNI 357

Lee (2)141 US Population-based Cohort Longitudinal Etiology 792 White (90%) AD US 22

Lee (3)142 Korea Clinical Case-control Cross-sectional Etiology MRI, plasma/
serum

78 AD Korea 10

Lee (4)143 Korea Clinical Case-control Longitudinal Detection MRI 226 73.7 42.9 AD Canada, US ADNI 7

Leeuwis144 Netherlands Clinical Cohort Cross-sectional Etiology MRI 348 68.6 47.0 All-cause only Netherlands 1

Legdeur145 Netherlands Population-based Cohort Longitudinal Etiology 13511 All-cause only Netherlands 25

Leonenko146 UK Clinical Cohort Longitudinal Detection Genotype 174 AD Canada, US ADNI 15

Leontjevas147 Netherlands Nursing home Cohort Cross-sectional Disease
management

243 82.8 65.0 All-cause only Netherlands

Lerche148 Germany Clinical Case-control Cross-sectional Etiology CSF, genotype 100 69.1 25.9 DLB Germany 12
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eAppendix 2. Studies included in the systematic review with their characteristics and characteristics of their 
study populations (continued)

Studiesa Country of
first authorb

Study setting Study type Study design Aim Biomarkers 
usedc

Nd Agee Age at
deathe

Sexe Race/ethnicityf Dementia
subtypesg

Country of study 
populationh

Cohorti Altmetric
score

Lexomboon149 Sweden Registry 
(Population-
based)

Cohort Longitudinal Disease
management

34037 79.4 58.7 AD, DLB, FTD, 
VaD, PDD, 
mixed, other

Sweden 2

Li150 US Post-mortem 
(mixed)

Case-control Cross-sectional Etiology Genotype 726 AD, FTD, PSP US ROS-MAP 30

Li (2)151 US Population-based Cohort Longitudinal Detection 220 89.3 AD US MAP 17

Li (3)152 US Clinical Cohort Longitudinal Detection MRI 417 74.8 47.7 AD US ADNI 25

Licher153 Netherlands Population-based Cohort Longitudinal Descriptive 1489 AD Netherlands 340

Liew154 Singapore Clinical Cohort Cross-sectional Detection 1259 71.0 51.9 White (88%),
AA (8%)

AD, DLB, FTD, 
VaD, mixed, 
other

US NACC 10

Liew (2)155 Singapore Clinical Cohort Cross-sectional Detection 1497 White (82%),
AA (12%)

All-cause only US NACC 4

Liew (3)156 Singapore Clinical Cohort Cross-sectional Detection 2042 White (82%),
AA (12%)

All-cause only US NACC 7

Liew (4)157 Singapore Clinical Cohort Longitudinal Etiology 695 White (80%),
AA (14%)

AD, DLB, FTD, 
VaD, other

US NACC

Liew (5)158 Singapore Clinical Cohort Longitudinal Detection 2477 White (82%),
AA (12%)

AD, DLB, FTD, 
VaD, mixed, 
other

US NACC 7

Lim159 Canada Population-based Cohort Cross-sectional Etiology CSF 356 EA (76%) All-cause only US ROS-MAP 347

Canada Clinical Cohort Cross-sectional Etiology CSF 271 All-cause only Canada 347

Canada Clinical Cohort Cross-sectional Etiology CSF 176 All-cause only France 347

Lindgren160 Finland Population-based Case-control Cross-sectional Etiology Genotype 101 74.5 48.5 All-cause only Finland 22

Liu161 England Post-mortem 
(clinical)

Case-control Cross-sectional Etiology 96 64.8 78.0 29.2 PDD England 17

Lleo162 Spain Clinical Case-control Longitudinal Etiology CSF 110 68.5 42.7 AD Denmark, Germany, 
France, Netherlands, 
Portugal, Spain

19

Llorens163 Spain Clinical Case-control Cross-sectional Detection Plasma/serum 277 64.7 58.5 AD, DLB, FTD, 
VaD, CJD, 
other

Germany 16

Logroscino164 Italy Clinical Cohort Longitudinal Descriptive 63 71.3 50.8 FTD, PSP, 
CBD, other

Italy 10

Lopez165 US Population-based Cohort Longitudinal Etiology Plasma/serum 323 84.2 48.0 White (97%) US 12

Lourida166 UK Population-based Cohort Longitudinal Etiology Genotype 1769 73.8 44.7 All-cause only UK 2487

Lowe167 US Post-mortem 
(clinical)

Cohort Longitudinal Detection MRI, PET (FDG, 
amyloid-β)

79 77.2 79.8 29.1 AD, DLB, FTD, 
PSP, other

US 10

Lu168 Japan Population-based Cohort Longitudinal Etiology 688 All-cause only Japan 11

Ma169 US Clinical Case-control Cross-sectional Etiology Genotype 19735 AD Austria, Belgium, 
Finland, Germany, 
Greece, Hungary, 
Iceland, Italy, 
Netherlands, Spain, 
Sweden, UK, USA

10
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eAppendix 2. Studies included in the systematic review with their characteristics and characteristics of their 
study populations (continued)

Studiesa Country of
first authorb

Study setting Study type Study design Aim Biomarkers 
usedc

Nd Agee Age at
deathe

Sexe Race/ethnicityf Dementia
subtypesg

Country of study 
populationh

Cohorti Altmetric
score

Lexomboon149 Sweden Registry 
(Population-
based)

Cohort Longitudinal Disease
management

34037 79.4 58.7 AD, DLB, FTD, 
VaD, PDD, 
mixed, other

Sweden 2

Li150 US Post-mortem 
(mixed)

Case-control Cross-sectional Etiology Genotype 726 AD, FTD, PSP US ROS-MAP 30

Li (2)151 US Population-based Cohort Longitudinal Detection 220 89.3 AD US MAP 17

Li (3)152 US Clinical Cohort Longitudinal Detection MRI 417 74.8 47.7 AD US ADNI 25

Licher153 Netherlands Population-based Cohort Longitudinal Descriptive 1489 AD Netherlands 340

Liew154 Singapore Clinical Cohort Cross-sectional Detection 1259 71.0 51.9 White (88%),
AA (8%)

AD, DLB, FTD, 
VaD, mixed, 
other

US NACC 10

Liew (2)155 Singapore Clinical Cohort Cross-sectional Detection 1497 White (82%),
AA (12%)

All-cause only US NACC 4

Liew (3)156 Singapore Clinical Cohort Cross-sectional Detection 2042 White (82%),
AA (12%)

All-cause only US NACC 7

Liew (4)157 Singapore Clinical Cohort Longitudinal Etiology 695 White (80%),
AA (14%)

AD, DLB, FTD, 
VaD, other

US NACC

Liew (5)158 Singapore Clinical Cohort Longitudinal Detection 2477 White (82%),
AA (12%)

AD, DLB, FTD, 
VaD, mixed, 
other

US NACC 7

Lim159 Canada Population-based Cohort Cross-sectional Etiology CSF 356 EA (76%) All-cause only US ROS-MAP 347

Canada Clinical Cohort Cross-sectional Etiology CSF 271 All-cause only Canada 347

Canada Clinical Cohort Cross-sectional Etiology CSF 176 All-cause only France 347

Lindgren160 Finland Population-based Case-control Cross-sectional Etiology Genotype 101 74.5 48.5 All-cause only Finland 22

Liu161 England Post-mortem 
(clinical)

Case-control Cross-sectional Etiology 96 64.8 78.0 29.2 PDD England 17

Lleo162 Spain Clinical Case-control Longitudinal Etiology CSF 110 68.5 42.7 AD Denmark, Germany, 
France, Netherlands, 
Portugal, Spain

19

Llorens163 Spain Clinical Case-control Cross-sectional Detection Plasma/serum 277 64.7 58.5 AD, DLB, FTD, 
VaD, CJD, 
other

Germany 16

Logroscino164 Italy Clinical Cohort Longitudinal Descriptive 63 71.3 50.8 FTD, PSP, 
CBD, other

Italy 10

Lopez165 US Population-based Cohort Longitudinal Etiology Plasma/serum 323 84.2 48.0 White (97%) US 12

Lourida166 UK Population-based Cohort Longitudinal Etiology Genotype 1769 73.8 44.7 All-cause only UK 2487

Lowe167 US Post-mortem 
(clinical)

Cohort Longitudinal Detection MRI, PET (FDG, 
amyloid-β)

79 77.2 79.8 29.1 AD, DLB, FTD, 
PSP, other

US 10

Lu168 Japan Population-based Cohort Longitudinal Etiology 688 All-cause only Japan 11

Ma169 US Clinical Case-control Cross-sectional Etiology Genotype 19735 AD Austria, Belgium, 
Finland, Germany, 
Greece, Hungary, 
Iceland, Italy, 
Netherlands, Spain, 
Sweden, UK, USA

10
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eAppendix 2. Studies included in the systematic review with their characteristics and characteristics of their 
study populations (continued)

Studiesa Country of
first authorb

Study setting Study type Study design Aim Biomarkers 
usedc

Nd Agee Age at
deathe

Sexe Race/ethnicityf Dementia
subtypesg

Country of study 
populationh

Cohorti Altmetric
score

Ma (2)170 US Mixed Case-control Cross-sectional Etiology Genotype 5522 76.0 57.1 n-H-White (100%) AD US 51

US Mixed Case-control Cross-sectional Etiology Genotype 8728 70.2 AD Canada, Dominican 
Republic, France, 
Germany, Greece, 
Iceland, Netherlands

51

US Mixed Case-control Cross-sectional Etiology Genotype 1174 74.9 AD Canada, Dominican 
Republic, France, 
Germany, Greece, 
Iceland, Netherlands

51

US Mixed Case-control Cross-sectional Etiology Genotype 592 81.1 AD Canada, Dominican 
Republic, France, 
Germany, Greece, 
Iceland, Netherlands

51

US Mixed Case-control Cross-sectional Etiology Genotype 402 91.0 AD Canada, Dominican 
Republic, France, 
Germany, Greece, 
Iceland, Netherlands

ROS-MAP 51

Mahmoudian 
Dehkordi171

US Post-mortem 
(Population-
based)

Cohort Cross-sectional Etiology Plasma/serum, 
genotype

38 89.8 18.5 AD US ROS-MAP 72

US Clinical Cohort Longitudinal Etiology Plasma/serum, 
genotype

305 74.3 43.7 AD Canada, US ADNI 72

Mahoney172 US Post-mortem 
(Population-
based)

Case-control Cross-sectional Etiology 203 91.0 66.0 n-H-White (96%) AD US ROS-MAP 22

Maillard173 US Clinical Cohort Longitudinal Detection MRI 78 All-cause only US 24

Malpetti174 Italy Clinical Case-control Cross-sectional Etiology MRI, PET (FDG) 82 69.4 48.8 FTD Italy 13

Mann175 UK Post-mortem 
(clinical)

Case-control Cross-sectional Etiology Genotype 68 53.9 66.7 42.6 AD France, UK 12

Marinescu176 UK Clinical Case-control Longitudinal Prognosis MRI, PET 
(amyloid-β)

136 73.9 48.0 AD, PCA, 
other

Canada, UK, US ADNI 19

Martinez-
Valbuena177

Spain Post-mortem 
(clinical)

Case-control Cross-sectional Etiology 87 78.5 52.9 AD Spain 20

Mattsson178 Sweden Clinical Cohort Longitudinal Detection MRI, PET (FDG), 
CSF, plasma/
serum

327 74.9 45.3 AD Canada, US ADNI 292

Mattsson (2)179 Sweden Clinical Cohort Longitudinal Prognosis MRI, PET 
(amyloid-β), CSF 

53 76.8 45.3 AD US ADNI 114

McNeil180 Australia Population-based Trial Longitudinal Treatment 549 77.7 White (91%),
Black (5%),
H (3%)

All-cause only Australia, US 2442

Meeter181 Netherlands Clinical Case-control Cross-sectional Detection MRI, CSF 162 64.0 54.0 FTD Belgium, Germany, 
Italy, Netherlands, 
Portugal, Spain, 
Sweden, UK, US

24

Meyer182 Belgium Clinical Case-control Cross-sectional Detection PET (FDG) 25 78.1 AD Belgium 10
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eAppendix 2. Studies included in the systematic review with their characteristics and characteristics of their 
study populations (continued)

Studiesa Country of
first authorb

Study setting Study type Study design Aim Biomarkers 
usedc

Nd Agee Age at
deathe

Sexe Race/ethnicityf Dementia
subtypesg

Country of study 
populationh

Cohorti Altmetric
score

Ma (2)170 US Mixed Case-control Cross-sectional Etiology Genotype 5522 76.0 57.1 n-H-White (100%) AD US 51

US Mixed Case-control Cross-sectional Etiology Genotype 8728 70.2 AD Canada, Dominican 
Republic, France, 
Germany, Greece, 
Iceland, Netherlands

51

US Mixed Case-control Cross-sectional Etiology Genotype 1174 74.9 AD Canada, Dominican 
Republic, France, 
Germany, Greece, 
Iceland, Netherlands

51

US Mixed Case-control Cross-sectional Etiology Genotype 592 81.1 AD Canada, Dominican 
Republic, France, 
Germany, Greece, 
Iceland, Netherlands

51

US Mixed Case-control Cross-sectional Etiology Genotype 402 91.0 AD Canada, Dominican 
Republic, France, 
Germany, Greece, 
Iceland, Netherlands

ROS-MAP 51

Mahmoudian 
Dehkordi171

US Post-mortem 
(Population-
based)

Cohort Cross-sectional Etiology Plasma/serum, 
genotype

38 89.8 18.5 AD US ROS-MAP 72

US Clinical Cohort Longitudinal Etiology Plasma/serum, 
genotype

305 74.3 43.7 AD Canada, US ADNI 72

Mahoney172 US Post-mortem 
(Population-
based)

Case-control Cross-sectional Etiology 203 91.0 66.0 n-H-White (96%) AD US ROS-MAP 22

Maillard173 US Clinical Cohort Longitudinal Detection MRI 78 All-cause only US 24

Malpetti174 Italy Clinical Case-control Cross-sectional Etiology MRI, PET (FDG) 82 69.4 48.8 FTD Italy 13

Mann175 UK Post-mortem 
(clinical)

Case-control Cross-sectional Etiology Genotype 68 53.9 66.7 42.6 AD France, UK 12

Marinescu176 UK Clinical Case-control Longitudinal Prognosis MRI, PET 
(amyloid-β)

136 73.9 48.0 AD, PCA, 
other

Canada, UK, US ADNI 19

Martinez-
Valbuena177

Spain Post-mortem 
(clinical)

Case-control Cross-sectional Etiology 87 78.5 52.9 AD Spain 20

Mattsson178 Sweden Clinical Cohort Longitudinal Detection MRI, PET (FDG), 
CSF, plasma/
serum

327 74.9 45.3 AD Canada, US ADNI 292

Mattsson (2)179 Sweden Clinical Cohort Longitudinal Prognosis MRI, PET 
(amyloid-β), CSF 

53 76.8 45.3 AD US ADNI 114

McNeil180 Australia Population-based Trial Longitudinal Treatment 549 77.7 White (91%),
Black (5%),
H (3%)

All-cause only Australia, US 2442

Meeter181 Netherlands Clinical Case-control Cross-sectional Detection MRI, CSF 162 64.0 54.0 FTD Belgium, Germany, 
Italy, Netherlands, 
Portugal, Spain, 
Sweden, UK, US

24

Meyer182 Belgium Clinical Case-control Cross-sectional Detection PET (FDG) 25 78.1 AD Belgium 10
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eAppendix 2. Studies included in the systematic review with their characteristics and characteristics of their 
study populations (continued)

Studiesa Country of
first authorb

Study setting Study type Study design Aim Biomarkers 
usedc

Nd Agee Age at
deathe

Sexe Race/ethnicityf Dementia
subtypesg

Country of study 
populationh

Cohorti Altmetric
score

Belgium Clinical Case-control Cross-sectional Detection PET (FDG) 207 74.6 AD Canada, US ADNI 10

Meyer (2)183 Canada Clinical Case-control Cross-sectional Etiology CSF 69 75.2 43.5 AD Canada, US ADNI 16

Miarons184 Spain Clinical Case-control Cross-sectional Disease
management

114 82.5 57.0 VaD, mixed, 
other

Spain 5

Michalowsky185 Germany Population-based Trial Longitudinal Health
services

444 80.3 60.1 All-cause only Germany 21

Michel186 France Clinical Cohort Cross-sectional Disease
management

117 84.5 65.8 All-cause only France 7

Morbelli187 Italy Clinical Case-control Cross-sectional Etiology PET (FDG) 171 73.4 45.6 DLB Belgium, Czech 
Republic, France, 
Iceland, Italy, 
Netherlands, Norway, 
Slovenia, Spain, 
Sweden, UK

14

Morgan188 UK Clinical Case-control Cross-sectional Detection Plasma/serum 455 AD Belgium, Denmark, 
Finland, France, 
Germany, Greece, 
Italy, Luxembourg, 
Netherlands, Romania, 
Spain, Sweden, 
Switzerland, UK

105

Morris189 US Clinical Cohort Cross-sectional Etiology MRI, PET 
(amyloid-β), CSF

105 White (86%),
AA (14%)

AD US 517

Mouton190 France Mixed Cohort Cross-sectional Descriptive 149171 81.3 68.5 AD, DLB, PDD France 24

Mukherjee191 US Population-based Cohort Cross-sectional Detection Genotype 823 86.0 72.0 White (94%) AD US ROS-MAP 166

US Population-based Cohort Cross-sectional Detection Genotype 825 86.0 63.0 White (90%) AD US 166

US Clinical Cohort Cross-sectional Detection Genotype 1752 76.0 63.0 White (91%) AD US 166

US Clinical Cohort Cross-sectional Detection Genotype 650 77.0 41.0 White (94%) AD Canada, US ADNI 166

Mutlu192 Netherlands Population-based Cohort Longitudinal Detection 86 AD, VaD, 
mixed, other

Netherlands 53

Nedelska193 US Clinical Case-control Cross-sectional Etiology PET (amyloid-β, 
tau)

51 66.9 31.8 AD, DLB, 
PCA, other

US 17

Nelson194 US Post-mortem 
(clinical)

Cohort Cross-sectional Etiology Genotype 82 AD, mixed US 10

Olsson195 Sweden Clinical Case-control Longitudinal Etiology CSF 596 69.6 53.4 AD, DLB, FTD, 
PDD, PSP, 
CBD, other

US 54

Oppedal196 Norway Clinical Case-control Cross-sectional Detection MRI 685 74.4 44.9 AD, DLB Belgium, Canada, 
Czech Republic, 
France, Iceland, Italy, 
Netherlands, Norway, 
Slovenia, Spain, 
Sweden, UK, US

ADNI 18

Ou197 China Clinical Cohort Longitudinal Detection MRI, PET (FDG) 157 AD Canada, US ADNI 7

Palmqvist198 Sweden Clinical Cohort Cross-sectional Detection CSF, Plasma/
serum

158 72.4 49.4 AD Sweden 153
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eAppendix 2. Studies included in the systematic review with their characteristics and characteristics of their 
study populations (continued)

Studiesa Country of
first authorb

Study setting Study type Study design Aim Biomarkers 
usedc

Nd Agee Age at
deathe

Sexe Race/ethnicityf Dementia
subtypesg

Country of study 
populationh

Cohorti Altmetric
score

Belgium Clinical Case-control Cross-sectional Detection PET (FDG) 207 74.6 AD Canada, US ADNI 10

Meyer (2)183 Canada Clinical Case-control Cross-sectional Etiology CSF 69 75.2 43.5 AD Canada, US ADNI 16

Miarons184 Spain Clinical Case-control Cross-sectional Disease
management

114 82.5 57.0 VaD, mixed, 
other

Spain 5

Michalowsky185 Germany Population-based Trial Longitudinal Health
services

444 80.3 60.1 All-cause only Germany 21

Michel186 France Clinical Cohort Cross-sectional Disease
management

117 84.5 65.8 All-cause only France 7

Morbelli187 Italy Clinical Case-control Cross-sectional Etiology PET (FDG) 171 73.4 45.6 DLB Belgium, Czech 
Republic, France, 
Iceland, Italy, 
Netherlands, Norway, 
Slovenia, Spain, 
Sweden, UK

14

Morgan188 UK Clinical Case-control Cross-sectional Detection Plasma/serum 455 AD Belgium, Denmark, 
Finland, France, 
Germany, Greece, 
Italy, Luxembourg, 
Netherlands, Romania, 
Spain, Sweden, 
Switzerland, UK

105

Morris189 US Clinical Cohort Cross-sectional Etiology MRI, PET 
(amyloid-β), CSF

105 White (86%),
AA (14%)

AD US 517

Mouton190 France Mixed Cohort Cross-sectional Descriptive 149171 81.3 68.5 AD, DLB, PDD France 24

Mukherjee191 US Population-based Cohort Cross-sectional Detection Genotype 823 86.0 72.0 White (94%) AD US ROS-MAP 166

US Population-based Cohort Cross-sectional Detection Genotype 825 86.0 63.0 White (90%) AD US 166

US Clinical Cohort Cross-sectional Detection Genotype 1752 76.0 63.0 White (91%) AD US 166

US Clinical Cohort Cross-sectional Detection Genotype 650 77.0 41.0 White (94%) AD Canada, US ADNI 166

Mutlu192 Netherlands Population-based Cohort Longitudinal Detection 86 AD, VaD, 
mixed, other

Netherlands 53

Nedelska193 US Clinical Case-control Cross-sectional Etiology PET (amyloid-β, 
tau)

51 66.9 31.8 AD, DLB, 
PCA, other

US 17

Nelson194 US Post-mortem 
(clinical)

Cohort Cross-sectional Etiology Genotype 82 AD, mixed US 10

Olsson195 Sweden Clinical Case-control Longitudinal Etiology CSF 596 69.6 53.4 AD, DLB, FTD, 
PDD, PSP, 
CBD, other

US 54

Oppedal196 Norway Clinical Case-control Cross-sectional Detection MRI 685 74.4 44.9 AD, DLB Belgium, Canada, 
Czech Republic, 
France, Iceland, Italy, 
Netherlands, Norway, 
Slovenia, Spain, 
Sweden, UK, US

ADNI 18

Ou197 China Clinical Cohort Longitudinal Detection MRI, PET (FDG) 157 AD Canada, US ADNI 7

Palmqvist198 Sweden Clinical Cohort Cross-sectional Detection CSF, Plasma/
serum

158 72.4 49.4 AD Sweden 153
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eAppendix 2. Studies included in the systematic review with their characteristics and characteristics of their 
study populations (continued)

Studiesa Country of
first authorb

Study setting Study type Study design Aim Biomarkers 
usedc

Nd Agee Age at
deathe

Sexe Race/ethnicityf Dementia
subtypesg

Country of study 
populationh

Cohorti Altmetric
score

Palta199 US Population-based Cohort Longitudinal Etiology 1063 White (81%),
Black (19%)

All-cause only US 25

Pase200 US Population-based Cohort Longitudinal Detection Plasma/serum 76 AD France 86

US Population-based Cohort Longitudinal Detection Plasma/serum 134 AD, other US 86

Patel201 UK Post-mortem 
(clinical)

Case-control Cross-sectional Etiology 153 73.5 83.0 59.1 AD UK 11

Pawlowski202 Germany Clinical Case-control Cross-sectional Detection PET (FDG), CSF 152 66.1 38.8 AD, FTD Germany 32

Pelkmans203 Netherlands Clinical Case-control Cross-sectional Etiology MRI, CSF 293 66.0 54.0 AD Netherlands 10

Pendlebury204 UK Population-based Cohort Longitudinal Descriptive 657 82.5 Caucasian (94%),
Asian (5%)

All-cause only UK 93

Petersen205 US Post-mortem 
(clinical)

Cohort Longitudinal Etiology 94 60.8 71.2 40.4 AD US 148

Petrone206 Spain Clinical Case-control Longitudinal Detection MRI, CSF 78 75.4 42.3 AD Canada, US ADNI 22

Phillips207 US Clinical Case-control Longitudinal Etiology MRI 73 56.9 60.8 AD US 23

Postuma208 Canada Clinical Cohort Longitudinal Detection 153 11.6 AD, PDD Austria, Canada, 
Czech Republic, 
Denmark, France, 
Germany, Italy, Japan, 
Spain, US

184

Pressman209 US Clinical Case-control Cross-sectional Detection MRI 103 60.2 48.6 AD, FTD, 
other

US 14

Qiu210 US Clinical Cohort Cross-sectional Detection 5403 75.9 56.6 AD US 27

Rajan211 US Population-based Cohort Longitudinal Descriptive 2794 76.2 65.0 AA (56%),
European
American (44%)

AD US 18

Rakic212 UK Post-mortem 
(clinical)

Case-control Cross-sectional Etiology 68 73.6 83.0 60.3 AD UK 11

Ramos213 US Clinical Case-control Cross-sectional Etiology Genotype 403 58.2 54.3 EA (92%) Other US 15

Rasmussen214 Denmark Population-based Cohort Longitudinal Etiology Plasma/serum, 
genotype

1224 AD Denmark 16

Redelmeier215 Canada Population-based Cohort Longitudinal Etiology 4727 All-cause only Canada 273

Robinson216 US Post-mortem 
(Population-
based)

Cohort Both Etiology 99 AD, DLB, 
VaD, AD, 
mixed, other

US 12

Russ217 Scotland Population-based Cohort Longitudinal Etiology 1972 68.5 All-cause only Scotland 266

Ryden218 Sweden Population-based Cohort Longitudinal Etiology 53 76.6 58.5 All-cause only Sweden 28

Sabir219 US Post-mortem 
(clinical)

Case-control Cross-sectional Etiology Genotype 1910 77.4 56.1 EA (100%) AD, DLB, 
PDD, PSP, 
CBD, other

US 11

Saeed220 Canada Clinical Case-control Cross-sectional Etiology MRI, genotype 298 67.3 52.0 AD, DLB Canada 13

Sakae221 US Post-mortem 
(clinical)

Case-control Cross-sectional Etiology 100 62.3 71.4 55.3 Caucasian, (97%),
H (3%)

AD, CBD, 
other

US 15

Sala222 Italy Clinical Case-control Longitudinal Etiology PET (FDG) 72 69.9 41.7 DLB Italy 11
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eAppendix 2. Studies included in the systematic review with their characteristics and characteristics of their 
study populations (continued)

Studiesa Country of
first authorb

Study setting Study type Study design Aim Biomarkers 
usedc

Nd Agee Age at
deathe

Sexe Race/ethnicityf Dementia
subtypesg

Country of study 
populationh

Cohorti Altmetric
score

Palta199 US Population-based Cohort Longitudinal Etiology 1063 White (81%),
Black (19%)

All-cause only US 25

Pase200 US Population-based Cohort Longitudinal Detection Plasma/serum 76 AD France 86

US Population-based Cohort Longitudinal Detection Plasma/serum 134 AD, other US 86

Patel201 UK Post-mortem 
(clinical)

Case-control Cross-sectional Etiology 153 73.5 83.0 59.1 AD UK 11

Pawlowski202 Germany Clinical Case-control Cross-sectional Detection PET (FDG), CSF 152 66.1 38.8 AD, FTD Germany 32

Pelkmans203 Netherlands Clinical Case-control Cross-sectional Etiology MRI, CSF 293 66.0 54.0 AD Netherlands 10

Pendlebury204 UK Population-based Cohort Longitudinal Descriptive 657 82.5 Caucasian (94%),
Asian (5%)

All-cause only UK 93

Petersen205 US Post-mortem 
(clinical)

Cohort Longitudinal Etiology 94 60.8 71.2 40.4 AD US 148

Petrone206 Spain Clinical Case-control Longitudinal Detection MRI, CSF 78 75.4 42.3 AD Canada, US ADNI 22

Phillips207 US Clinical Case-control Longitudinal Etiology MRI 73 56.9 60.8 AD US 23

Postuma208 Canada Clinical Cohort Longitudinal Detection 153 11.6 AD, PDD Austria, Canada, 
Czech Republic, 
Denmark, France, 
Germany, Italy, Japan, 
Spain, US

184

Pressman209 US Clinical Case-control Cross-sectional Detection MRI 103 60.2 48.6 AD, FTD, 
other

US 14

Qiu210 US Clinical Cohort Cross-sectional Detection 5403 75.9 56.6 AD US 27

Rajan211 US Population-based Cohort Longitudinal Descriptive 2794 76.2 65.0 AA (56%),
European
American (44%)

AD US 18

Rakic212 UK Post-mortem 
(clinical)

Case-control Cross-sectional Etiology 68 73.6 83.0 60.3 AD UK 11

Ramos213 US Clinical Case-control Cross-sectional Etiology Genotype 403 58.2 54.3 EA (92%) Other US 15

Rasmussen214 Denmark Population-based Cohort Longitudinal Etiology Plasma/serum, 
genotype

1224 AD Denmark 16

Redelmeier215 Canada Population-based Cohort Longitudinal Etiology 4727 All-cause only Canada 273

Robinson216 US Post-mortem 
(Population-
based)

Cohort Both Etiology 99 AD, DLB, 
VaD, AD, 
mixed, other

US 12

Russ217 Scotland Population-based Cohort Longitudinal Etiology 1972 68.5 All-cause only Scotland 266

Ryden218 Sweden Population-based Cohort Longitudinal Etiology 53 76.6 58.5 All-cause only Sweden 28

Sabir219 US Post-mortem 
(clinical)

Case-control Cross-sectional Etiology Genotype 1910 77.4 56.1 EA (100%) AD, DLB, 
PDD, PSP, 
CBD, other

US 11

Saeed220 Canada Clinical Case-control Cross-sectional Etiology MRI, genotype 298 67.3 52.0 AD, DLB Canada 13

Sakae221 US Post-mortem 
(clinical)

Case-control Cross-sectional Etiology 100 62.3 71.4 55.3 Caucasian, (97%),
H (3%)

AD, CBD, 
other

US 15

Sala222 Italy Clinical Case-control Longitudinal Etiology PET (FDG) 72 69.9 41.7 DLB Italy 11
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eAppendix 2. Studies included in the systematic review with their characteristics and characteristics of their 
study populations (continued)

Studiesa Country of
first authorb

Study setting Study type Study design Aim Biomarkers 
usedc

Nd Agee Age at
deathe

Sexe Race/ethnicityf Dementia
subtypesg

Country of study 
populationh

Cohorti Altmetric
score

Salloway223 US Clinical Trial Longitudinal Treatment PET (FDG, 
amyloid-β), CSF

91 69.4 62.3 AD France, Spain, US

Samper-
Gonzalez224

France Clinical Cohort Both Detection MRI, PET (FDG, 
amyloid-β), CSF

514 75.1 49.4 AD Canada, US ADNI 34

Sander225 Switzerland Clinical Case-control Cross-sectional Detection MRI 50 75.4 52.0 AD Canada, US ADNI 0

Sapkota226 Canada Clinical Cohort Longitudinal Etiology MRI 594 70.8 51.7 AD, DLB, FTD Canada 14

Savica227 US Population-based Cohort Longitudinal Prognosis 120 79.2 38.3 DLB, PDD US 26

Schauer228 US Clinical Case-control Cross-sectional Detection CSF 92 72.3 58.7 AD, other 17

Scheepers229 Sweden Population-based Cohort Longitudinal Etiology Plasma/serum 320 79.9 100.0 AD, VaD, 
mixed, other

Sweden 17

Scherrer230 US Population-based Cohort Longitudinal Treatment 5922 White (84%),
Black (13%)

All-cause only US 20

Schneider231 US Clinical Trial Longitudinal Treatment MRI, CSF 484 71.8 53.7 White (83%),
Black (6%),
Asian (2%)

AD US 26

Schulte232 US Population-based Cohort Longitudinal Disease
management

72 83.2 40.0 All-cause only US 20

Schumacher233 UK Clinical Case-control Cross-sectional Etiology MRI 69 74.8 18.8 AD, DLB UK 48

Schwertner234 Sweden Clinical Cohort Longitudinal Disease
management

56048 79.7 59.0 AD, DLB, FTD, 
VaD, mixed, 
other

Sweden 10

Siedlecki-
Wullich235

Spain Clinical Case-control Cross-sectional Detection Plasma/serum 83 74.9 61.4 AD, FTD Spain 52

Slot236 Netherlands Population-based Cohort Longitudinal Descriptive 87 AD, DLB, 
VaD, other

Austria, Belgium, 
Canada, France, 
Germany, Italy, 
Netherlands, Poland, 
Portugal, Spain, UK, 
US

17

Netherlands Clinical Cohort Longitudinal Descriptive 107 AD, DLB, FTD, 
VaD, other

Austria, Belgium, 
Canada, France, 
Germany, Italy, 
Netherlands, Poland, 
Portugal, Spain, UK, 
US

17

Snowden237 UK Clinical Case-control Cross-sectional Etiology 103 60.1 41.7 FTD, other UK 14

Solfrizzi238 Italy Population-based Cohort Longitudinal Detection 182 AD, VaD, 
other

Italy 28

Sommerlad239 UK Population-based Cohort Longitudinal Etiology 463 75.9 43.8 All-cause only UK 1182

Spasov240 UK Clinical Cohort Longitudinal Detection MRI, genotype 192 75.6 42.2 AD Canada, US ADNI 17

SPRINT-MIND241 US Clinical Trial Longitudinal Treatment 325 40.0 White (58%),
Black (30%),
H (11%)

All-cause only US 990

Standring242 US Post-mortem 
(mixed)

Cohort Cross-sectional Etiology 404 AD, other US NACC 16
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eAppendix 2. Studies included in the systematic review with their characteristics and characteristics of their 
study populations (continued)

Studiesa Country of
first authorb

Study setting Study type Study design Aim Biomarkers 
usedc

Nd Agee Age at
deathe

Sexe Race/ethnicityf Dementia
subtypesg

Country of study 
populationh

Cohorti Altmetric
score

Salloway223 US Clinical Trial Longitudinal Treatment PET (FDG, 
amyloid-β), CSF

91 69.4 62.3 AD France, Spain, US

Samper-
Gonzalez224

France Clinical Cohort Both Detection MRI, PET (FDG, 
amyloid-β), CSF

514 75.1 49.4 AD Canada, US ADNI 34

Sander225 Switzerland Clinical Case-control Cross-sectional Detection MRI 50 75.4 52.0 AD Canada, US ADNI 0

Sapkota226 Canada Clinical Cohort Longitudinal Etiology MRI 594 70.8 51.7 AD, DLB, FTD Canada 14

Savica227 US Population-based Cohort Longitudinal Prognosis 120 79.2 38.3 DLB, PDD US 26

Schauer228 US Clinical Case-control Cross-sectional Detection CSF 92 72.3 58.7 AD, other 17

Scheepers229 Sweden Population-based Cohort Longitudinal Etiology Plasma/serum 320 79.9 100.0 AD, VaD, 
mixed, other

Sweden 17

Scherrer230 US Population-based Cohort Longitudinal Treatment 5922 White (84%),
Black (13%)

All-cause only US 20

Schneider231 US Clinical Trial Longitudinal Treatment MRI, CSF 484 71.8 53.7 White (83%),
Black (6%),
Asian (2%)

AD US 26

Schulte232 US Population-based Cohort Longitudinal Disease
management

72 83.2 40.0 All-cause only US 20

Schumacher233 UK Clinical Case-control Cross-sectional Etiology MRI 69 74.8 18.8 AD, DLB UK 48

Schwertner234 Sweden Clinical Cohort Longitudinal Disease
management

56048 79.7 59.0 AD, DLB, FTD, 
VaD, mixed, 
other

Sweden 10

Siedlecki-
Wullich235

Spain Clinical Case-control Cross-sectional Detection Plasma/serum 83 74.9 61.4 AD, FTD Spain 52

Slot236 Netherlands Population-based Cohort Longitudinal Descriptive 87 AD, DLB, 
VaD, other

Austria, Belgium, 
Canada, France, 
Germany, Italy, 
Netherlands, Poland, 
Portugal, Spain, UK, 
US

17

Netherlands Clinical Cohort Longitudinal Descriptive 107 AD, DLB, FTD, 
VaD, other

Austria, Belgium, 
Canada, France, 
Germany, Italy, 
Netherlands, Poland, 
Portugal, Spain, UK, 
US

17

Snowden237 UK Clinical Case-control Cross-sectional Etiology 103 60.1 41.7 FTD, other UK 14

Solfrizzi238 Italy Population-based Cohort Longitudinal Detection 182 AD, VaD, 
other

Italy 28

Sommerlad239 UK Population-based Cohort Longitudinal Etiology 463 75.9 43.8 All-cause only UK 1182

Spasov240 UK Clinical Cohort Longitudinal Detection MRI, genotype 192 75.6 42.2 AD Canada, US ADNI 17

SPRINT-MIND241 US Clinical Trial Longitudinal Treatment 325 40.0 White (58%),
Black (30%),
H (11%)

All-cause only US 990

Standring242 US Post-mortem 
(mixed)

Cohort Cross-sectional Etiology 404 AD, other US NACC 16
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eAppendix 2. Studies included in the systematic review with their characteristics and characteristics of their 
study populations (continued)

Studiesa Country of
first authorb

Study setting Study type Study design Aim Biomarkers 
usedc

Nd Agee Age at
deathe

Sexe Race/ethnicityf Dementia
subtypesg

Country of study 
populationh

Cohorti Altmetric
score

Startin243 UK Mixed Cohort Longitudinal Prognosis 56 54.5 White (85%) AD UK 60

Steensma244 US Clinical Cohort Cross-sectional Health
services

391 84.6 71.1 White (95%) All-cause only US 33

Suárez-Calvet245 Germany Clinical Cohort Cross-sectional Etiology CSF 590 72.7 40.7 AD, other Canada, US ADNI 20

Sugarman246 US Post-mortem 
(clinical)

Cohort Longitudinal Etiology 2781 White (94%) All-cause only US NACC 25

Sun247 Singapore Clinical Cohort Both Detection MRI 319 75.1 45.8 AD US ADNI 33

Taipale248 Finland Population-based Case-control Longitudinal Disease
management

9500 83.0 66.7 AD Finland 41

Takechi249 Japan Population-based Cohort Cross-sectional Health
services

1219 All-cause only Japan 1

Tan250 Singapore Post-mortem 
(Population-
based)

Cohort Longitudinal Etiology Genotype 268 89.4 AD US 35

Singapore Post-mortem 
(clinical)

Cohort Longitudinal Etiology Genotype 411 86.0 AD US NACC 35

Singapore Clinical Cohort Longitudinal Etiology MRI, PET 
(amyloid-β), 
genotype

309 74.5 AD Canada, US ADNI,
NACC,
ROS-MAP

35

Tan (2)251 Australia Post-mortem 
(clinical)

Cohort Cross-sectional Etiology 130 63.1 65.2 49.7 FTD Australia 10

Temkin-
Greener252

US Nursing home Cohort Longitudinal Prognosis 486573 83.8 72.2 n-H-White (79%),
n-H-Black (12%),
H (5%)

All-cause only US 12

Ten Kate253 Netherlands Clinical Cohort Longitudinal Detection MRI, CSF 707 69.0 48.5 AD Netherlands 110

Ten Kate (2)254 Netherlands Clinical Cohort Cross-sectional Detection MRI, PET 
(amyloid-β), CSF

98 67.0 47.5 AD Belgium, Denmark, 
Finland, France, 
Germany, Greece, 
Italy, Luxembourg, 
Netherlands, Romania, 
Spain, Sweden, 
Switzerland, UK

20

Teuber-
Hanselmann255

Germany Clinical Case-control Cross-sectional Detection CSF, plasma/
serum

98 72.0 60.2 AD Germany 26

Thal256 Belgium Post-mortem 
(clinical)

Cohort Cross-sectional Detection PET (amyloid-β) 83 82.2 57.8 AD, DLB, 
VaD, mixed, 
other

US

Thome257 US Clinical Case-control Cross-sectional Etiology Plasma/serum 53 72.8 64.2 AD US 10

Timmers258 Netherlands Clinical Case-control Cross-sectional Etiology MRI, PET (tau) 52 65.0 43.1 AD Netherlands 12

Toots259 Sweden Nursing home Trial Longitudinal Disease
management

186 85.1 75.8 AD, VaD, 
mixed, other

Sweden 2

Torniainen-
Holm260

Finland Population-based Cohort Longitudinal Etiology Plasma/serum 494 AD, other Finland 96
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eAppendix 2. Studies included in the systematic review with their characteristics and characteristics of their 
study populations (continued)

Studiesa Country of
first authorb

Study setting Study type Study design Aim Biomarkers 
usedc

Nd Agee Age at
deathe

Sexe Race/ethnicityf Dementia
subtypesg

Country of study 
populationh

Cohorti Altmetric
score

Startin243 UK Mixed Cohort Longitudinal Prognosis 56 54.5 White (85%) AD UK 60

Steensma244 US Clinical Cohort Cross-sectional Health
services

391 84.6 71.1 White (95%) All-cause only US 33

Suárez-Calvet245 Germany Clinical Cohort Cross-sectional Etiology CSF 590 72.7 40.7 AD, other Canada, US ADNI 20

Sugarman246 US Post-mortem 
(clinical)

Cohort Longitudinal Etiology 2781 White (94%) All-cause only US NACC 25

Sun247 Singapore Clinical Cohort Both Detection MRI 319 75.1 45.8 AD US ADNI 33

Taipale248 Finland Population-based Case-control Longitudinal Disease
management

9500 83.0 66.7 AD Finland 41

Takechi249 Japan Population-based Cohort Cross-sectional Health
services

1219 All-cause only Japan 1

Tan250 Singapore Post-mortem 
(Population-
based)

Cohort Longitudinal Etiology Genotype 268 89.4 AD US 35

Singapore Post-mortem 
(clinical)

Cohort Longitudinal Etiology Genotype 411 86.0 AD US NACC 35

Singapore Clinical Cohort Longitudinal Etiology MRI, PET 
(amyloid-β), 
genotype

309 74.5 AD Canada, US ADNI,
NACC,
ROS-MAP

35

Tan (2)251 Australia Post-mortem 
(clinical)

Cohort Cross-sectional Etiology 130 63.1 65.2 49.7 FTD Australia 10

Temkin-
Greener252

US Nursing home Cohort Longitudinal Prognosis 486573 83.8 72.2 n-H-White (79%),
n-H-Black (12%),
H (5%)

All-cause only US 12

Ten Kate253 Netherlands Clinical Cohort Longitudinal Detection MRI, CSF 707 69.0 48.5 AD Netherlands 110

Ten Kate (2)254 Netherlands Clinical Cohort Cross-sectional Detection MRI, PET 
(amyloid-β), CSF

98 67.0 47.5 AD Belgium, Denmark, 
Finland, France, 
Germany, Greece, 
Italy, Luxembourg, 
Netherlands, Romania, 
Spain, Sweden, 
Switzerland, UK

20

Teuber-
Hanselmann255

Germany Clinical Case-control Cross-sectional Detection CSF, plasma/
serum

98 72.0 60.2 AD Germany 26

Thal256 Belgium Post-mortem 
(clinical)

Cohort Cross-sectional Detection PET (amyloid-β) 83 82.2 57.8 AD, DLB, 
VaD, mixed, 
other

US

Thome257 US Clinical Case-control Cross-sectional Etiology Plasma/serum 53 72.8 64.2 AD US 10

Timmers258 Netherlands Clinical Case-control Cross-sectional Etiology MRI, PET (tau) 52 65.0 43.1 AD Netherlands 12

Toots259 Sweden Nursing home Trial Longitudinal Disease
management

186 85.1 75.8 AD, VaD, 
mixed, other

Sweden 2

Torniainen-
Holm260

Finland Population-based Cohort Longitudinal Etiology Plasma/serum 494 AD, other Finland 96
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eAppendix 2. Studies included in the systematic review with their characteristics and characteristics of their 
study populations (continued)

Studiesa Country of
first authorb

Study setting Study type Study design Aim Biomarkers 
usedc

Nd Agee Age at
deathe

Sexe Race/ethnicityf Dementia
subtypesg

Country of study 
populationh

Cohorti Altmetric
score

Tosto261 US Population-based Case-control Cross-sectional Etiology Genotype 5476 76.1 European 
American
Ancestry (100%)

AD US 16

US Population-based Case-control Cross-sectional Etiology Genotype 1397 81.2 White (24%),
H (61%),
AA (27%)

AD US 16

US Mixed Case-control Cross-sectional Etiology Genotype 8572 n-H-White (100%) AD Austria, Belgium, 
Finland, Germany, 
Greece, Hungary, 
Iceland, Italy, 
Netherlands, Spain, 
Sweden, UK, US

16

US Mixed Case-control Cross-sectional Etiology Genotype 455 89.7 AD US ROS-MAP 16

US Clinical Case-control Cross-sectional Etiology Genotype 292 77.2 Caribbean H 
(100%)

AD Dominican republic, 
US

16

Townley262 US Population-based Cohort Longitudinal Detection 25 87.1 52.0 All-cause only US 14

US Clinical Cohort Longitudinal Detection 132 69.3 46.0 AD, DLB, FTD US 14

Trieu263 US Post-mortem 
(Population-
based)

Cohort Longitudinal Etiology 134 93.3 98.0 76.1 All-cause only US 1

Tropea264 US Clinical Cohort Longitudinal Etiology Genotype 479 69.6 58.3 White (93%),
Black (7%)

AD, FTD US 17

Tseng265 Taiwan Registry 
(insurance)

Cohort Longitudinal Treatment 214 All-cause only Taiwan 2

Twohig266 Sweden Clinical Cohort Both Etiology CSF 27 57.9 52.0 AD Argentina, Australia, 
Germany, Norway, US

11

Van Dalen267 Netherlands Population-based Cohort Longitudinal Etiology 100 All-cause only Netherlands 11

Van Dam268 Netherlands Nursing home Cohort Longitudinal Disease
management

407 86.6 72.2 All-cause only Norway 4

Van der Lee269 Netherlands Mixed Case-control Cross-sectional Etiology Genotype 7587 65.1 48.6 EA (100%) AD, DLB, FTD, 
PSP, other

Belgium, Canada, 
Denmark, France, 
Germany, Italy, 
Netherlands, Norway, 
Slovenia, Spain, 
Sweden, UK, US

61

Van der Meer270 Norway Clinical Cohort Cross-sectional Etiology MRI, genotype 157 US ADNI 23

Van Dyck271 US Clinical Trial Longitudinal Treatment PET (FDG) 159 71.0 45.3 n-H-White (89%),
Black/AA (4%),
H (4%)

AD US 14

Van 
Loenhoud272

Netherlands Clinical Cohort Longitudinal Prognosis MRI 227 74.3 43.6 AD Canada, US ADNI 32

Velez273 Australia Clinical Cohort Cross-sectional Etiology Genotype 78 48.8 60.0 Caribbean H AD Colombia 7
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eAppendix 2. Studies included in the systematic review with their characteristics and characteristics of their 
study populations (continued)

Studiesa Country of
first authorb

Study setting Study type Study design Aim Biomarkers 
usedc

Nd Agee Age at
deathe

Sexe Race/ethnicityf Dementia
subtypesg

Country of study 
populationh

Cohorti Altmetric
score

Tosto261 US Population-based Case-control Cross-sectional Etiology Genotype 5476 76.1 European 
American
Ancestry (100%)

AD US 16

US Population-based Case-control Cross-sectional Etiology Genotype 1397 81.2 White (24%),
H (61%),
AA (27%)

AD US 16

US Mixed Case-control Cross-sectional Etiology Genotype 8572 n-H-White (100%) AD Austria, Belgium, 
Finland, Germany, 
Greece, Hungary, 
Iceland, Italy, 
Netherlands, Spain, 
Sweden, UK, US

16

US Mixed Case-control Cross-sectional Etiology Genotype 455 89.7 AD US ROS-MAP 16

US Clinical Case-control Cross-sectional Etiology Genotype 292 77.2 Caribbean H 
(100%)

AD Dominican republic, 
US

16

Townley262 US Population-based Cohort Longitudinal Detection 25 87.1 52.0 All-cause only US 14

US Clinical Cohort Longitudinal Detection 132 69.3 46.0 AD, DLB, FTD US 14

Trieu263 US Post-mortem 
(Population-
based)

Cohort Longitudinal Etiology 134 93.3 98.0 76.1 All-cause only US 1

Tropea264 US Clinical Cohort Longitudinal Etiology Genotype 479 69.6 58.3 White (93%),
Black (7%)

AD, FTD US 17

Tseng265 Taiwan Registry 
(insurance)

Cohort Longitudinal Treatment 214 All-cause only Taiwan 2

Twohig266 Sweden Clinical Cohort Both Etiology CSF 27 57.9 52.0 AD Argentina, Australia, 
Germany, Norway, US

11

Van Dalen267 Netherlands Population-based Cohort Longitudinal Etiology 100 All-cause only Netherlands 11

Van Dam268 Netherlands Nursing home Cohort Longitudinal Disease
management

407 86.6 72.2 All-cause only Norway 4

Van der Lee269 Netherlands Mixed Case-control Cross-sectional Etiology Genotype 7587 65.1 48.6 EA (100%) AD, DLB, FTD, 
PSP, other

Belgium, Canada, 
Denmark, France, 
Germany, Italy, 
Netherlands, Norway, 
Slovenia, Spain, 
Sweden, UK, US

61

Van der Meer270 Norway Clinical Cohort Cross-sectional Etiology MRI, genotype 157 US ADNI 23

Van Dyck271 US Clinical Trial Longitudinal Treatment PET (FDG) 159 71.0 45.3 n-H-White (89%),
Black/AA (4%),
H (4%)

AD US 14

Van 
Loenhoud272

Netherlands Clinical Cohort Longitudinal Prognosis MRI 227 74.3 43.6 AD Canada, US ADNI 32

Velez273 Australia Clinical Cohort Cross-sectional Etiology Genotype 78 48.8 60.0 Caribbean H AD Colombia 7
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eAppendix 2. Studies included in the systematic review with their characteristics and characteristics of their 
study populations (continued)

Studiesa Country of
first authorb

Study setting Study type Study design Aim Biomarkers 
usedc

Nd Agee Age at
deathe

Sexe Race/ethnicityf Dementia
subtypesg

Country of study 
populationh

Cohorti Altmetric
score

Vermunt274 Netherlands Clinical Cohort Longitudinal Prognosis CSF 2101 73.2 59.0 AD Australia, Belgium, 
Canada, Finland, 
France, Germany, 
Greece, Italy, 
Luxembourg, 
Romania, Spain, 
Sweden, Switzerland, 
UK, US

ADNI 63

Vogel275 Canada Clinical Case-control Cross-sectional Detection PET (tau) 57 70.7 43.9 AD Sweden 17

Voglein276 Germany Clinical Case-control Cross-sectional Detection PET (amyloid-β), 
genotype

1222 71.6 56.0 AD Argentina, Australia, 
Germany, UK, US

NACC 31

Wachinger277 Germany Clinical Cohort Longitudinal Etiology MRI, genotype 440 AD Canada, US ADNI 26

Wagner278 France Population-based Case-control Longitudinal Etiology 785 83.7 64.5 AD, mixed, 
other

France 302

Walker279 US Population-based Cohort Longitudinal Etiology 516 White (79%),
Black (21%)

All-cause only US 428

Wallace280 Canada Post-mortem 
(Population-
based)

Cohort Cross-sectional Etiology 242 AD US ROS-MAP 286

Welsh281 UK Mixed Cohort Longitudinal Disease
management

181 82.0 70.0 AD, VaD, 
mixed, other

UK 8

Wennberg282 US Post-mortem 
(mixed)

Cohort Cross-sectional Etiology Genotype 751 87.0 54.0 AD US 20

West283 US Population-based Cohort Longitudinal Etiology MRI 279 White (50%);
Black (50%)

All-cause only US 45

Wingo284 US Clinical Case-control Cross-sectional Etiology Genotype 654 55.6 51.0 AD US 319

Wium-
Andersen285

Denmark Clinical Cohort Longitudinal Etiology Plasma/serum 13540 Other Denmark 3

Wojtala286 Germany Clinical Cohort Cross-sectional Descriptive 73 72.1 31.5 PDD Germany 16

Wolters287 Netherlands Population-based Cohort Longitudinal Etiology MRI, plasma/
serum

1520 83.1 68.4 AD, other Netherlands 324

Woollams288 UK Clinical Cohort Cross-sectional Etiology MRI 72 FTD UK

Xie289 US Clinical Cohort Cross-sectional Detection MRI 127 74.4 47.7 AD Canada, US ADNI 13

Xu290 China Clinical Cohort Longitudinal Etiology Genotype 187 74.5 35.8 AD Canada, US ADNI 17

Xu (2)291 China Population-based Cohort Longitudinal Etiology 386 89.0 75.7 AD, other US MAP 188

Yan292 US Population-based Cohort Cross-sectional Etiology PET (amyloid-β), 
genotype

76 AD US 60

US Mixed Cohort Cross-sectional Etiology PET (amyloid-β), 
genotype

43 AD US 60

US Mixed Cohort Cross-sectional Etiology PET (amyloid-β), 
genotype

32 AD Canada, US ADNI 60

Yang293 US Clinical Trial Longitudinal Treatment CSF 104 69.2 52.9 AD Canada, France, 
Germany, Spain, UK, 
USA

15

Yoo294 Korea Clinical Cohort Cross-sectional Etiology MRI 147 AD, DLB, PDD Korea 12
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eAppendix 2. Studies included in the systematic review with their characteristics and characteristics of their 
study populations (continued)

Studiesa Country of
first authorb

Study setting Study type Study design Aim Biomarkers 
usedc

Nd Agee Age at
deathe

Sexe Race/ethnicityf Dementia
subtypesg

Country of study 
populationh

Cohorti Altmetric
score

Vermunt274 Netherlands Clinical Cohort Longitudinal Prognosis CSF 2101 73.2 59.0 AD Australia, Belgium, 
Canada, Finland, 
France, Germany, 
Greece, Italy, 
Luxembourg, 
Romania, Spain, 
Sweden, Switzerland, 
UK, US

ADNI 63

Vogel275 Canada Clinical Case-control Cross-sectional Detection PET (tau) 57 70.7 43.9 AD Sweden 17

Voglein276 Germany Clinical Case-control Cross-sectional Detection PET (amyloid-β), 
genotype

1222 71.6 56.0 AD Argentina, Australia, 
Germany, UK, US

NACC 31

Wachinger277 Germany Clinical Cohort Longitudinal Etiology MRI, genotype 440 AD Canada, US ADNI 26

Wagner278 France Population-based Case-control Longitudinal Etiology 785 83.7 64.5 AD, mixed, 
other

France 302

Walker279 US Population-based Cohort Longitudinal Etiology 516 White (79%),
Black (21%)

All-cause only US 428

Wallace280 Canada Post-mortem 
(Population-
based)

Cohort Cross-sectional Etiology 242 AD US ROS-MAP 286

Welsh281 UK Mixed Cohort Longitudinal Disease
management

181 82.0 70.0 AD, VaD, 
mixed, other

UK 8

Wennberg282 US Post-mortem 
(mixed)

Cohort Cross-sectional Etiology Genotype 751 87.0 54.0 AD US 20

West283 US Population-based Cohort Longitudinal Etiology MRI 279 White (50%);
Black (50%)

All-cause only US 45

Wingo284 US Clinical Case-control Cross-sectional Etiology Genotype 654 55.6 51.0 AD US 319

Wium-
Andersen285

Denmark Clinical Cohort Longitudinal Etiology Plasma/serum 13540 Other Denmark 3

Wojtala286 Germany Clinical Cohort Cross-sectional Descriptive 73 72.1 31.5 PDD Germany 16

Wolters287 Netherlands Population-based Cohort Longitudinal Etiology MRI, plasma/
serum

1520 83.1 68.4 AD, other Netherlands 324

Woollams288 UK Clinical Cohort Cross-sectional Etiology MRI 72 FTD UK

Xie289 US Clinical Cohort Cross-sectional Detection MRI 127 74.4 47.7 AD Canada, US ADNI 13

Xu290 China Clinical Cohort Longitudinal Etiology Genotype 187 74.5 35.8 AD Canada, US ADNI 17

Xu (2)291 China Population-based Cohort Longitudinal Etiology 386 89.0 75.7 AD, other US MAP 188

Yan292 US Population-based Cohort Cross-sectional Etiology PET (amyloid-β), 
genotype

76 AD US 60

US Mixed Cohort Cross-sectional Etiology PET (amyloid-β), 
genotype

43 AD US 60

US Mixed Cohort Cross-sectional Etiology PET (amyloid-β), 
genotype

32 AD Canada, US ADNI 60

Yang293 US Clinical Trial Longitudinal Treatment CSF 104 69.2 52.9 AD Canada, France, 
Germany, Spain, UK, 
USA

15

Yoo294 Korea Clinical Cohort Cross-sectional Etiology MRI 147 AD, DLB, PDD Korea 12
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eAppendix 2. Studies included in the systematic review with their characteristics and characteristics of their 
study populations (continued)

Studiesa Country of
first authorb

Study setting Study type Study design Aim Biomarkers 
usedc

Nd Agee Age at
deathe

Sexe Race/ethnicityf Dementia
subtypesg

Country of study 
populationh

Cohorti Altmetric
score

Yu295 China Clinical Cohort Both Detection PET (amyloid-β), 
CSF

222 AD Canada, US ADNI 18

Yu (2)296 US Post-mortem 
(Population-
based)

Cohort Longitudinal Etiology 533 n-H-White (96%) All-cause only US ROS-MAP 49

Yu (3)297 China Clinical Case-control Cross-sectional Detection 60 67.5 60.0 AD China 7

Zandifar298 Canada Clinical Cohort Cross-sectional Detection MRI 257 75.4 48.8 AD Canada, US ADNI 47

Zhang299 China Clinical Cohort Cross-sectional Detection CSF 65 73.4 61.1 AD Canada, US ADNI 7

Zhang (2)300 China Clinical Cohort Longitudinal Etiology Genotype 245 57.5 42.8 Caucasian (100%) FTD Argentina, Australia, 
Belgium, Canada, 
France, Germany, Italy, 
Netherlands, Spain, 
Sweden, UK, US

23

Zhao301 China Clinical Case-control Cross-sectional Etiology MRI 104 AD Canada, US ADNI 10

Zhou302 US Clinical Case-control Both Detection MRI, PET 
(amyloid-β), 
genotype

190 75.2 53.2 AD Canada, US ADNI 10

a Lead author. Studies with multiple distinct subgroups are presented as multiple rows reflecting those. If more than 
one study was published by one author, or by different authors with the same name, these studies were marked by the 
number 2, 3, 4 or 5, between brackets behind the name.
b Country of the first author; according to the first mentioned affiliation.
c Biomarkers were classified as magnetic resonance imaging (MRI), positron emission tomography (PET; with the sub-
groups FDG-PET, amyloid-β-PET and tau-PET), cerebrospinal fluid (CSF), genotype and plasma/serum.
d Number of participants with dementia.
e Mean or median age (whichever was reported) at dementia diagnosis, mean or median age at death, and the percent-
age of women, among participants with dementia. If needed, weighted averages over multiple groups was calculated. 
Left empty if the mean or median age, or percentage women, was not reported or was reported for the overall study 
population only, if this included participants without dementia as well.
f Race/ethnicity (whichever was reported) for patients with dementia (if reported) or for the total study population. 
Groups comprising ≤1% of the study population are not shown. Abbreviations: AA, African-American; EA, European 
ancestry; H, Hispanic; n-H, non-Hispanic.
Percentage of the study population that was of Caucasian descent. 
g Dementia subtypes were categorized as Alzheimer’s Disease (AD), dementia with Lewy bodies (DLB), frontotemporal 
dementia (FTD), vascular dementia (VaD), Parkinson’s Disease dementia (PDD), progressive supranuclear palsy (PSP), 
corticobasal ganglionic degeneration (CBD), Creutzfeldt-Jakob disease (CJD), posterior cortical atrophy (PCA), mixed 
dementia (including “mixed”, AD and DLB combined and AD and VaD combined), other types (including dementia 
due to traumatic brain injury, alcohol use, normal pressure hydrocephalus, multiple sclerosis, tumours, and unknown or 
unspecified cases), and as “all-cause only” if no subtypes were specified.
h Commonly used cohorts, namely ADNI (46/329, 14%), ROSMAP (13/329, 4%), NACC (11/329, 3%).
i Country of the study population was extracted from either the original paper or from a reference with more details
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eAppendix 2. Studies included in the systematic review with their characteristics and characteristics of their 
study populations (continued)

Studiesa Country of
first authorb

Study setting Study type Study design Aim Biomarkers 
usedc

Nd Agee Age at
deathe

Sexe Race/ethnicityf Dementia
subtypesg

Country of study 
populationh

Cohorti Altmetric
score

Yu295 China Clinical Cohort Both Detection PET (amyloid-β), 
CSF

222 AD Canada, US ADNI 18

Yu (2)296 US Post-mortem 
(Population-
based)

Cohort Longitudinal Etiology 533 n-H-White (96%) All-cause only US ROS-MAP 49

Yu (3)297 China Clinical Case-control Cross-sectional Detection 60 67.5 60.0 AD China 7

Zandifar298 Canada Clinical Cohort Cross-sectional Detection MRI 257 75.4 48.8 AD Canada, US ADNI 47

Zhang299 China Clinical Cohort Cross-sectional Detection CSF 65 73.4 61.1 AD Canada, US ADNI 7

Zhang (2)300 China Clinical Cohort Longitudinal Etiology Genotype 245 57.5 42.8 Caucasian (100%) FTD Argentina, Australia, 
Belgium, Canada, 
France, Germany, Italy, 
Netherlands, Spain, 
Sweden, UK, US

23

Zhao301 China Clinical Case-control Cross-sectional Etiology MRI 104 AD Canada, US ADNI 10

Zhou302 US Clinical Case-control Both Detection MRI, PET 
(amyloid-β), 
genotype

190 75.2 53.2 AD Canada, US ADNI 10

a Lead author. Studies with multiple distinct subgroups are presented as multiple rows reflecting those. If more than 
one study was published by one author, or by different authors with the same name, these studies were marked by the 
number 2, 3, 4 or 5, between brackets behind the name.
b Country of the first author; according to the first mentioned affiliation.
c Biomarkers were classified as magnetic resonance imaging (MRI), positron emission tomography (PET; with the sub-
groups FDG-PET, amyloid-β-PET and tau-PET), cerebrospinal fluid (CSF), genotype and plasma/serum.
d Number of participants with dementia.
e Mean or median age (whichever was reported) at dementia diagnosis, mean or median age at death, and the percent-
age of women, among participants with dementia. If needed, weighted averages over multiple groups was calculated. 
Left empty if the mean or median age, or percentage women, was not reported or was reported for the overall study 
population only, if this included participants without dementia as well.
f Race/ethnicity (whichever was reported) for patients with dementia (if reported) or for the total study population. 
Groups comprising ≤1% of the study population are not shown. Abbreviations: AA, African-American; EA, European 
ancestry; H, Hispanic; n-H, non-Hispanic.
Percentage of the study population that was of Caucasian descent. 
g Dementia subtypes were categorized as Alzheimer’s Disease (AD), dementia with Lewy bodies (DLB), frontotemporal 
dementia (FTD), vascular dementia (VaD), Parkinson’s Disease dementia (PDD), progressive supranuclear palsy (PSP), 
corticobasal ganglionic degeneration (CBD), Creutzfeldt-Jakob disease (CJD), posterior cortical atrophy (PCA), mixed 
dementia (including “mixed”, AD and DLB combined and AD and VaD combined), other types (including dementia 
due to traumatic brain injury, alcohol use, normal pressure hydrocephalus, multiple sclerosis, tumours, and unknown or 
unspecified cases), and as “all-cause only” if no subtypes were specified.
h Commonly used cohorts, namely ADNI (46/329, 14%), ROSMAP (13/329, 4%), NACC (11/329, 3%).
i Country of the study population was extracted from either the original paper or from a reference with more details
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Part III
From Populations to Persons – 
Appraisal of Population-wide and 
Personalized preventive approaches



“Naarmate ik wat ouder word, begin ik 

meer te letten op mijn gezondheid. Ik 

eet gezond, probeer veel te bewegen en 

ga op tijd naar bed. Tijdens mijn studie 

was ik daar niet zo bewust van. Rond 

mijn 30ste kwam dat wat meer op de 

voorgrond. Uit mijn werk als psycholoog 

ben ik ook veel met  zieke patiënten 

bezig en dan zie je dat er veel mogelijk 

is op het gebied van voorkomen van 

ziekte.  Mijn schoonvader had diabetes 

en hartfalen, hij heeft altijd hard gewerkt 

en hij overleed toen hij midden in de 50 

was. Dat was voor mij een signaal om 

extra te letten op mijn leefstijl.” 

(46 jaar)

“Ik zie dagelijks 
het belang van een 
gezonde leefstijl”   



3.1
External validation of prediction 
models for dementia
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abstraCt

Background: There is increasing focus on the development of preventive intervention ap-

proaches to delay or even prevent the onset of dementia in the general population. In order 

to successfully target these approaches, reliable and validated prediction models are required 

to facilitate timely identification of individuals at high-risk of dementia in very early disease or 

asymptomatic states. Here, we systematically reviewed the literature for dementia prediction 

models for use in the general population and externally validated their performance in a 

head-to-head comparison.

Methods: We selected four prediction models for validation: Cardiovascular Risk Factors, 

Aging and Dementia (CAIDE), Brief Dementia Screening Indicator (BDSI), Australian National 

University Alzheimer’s Disease Risk Index (ANU-ADRI) and Dementia Risk Score (DRS). From 

the Rotterdam Study, 6,667 non-demented individuals aged 55 years and older were as-

sessed between 1997 and 2001. Subsequently, individuals were followed for dementia until 

1 January, 2015. For each individual, we computed the risk of dementia using the reported 

scores from each prediction model. We used the C-statistic and calibration plots to assess the 

performance of each model to predict 10-year risk of all-cause dementia. For comparisons, 

we also evaluated discriminative accuracy using only the age component of these risk scores 

for each model separately.

Results: During 75,581 person-years of follow-up, 867 individuals developed dementia. 

C-statistics for 10-year dementia risk prediction were 0.55 (95% confidence interval (CI): 

0.53 to 0.58) for CAIDE, 0.78 (0.76 to 0.81) for BDSI, 0.75 (0.74 to 0.77) for ANU-ADRI, 

and 0.81 (0.78 to 0.83) for DRS. Calibration plots showed that predicted risks were too 

extreme with underestimation at low risk and overestimation at high risk. Importantly, in all 

models age alone already showed nearly identical discriminative accuracy as the full model 

(C-statistics: 0.55 (0.53 to 0.58) for CAIDE, 0.81 (0.78 to 0.83) for BDSI, 0.77 (0.75 to 0.79) 

for ANU-ADRI, and 0.81 (0.78 to 0.83) for DRS).

Conclusions: In this study, we found high variability in discriminative ability for predicting 

dementia in an elderly, community-dwelling population. All models showed similar discrimi-

native ability when compared to prediction based on age alone. These findings highlight the 

urgent need for updated or new models to predict dementia risk in the general population.
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IntrOduCtIOn

Dementia poses an ever-increasing burden on societies worldwide, indicating the urgent 

need to develop effective therapeutic solutions.(165) Over the last two decades, many 

pharmacological trials have been conducted to halt or reverse the underlying neurodegen-

erative process, but have failed to develop disease-modifying therapeutics.(166) Besides the 

development of treatment strategies in advanced disease stages, there is increasing focus 

on developing preventive intervention approaches in early disease or asymptomatic states to 

delay or even prevent the onset of dementia. (167, 168) This shift has been further fueled 

by recent findings that up to a third of all dementia cases could be prevented if currently 

known modifiable risk factors were eliminated at a population level. (11, 12) However, a few 

randomized controlled trials that assessed the efficacy of multi-domain interventions in as-

ymptomatic individuals to prevent cognitive decline or dementia have been inconsistent.(19, 

23, 169) Moreover, targeting asymptomatic individuals in an unselected population requires 

expensive trials with large sample sizes and long follow-up duration. In order to make future 

trials more successful, preventive measures may therefore need to target individuals at high-

risk of developing dementia. This requires a valid and reliable method for the identification 

of high-risk individuals.

Prediction models can be used to discriminate between high- and low-risk individuals, 

which in turn could result in more tailored selection of individuals for future clinical trials and 

preventive interventions.(170-172) For dementia, numerous prediction models have been 

developed over the past years, but for many external validation is lacking.(167, 172-174) A 

recent systematic review highlighted four models that were most promising for transportabil-

ity outside the data they were developed on.(173) In order to facilitate practical implementa-

tion of any of these prediction models, a direct head-to-head comparison of these prediction 

models would provide essential information about how the performances compare with 

each other.(174-176) Therefore, we externally validated four prediction models for dementia 

in a community-dwelling population.

methOds

Selection of prediction models for external validation

We used a published systematic review to identify dementia prediction models.(173) This 

review identified four models as most promising for practical implementation as preliminary 

validation was already undertaken on them.(177-180) For this study, we excluded one model 

as this was developed specifically for individuals with type 2 diabetes.(178) Given that the 

literature search in this systematic review was last done in March, 2014, we updated the 

search.(173) The search included articles published between March 17, 2014 until March 31, 
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2017 in electronic databases (PubMed, Embase, Scopus and Web of Science). We included 

articles examining the risk of dementia in non-demented individuals in the general popula-

tion and constructing a prediction model in which validation was attempted. Combinations 

of the following terms were used: “dementia”, “risk”, “score”, “assessment”, “prediction”, 

“model”, and “validation”. Additionally, we searched the reference lists of relevant publica-

tions to complement the electronic search strategy. One additional prediction model was 

identified according to the same criteria used in the systematic review and therefore included 

in our analyses.(181) Therefore, in total, we included four prediction models in a head-to-

head comparison.

Prediction models included for analysis

The specific models and the studies in which these were developed are briefly described 

below, with reference to the original publications for additional study and model informa-

tion. (177-181)

Cardiovascular Risk Factors, Aging, and Dementia (CAIDE)

The CAIDE risk score was originally developed in a midlife population (n=1,409) to predict 

dementia risk during 20 years of follow-up.(177) The model included age (< 47 years: 0 

points, 47-53 years: 3 points and >53 years: 4 points), sex (men: 1 point), education (≥10 

years: 0 points, 7–9 years: 2 points, 0–6 years: 3 points), hypertension (>140 mmHg: 2 

points), body mass index (>30 kg/m2: 2 points), cholesterol (>6.5 mmol/L: 2 points), and 

physical activity (inactivity: 1 point).

Brief Dementia Screening Indicator (BDSI)

The BDSI was developed and validated using four population-based cohort studies (n=20,219) 

to identify individuals aged 65–79 years at increased risk of dementia who could be targeted 

for cognitive screening in a primary care setting during 6 years of follow-up.(179) The model 

included age (1 point/year), education (<12 years: 9 points), body mass index (<18.5 kg/m2: 

8 points), presence of diabetes (3 points), history of stroke (6 points), assistance needed with 

finances or medications (10 points), and depressive symptoms (6 points).

Australian National University Alzheimer’s Disease Risk Index (ANU-ADRI)

The ANU-ADRI was developed to assess an individual’s risk for late-life Alzheimer’s disease 

based on self-reported risk factors.(182) The model included 15 risk factors: age and sex 

(scores stratified on sex, ranging from 0 points for men aged <65 years to 41 points for 

women aged ≥90 years), educational level (8–11 years: 3 points, >11 years: 6 points), 

presence of diabetes (3 points) , presence of traumatic brain injury (4 points), presence of 

depressive symptoms (2 points), high cholesterol ( 3 points), presence of cognitively stimulat-

ing activities (low 0, moderate: -6 and high: -7 points), strength of social network (high: 
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0, medium-high: 1 point, medium-low: 4 points and low: 6 points), smoking (former: 1 

point, current: 4 points), alcohol consumption (abstainers: 0 points, and light to moderate 

-3 points), level of physical activity (low: 0 points, medium: -2 points, high: -3 points), body 

mass index (normal: 0 points, overweight: 2 points, and obese 5 points), fish intake (<0.25 

serves/week: 0 points, 0.26–2.0: -3 points, 2.1–4.0: -4 points, ≥ 4.1: -5 points), and pesticide 

exposure (2 points). The model was tested and validated in three population-based cohort 

studies (n=5,840).(180)

Dementia Risk Score (DRS)

This model was not identified in the original systematic review, but included for analysis 

based on our updated literature search. Using The Health Improvement Network (THIN), 

a database that derived data from routine clinical practice, the DRS was developed and 

validated to predict a 5-year risk of dementia.(181) The study population was dichoto-

mized based on baseline age for analysis (60–79 years (n=800,013) and 80–95 years 

(n=130,382)). The risk (P) can be calculated using the following formula: 0.20921×(age - 

65.608) + -0.00339×(age - 65.608)×(age - 65.608) + -0.0616×(body mass index - 27.501) 

+ 0.002508×(body mass index - 27.501)×(body mass index - 27.501) + 0.12854×(woman) 

+ 0.13199×(hypertension) + 0.04477×(calendar year - 2003.719) + 0.013371×(depriva-

tion quintile 2) + 0.117904×(deprivation quintile 3) + 0.201776×(deprivation quintile 4) + 

0.225529×(deprivation quintile 5)+ -0.06792×(former smoker) + -0.08657×(current smoker) 

+ 0.443535×(heavy drinking)+0.833612×(use of antidepressants) + 0.252833×(use of 

aspirin) + 0.577207×(history of stroke or TIA) + 0.220728×(history of atrial fibrillation) + 

0.286701×(history of diabetes). With a baseline hazard of 0.9969. The predicted 5-year risk 

as a percentage is then calculated as follows: 100×[1–Sexp(P)]

Study population of the external validation cohort

This study is embedded in the aforementioned Rotterdam Study. Analyses are based on 

data obtained from the third follow-up round of the original wave undertaken 1997–1999 

(n=4,797) and the first round of the extended wave undertaken 2000–2001 (n=3,011). 

While these study waves had different initiation dates, they were similar in design and indi-

viduals came from the same source population, i.e. Ommoord, a suburb of Rotterdam, the 

Netherlands. After excluding individuals who did not complete the interview and research 

center visit in these rounds (n=873), had dementia or insufficient screening for dementia at 

baseline (n=99), did not provide informed consent to access medical records and hospital 

discharge letters (n=149), or if there was no follow-up due to logistic reasons (n=20), 6,667 

individuals were included for analysis in this study, of whom 3,983 individuals came from 

the original wave (83.0% of surviving individuals), and 2,684 individuals (89.1%) from the 

extended wave.
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Assessment of dementia

Baseline and follow-up ascertainment methods for dementia have been described in detail in 

Chapter 2.4 of this thesis and more extensively in (12). For this study, follow-up for incident 

dementia was near-complete (97.5% of potential person-years) until 1 January, 2015.(183) 

Within this period, individuals were censored at date of dementia diagnosis, death, loss to 

follow-up, or 1st January 2015, whichever came first.

Assessment of predictors

The predictors used in this validation study are based on the component variables included in 

the different published risk prediction models.(177-181) We had to make a few adjustments 

to the included variables due to different measurement methods as compared to the original 

models. For the CAIDE model, we measured physical activity using the Zutphen physical 

activity questionnaire.(184) We did not have data available on the frequency of physical 

activities per week, therefore we defined being physically active based on a minimum of ≥40 

minutes of exercise per week with a metabolic equivalent of task (MET) intensity of ≥4. For 

the ANU-ADRI model, we reduced the social engagement predictor from five to three do-

mains in our model (based on marital status, living status, and loneliness). We were unable to 

include pesticide exposure and cognitive activity in this model, as these are not systematically 

measured within the Rotterdam Study. In the DRS model, the Townsend deprivation index 

was used to indicate neighborhood deprivation. This index is uniquely used in the United 

Kingdom. We therefore constructed a similar composite score based on living status, marital 

status, and loneliness to emulate this index in our sample. Use of such composite scores of 

socio-demographic domains to summarize neighborhood deprivation have been used and 

validated previously.(185) In addition, the DRS included anxiety disorders, but we did not 

have questionnaires available to assess anxiety symptoms. Therefore, we defined anxiety 

symptoms as present if individuals used anxiolytic drugs (Anatomical Therapeutic Chemical 

[ATC] classification codes N05B).

Statistical analysis

We evaluated two measures of model performance: discrimination and calibration. Discrimi-

nation refers to the capability of a risk score to correctly differentiate between two individu-

als, one who will develop the outcome during follow-up and one who will not.(186) We used 

C-statistics to assess the discriminative ability of the models. Calibration is the agreement 

between the risks predicted by the model and the observed frequencies of the outcomes 

under study, which we evaluated using calibration plots.(186)

We present three sequential analyses to compare the discriminative performance of the 

models in the validation cohort. First, we evaluated the performance of the models in the 

age ranges for which they were originally designed. We computed the risk scores for each 

participant exactly as published in the original publication for each prediction model. If this 
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was not provided, we used the linear predictor, which represents the sum of all regression 

coefficients. Second, we validated all models in the entire study population to directly com-

pare the performance of all models across the entire age range. We needed to perform a few 

adjustments to the original risk scores to be able to make this direct comparison, because 

some of the included prediction models were designed for specific age ranges, which were 

narrower than our study population. The BDSI was originally developed for a population 

aged 65–79 years old, ranking individuals with 1 point extra per year increase in age. We 

therefore extrapolated the corresponding BDSI score for individuals outside this range in this 

validation study using the same point increase in age. The DRS used two separate risk equa-

tions for different age strata. As these equations did not capture the entire age range within 

this validation study, we used the risk equation designed for a 60–79 year old population 

for individuals below 60 years of age and the risk equation for a 80–95 year old population 

for individuals above 95 years of age for this analysis. Third, to quantify the added predictive 

value of other predictors in the models, we evaluated the predictive accuracy of the models 

based on age alone, the strongest risk factor for dementia, and based on all risk factors with 

the exception of age.

Predicted time horizons differed across the original studies, ranging from 5 to 20 years. 

For all analyses, we focused on 10-year dementia risk in all four models to facilitate a fair 

comparison. We additionally studied the performance of the models with follow-up of 2, 

5, and 15 years. We truncated the follow-up for individuals with longer follow-up time 

than these horizons. To assess calibration, we constructed 10-year risk calibration plots and 

evaluated the intercept and calibration slope of these plots to test the goodness-of-fit of 

the models.(186) Furthermore, we recalibrated original logistic regression models by updat-

ing the intercept. For Cox models, we updated the baseline survival function and used the 

mean predictor values of the validation study to account for possible differences in disease 

incidence and risk factor distribution (187, 188).

Sensitivity analyses

In sensitivity analyses, 1) we assessed the predictive accuracy for Alzheimer’s disease spe-

cifically, 2) we excluded the first four years of follow-up to reduce the possibility of reverse 

causality (i.e. prodromal dementia leading to a higher risk score), and 3) we stratified on age 

(80 years) at baseline, given the steep increase in incidence of dementia beyond this age in 

order to further investigate the performance of the models in different age strata. Missing 

data on covariates were imputed using 5-fold multiple imputation, based on all predictors, 

outcome status, and follow-up time.
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results

Baseline characteristics of the study sample are presented in Table 1. Missing data on the 

included predictors for this validation study was relatively low (<8.7% missing), except for 

head trauma (40.9%) and fish servings per week (48.1%) as these were only measured in 

one of the two included study waves. The mean age was 69.1 years (standard deviation 8.2) 

and 57.0% were women. 2466 (37%) of all individuals were middle-aged (<65 years old), of 

whom 1377 (55.8%) were women. The median follow-up time was 13.2 years (interquartile 

range 10.1–16.3). During a total follow-up of 75,581 person-years, 867 individuals devel-

oped dementia, 696 of whom developed Alzheimer’s disease. This corresponds to a crude 

incidence rate for all-cause dementia of 11.5 per 1,000 person-years.

Discrimination

As the BDSI and DRS models were designed for a specific age range, we first evaluated 

their performance in this age range using a comparable predicted time horizon. The models 

showed slightly attenuated discriminative ability in this validation study (C-statistic: 0.69 

(95% confidence interval (CI), 0.64 to 0.73) for the BDSI and 0.77 (0.72 to 0.81) for the DRS) 

compared to the original development samples (C-statistics: ranging from 0.68 to 0.78 for 

BDSI and 0.84 (0.81 to 0.87) for the DRS).

Table 2 shows the discriminative ability for all models across the entire age range within 

our validation sample. The BDSI, ANU-ADRI, and DRS showed the highest C-statistics at 

10-year horizons. These models all contained the predictors age, history of diabetes, and 

presence of depressive symptoms. Using different predicted horizons, C-statistics ranged 

from 0.55 for the CAIDE to 0.84 for the DRS model, both at predicting a 2-year risk of 

dementia.

Importantly, calculating the C-statistics based on the age component of the models only, 

showed nearly identical discriminative abilities compared with the full models for all predicted 

horizons (Table 2). Conversely, excluding the age component from the risk scores showed 

very poor predictive abilities for all models (Table 2). Discriminative ability based on the age 

component alone could not be calculated for the CAIDE model as all individuals within this 

validation study were in the oldest age group according to this model. Hence, the C-statistics 

for this model can be best compared to the C-statistics of the other models excluding age. 

With the exception of CAIDE, discriminative ability was inversely related to the predicted 

horizon, with the highest C-statistics when calculating short-term dementia risks.
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Table 1. Baseline characteristics of the validation cohort

All individuals, N=6,667

Age, years 69.1 (8.2)

Women 3,787 (56.8%)

Body mass index, kg/m2 27.0 (4.0)

Systolic blood pressure, mmHg 143 (21)

Education, years 11.4 (3.6)

Alcohol use 5,477 (82.2%)

Smoking

Never 2,059 (30.9%)

Former 3,222 (48.3%)

Current 1,323 (19.8%)

Total cholesterol, mmol/L 5.80 (0.98)

High-density lipoprotein cholesterol, mmol/L 1.39 (0.39)

Leisure time physical activity, MET-hours (IQR) 77.0 (48.7–105.2)

History of diabetes 717 (10.8%)

History of stroke 244 (3.7%)

History of TIA 194 (2.9%)

History of head trauma with unconsciousness 442 (6.6%)

History of atrial fibrillation 335 (5.0%)

Depressive symptoms 508 (7.6%)

Social engagement*

High 19 (0.3%)

Medium-high 661 (9.9%)

Medium-low 4,827 (72.4%)

Low 1,130 (16.9%)

Fish servings per week

>4.1 15 (0.2%)

2.1–4.1 88 (1.3%)

0.26–2.0 1,837 (27.6%)

≤0.25 1,529 (22.9%)

Needs help with finances or medications 1,180 (17.7%)

Use of antihypertensive drugs 1,551 (23.3%)

Use of anxiolytics 790 (11.8%)

Use of aspirin 1,158 (17.4%)

Use of NSAIDs (excluding aspirin) 569 (8.5%)

Data are shown for non-imputed data. Values are counts (valid percentages) or means (standard deviation), unless indi-
cated otherwise. *Used as a social deprivation index for the Dementia Risk Score. Abbreviations: N=number of people 
at risk; MET=metabolic equivalent of task; IQR=interquartile range; TIA=transient ischemic attack, and NSAIDs=non-
steroidal anti-inflammatory drugs.
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Calibration

The required absolute risk equations needed to construct calibration plots were only reported 

for the CAIDE and DRS models (Supplementary Appendix C). In Figure 1, the calibration 

plots are shown for the original and recalibrated CAIDE models. The CAIDE model tended to 

systematically underestimate the risk of dementia (‘calibration-in-the-large’). The recalibrated 

CAIDE with updated intercept still showed poor calibration (intercept=-0.73, calibration 

slope=0.21), reflecting the poor discriminative ability of the model in the validation sample. 

The DRS model also tended to underestimate risks (Figure 2). The recalibrated DRS model 

using an updated dementia incidence rate and mean values based on the Rotterdam Study 

population, performed better, but still indicated that predictions were too extreme, particu-

larly for those at high predicted risk (Figure 2).

Sensitivity analyses

All models showed similar discriminative performance based on the age component of the 

risk score alone. This applied for all sensitivity analyses: for predicting Alzheimer’s disease 

specifically, in individuals with four or more years of dementia-free follow-up, and in individu-

als below and above the age of 80 at baseline.

Table 2. Discriminative ability for all-cause dementia

Prediction model C-statistics at various follow-up horizons (95% confidence interval)

2 years
n/N=63/6,667

5 years
n/N=233/6,667

10 years
n/N=515/6,667

15 years
n/N=847/6,667

CAIDE 0.49 (0.42–0.56) 0.54 (0.50–0.58) 0.55 (0.53–0.58) 0.55 (0.53–0.57)

Age only NA NA NA NA

Without age 0.49 (0.42–0.56) 0.54 (0.50–0.58) 0.55 (0.53–0.58) 0.55 (0.53–0.57)

BDSI 0.83 (0.75–0.90) 0.80 (0.76–0.84) 0.78 (0.76–0.81) 0.76 (0.74–0.78)

Age only 0.83 (0.76–0.90) 0.81 (0.78–0.85) 0.81 (0.78–0.83) 0.79 (0.77–0.81)

Without age 0.64 (0.57–0.71) 0.63 (0.59–0.66) 0.60 (0.58–0.63) 0.59 (0.57–0.61)

ANU-ADRI 0.81 (0.77–0.86) 0.78 (0.76–0.81) 0.75 (0.74–0.77) 0.70 (0.69–0.72)

Age only 0.83 (0.79–0.87) 0.80 (0.77–0.82) 0.77 (0.75–0.79) 0.72 (0.71–0.74)

Without age 0.56 (0.49–0.64) 0.51 (0.47–0.55) 0.52 (0.49–0.54) 0.51 (0.49–0.53)

DRS 0.84 (0.77–0.92) 0.82 (0.78–0.86) 0.81 (0.78–0.83) 0.79 (0.77–0.81)

Age only 0.83 (0.76–0.90) 0.81 (0.78–0.85) 0.81 (0.78–0.83) 0.79 (0.77–0.81)

Without age 0.63 (0.56–0.70) 0.58 (0.54–0.62) 0.57 (0.55–0.60) 0.55 (0.53–0.57)

Abbreviations: n=number of cases; N=number of people at risk; CAIDE=Cardiovascular Risk
factors, Aging, and Dementia study; NA=not applicable; BDSI=Brief Dementia Screening Indicator; ANU-
ADRI=Australian National University Alzheimer’s Disease Risk Index; and DRS=Dementia Risk Score.
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dIsCussIOn

In this external validation study, we identified four dementia prediction models using a 

systematic literature search and showed that these models have widely varying accuracy 

for predicting dementia in an elderly, community-dwelling population. Importantly, in all 

Figure 1. Calibration plots of the original (left) and recalibrated (right) Cardiovascular Risk Factors, Aging, 
and Dementia (CAIDE) model to predict risk of dementia. 
In case of perfect calibration all groups of predicted probabilities fit close to the red diagonal line, corresponding to an 
intercept of 0 and a slope of 1 for the calibration plot. Vertical lines in grouped observations represent 95% confidence 
intervals.

Figure 2. Calibration plots of the original (left) and recalibrated (right) Dementia Risk Score (DRS) model to 
predict risk of dementia In case of perfect calibration all groups of predicted probabilities fit close to the red 
diagonal line, corresponding to an intercept of 0 and a slope of 1 for the calibration plot. Vertical lines in 
grouped observations represent 95% confidence intervals.
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models age was the driving factor for the discriminative ability. Other risk factors included 

had marginal contributions above and beyond age. Our results indicate that established risk 

factors for dementia that are currently included in these models have limited added value 

in dementia prediction above and beyond age in the general population. Our results were 

consistent in several analyses, even when we compared the performance of the models 

based on the age component alone with the performance of the full models in the specific 

age ranges on which those models were originally derived from.

Previous studies

To our knowledge, there is currently no other head-to-head comparison of multiple dementia 

prediction models in the same study population. Other studies only validated one prediction 

model or compared the novel model with one other prediction model in the same study 

population.(180, 189)

We will briefly consider several differences between the original studies and this valida-

tion study, which may have influenced the observed performance in this study. The CAIDE 

dementia risk score was originally developed for a midlife population and showed poor 

transportability to our elderly population. The poor performance in this study is in line with 

a previous study which assessed the performance of the CAIDE risk score in three elderly 

population-based cohorts.(180) This reflects the importance of age. Indeed, in the Rotterdam 

Study, all individuals received the highest score for age and it was therefore not possible to 

discriminate individuals based on the age component of the risk score alone. In addition, this 

poor performance may also be due to specific midlife risk factors for dementia, such as high 

body mass index and cholesterol level which are found to have inverse (i.e. protective rather 

than increasing risk) associations with dementia in older age groups.(190, 191) Given these 

considerable differences, we note that the application of the CAIDE model in older adults 

is limited. The results of the CAIDE model should therefore be interpreted with caution, 

yet we also note that the CAIDE model is increasingly being used in older populations to 

select high-risk individuals for clinical trials (19) and to conduct stratified analyses in high-risk 

individuals using this score.(169) Results from this study provide important insights in these 

transportability issues and quantify the predictive ability of this model in these populations

The BDSI model was originally developed for a 65–79 year old population to identify 

individuals who could be targeted for cognitive screening during 6-years of follow-up. We 

extrapolated the age component of the original model to be able to compare this model 

with other models across the entire age range. This may have overestimated the importance 

of age in this adjusted model. Nevertheless, the full model showed similar discriminative 

performance compared with the model based on the age component alone when we 

evaluated its performance in the age range it was originally designed for with use of a 

comparable predicted time horizon.(179) The ANU-ADRI model was originally developed to 

assess an individual’s risk for late-life Alzheimer’s disease. Although we compared this model 



183

with other models in our main analysis to predict the risk of all-cause dementia, similar 

results were seen for Alzheimer’s disease. The DRS was developed and validated using data 

derived from routine clinical practice. For the original model, two separate risk equations 

were developed based on an individual’s age at baseline (60–79 compared to 80–95 years). 

In this validation study, we evaluated the performance of this model using these two risk 

equations for our entire study population, which was broader than the age range for which 

they were originally developed. This may have affected our results, but as with the BDSI, the 

model based on the age component alone showed comparable predictive accuracies with 

the full model when we restricted our analyses to the specific age ranges for which the risk 

equations were designed.

Methodological considerations

All models included established risk factors for dementia and most often assigned the 

highest weight to age, reflecting age as most important risk factor for the occurrence of 

dementia. Beyond age, however, other risk factors appear not to be as important when used 

as risk predictors for dementia in an elderly population. Most risk factors are not very specific 

for the occurrence of dementia, whereas risk factors that are also useful as risk predictors 

need to be very strongly associated with the disease to provide additional predictive value. 

Indeed, we find that various factors that have been deemed risk factors for dementia do 

not add to the prediction of dementia beyond age alone. Hence, our current analyses are 

not in conflict with these factors being risk factors for dementia, but additionally show 

that these risk factors do not provide additional predictive utility beyond age alone. On the 

other hand, age reflects a cumulative risk index of exposure to various risk factors over time. 

Chronological age therefore probably yields a summary of predictive information derived 

from these factors that accumulate over the lifespan, thus covering most of their predictive 

value. Moreover, when an established risk factor is considered as a risk predictor, there is 

need for sufficient variation within the population in such risk factor in order to successfully 

discriminate between high and low risk groups.(192) For instance, pesticide exposure is as-

sociated with incident dementia,(193) but in the general population only few individuals 

have been exposed to these substances. Therefore, at population level the inclusion of such 

a predictor has a very limited yield.

Our results furthermore indicate that the predictive accuracy of all models is poor in indi-

viduals aged 80 years or older. This may be explained by the fact that although the absolute 

incidence of dementia increases steeply with increasing age, the relative increase in dementia 

incidence is higher in younger (aged 55–79 years) than in older individuals (aged 80 years or 

older).(179, 194) A higher predictive value of an increase in age in the younger compared to 

the older group of individuals was therefore not unexpected. Conversely, the incorporated 

midlife cardiovascular risk factors in these models will contribute more to dementia risk for 

younger individuals at elderly ages. These results emphasize the need for more advanced 
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modelling of age-specific effects (e.g. non-linear or interaction terms) and warrant further 

development of age-stratified models. This approach is probably a more likely key to success 

in dementia risk prediction modelling, as age is the main driver of dementia risk. In addition 

to more adequate modelling of the effects of age and its interactions with risk factors, 

future models could take other useful risk predictors for dementia into account. These are 

probably early minor symptoms of disease, such as subjective memory complaints. For more 

augmented models, markers of subclinical neurodegeneration could be considered, such as 

hippocampal atrophy, to improve model performance in a more specific, clinical setting.(195)

Implications and future directions

Altogether, this study shows that using age alone has similar predictive accuracy for the 

occurrence of dementia compared to risk models incorporating demographic, health, and 

lifestyle risk factors. These findings highlight the limited added value of other predictors cur-

rently included in these models in dementia prediction above and beyond age in an elderly 

population. Additionally, we mention several methodological considerations that deserve 

further attention when developing dementia prediction models. First, it is informative to 

assess and report the performance of the full model compared to a model based on age 

alone prior to and in addition to external validation. Second, given distinct differences in risk 

factor distributions between men and women, it may be of additional value to explore the 

additional value of sex-specific models. Third, while model discrimination was appropriately 

addressed in most of these models, equations to calculate absolute risks were often not 

provided –limiting opportunities for proper validation, and eventually hampering clinical 

translation. Finally, dementia models included in this validation study did not account for 

the competing risk of death from other causes, subsequently inflating apparent dementia 

risk predictions. The risk of these competing events is substantial, given the late-life onset 

of dementia in the general population and future models should therefore take this into 

account.(196)

Limitations and strengths

Several general methodological considerations need to be taken into account for proper 

interpretation of our findings. First, although we tried to compute the risk scores of the 

models exactly as they were reported, we had to make several adjustments. These include 

some minor adjustments that were made to variable definitions. Nevertheless, these devia-

tions most likely represent a good approximation of performance based on other data that, 

similarly, will likely not map directly onto the original variables. Second, there was no data or 

surrogate marker available in this study on pesticide exposure and cognitive activity, two pre-

dictive variables in the ANU-ADRI risk score. This may have underestimated the performance 

of this score in the Rotterdam Study. Third, selective attrition cannot be ruled out, yet we 

believe that given the high response figures of each study wave (83.0% and 89.2%) along 
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with a virtually-complete follow-up (97.5%), it is very unlikely that this may have influenced 

our results. Finally, as our study population consists of elderly individuals of predominantly 

Caucasian descent (97.7%), we cannot generalize our findings individuals up to 55 years of 

age or other ethnicities. Strengths of this study include the large sample size and number 

of events, detailed assessment of dementia and the wide range of systematically collected 

covariates, making this comparison possible.

COnClusIOns

In conclusion, this validation study shows that the performance of four models for predicting 

dementia in an elderly community-dwelling population using age alone was nearly identical 

compared to the full prediction models. Discriminative abilities of the models varied largely 

and was very age-dependent. Transportability of the predicted risks was generally poor. These 

findings highlight the importance of age in the assessment of dementia risk and indicate a 

need for improvement and refinement in risk factor measurement and model development 

to inform prediction above and beyond the risk from age alone.
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suPPlementary materIal

Appendix A. Original study and model characteristics

Cardiovascular Risk Factors, Aging, and Dementia (CAIDE)

The CAIDE risk score was originally developed in a midlife population (N=1409) to predict 

dementia risk during 20 years of follow-up (1). Dementia was diagnosed according to criteria 

of the Diagnostic and Statistical Manual of Mental Disorders (Fourth Edition) (DSM-IV). The 

model included age, gender, education, hypertension, body mass index, cholesterol, and 

physical activity. In an additional model, APOE-ε4 status was added. Based on the published 

C-statistics, the model showed a discriminative performance of 0.77 (95% confidence inter-

val (CI), 0.71-0.83). Addition of APOE-ε4 carrier status showed nearly identical results 0.78 

(95% CI, 0.72-0.84). In a validation study, the original CAIDE risk score replicated well with 

a C-statistic of 0.75 during almost 40 years of follow-up in a midlife population (N=9408) 

using a retrospective health survey study (2).

Brief Dementia Screening Indicator (BDSI)

The BDSI was developed and validated using four population-based cohort studies (N=20 

219) to identify individuals aged 65-79 years at increased risk of dementia who could be 

targeted for cognitive screening in a primary care setting during 6 years of follow-up (3). 

Minimum requirements for dementia diagnosis were cognitive impairment in at least two 

domains and sufficient severity to interfere with daily function. The model included age, 

education, body mass index, presence of diabetes, history of stroke, assistance needed with 

finances or medications, and depressive symptoms. The discriminative ability measured using 

the C-statistic ranged from 0.68 (95% CI, 0.65-0.72) to 0.78 (95% CI, 0.72-0.83) across 

the four cohorts. Calibration was assessed graphically by evaluating the agreement between 

predicted and actual risks over deciles of predicted risk, which suggested reasonable cor-

respondence, particularly for higher deciles of predicted risk (3).

Australian National University Alzheimer’s Disease Risk Index (ANU-ADRI)

The ANU-ADRI was developed to assess an individual’s risk for late-life Alzheimer’s disease 

based on self-reported risk factors (4). The model included 15 risk factors (Supplemen-

tary Table 1). The model was tested and validated in three population-based cohort studies 

(N=5,840) (5). Dementia was diagnosed by experienced physicians using DSM-III criteria. The 

National Institute of Neurological and Communicative Disorders and Stroke–Alzheimer’s Dis-

ease, and Related Disorders Association (NINCDS-ADRDA) criteria were used for Alzheimer’s 

disease. The C-statistics ranged from 0.64 (95% CI, 0.60-0.68) to 0.74 (95% CI, 0.71-0.77). 

Although the risk index was originally developed for Alzheimer’s disease, C-statistics showed 

similar results for all-cause dementia (5). Data on model calibration was not reported.
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Dementia Risk Score (DRS)

The DRS was developed in the United Kingdom using The Health Improvement Network 

(THIN), a large database that derived data from routine clinical practice (6). The study popula-

tion was dichotomized based on baseline age for analysis (60-79 years (N=800,013) vs 80-95 

years (N=130,382)). ICD-10 codes and symptom descriptions were used to identify recorded 

diagnoses of dementia. Several predictors were identified using Cox proportional hazards 

regression models depending on the age group, using backward elimination (final included 

predictors are shown in Supplementary Table 1). The validation study was conducted using 

the same database, on a random subsample of other general practices. Eventually, for each 

age group separate risk equations were reported. Discrimination in the validation sample 

showed a C-statistic of 0.84 (95% CI, 0.81-0.87) for the group aged 60-79 years. In this 

group, the model suggested good calibration with a calibration slope of 0.95 (95% CI, 

0.93-1.02). In the participants aged 80-95 years at baseline, the model showed poorer 

performance in terms of discrimination (C-statistic 0.56, 95% CI, 0.55-0.58) and calibration 

(calibration slope 1.04, 95% CI, 0.89-1.18).
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Appendix B. Definitions, distributions and descriptions of predictors

Table 1. Definitions of predictors per included model and validation sample

Variables

Validation Study

Cardiovascular Risk Factors, 
Aging and Dementia 
(CAIDE) Study(1)

Brief Dementia 
Screening Indicator 
(BDSI)(3)

Australian National 
University Alzheimer’s 
Disease Risk Index (ANU-
ADRI)(5)

Dementia Risk Score (DRS)(6) Rotterdam Study

Age at baseline Self report Self report Self report Based on general practices data Based on municipality data

Gender Self report NA Self report Based on general practices data Based on municipality data

Obesity Body mass index (obesity: 
>30kg/m2 )

Body mass index (obesity 
≥30kg/m2 )

Body mass index (if aged<60 
years)

Body mass index Body mass index

Hypertension Systolic blood pressure >140 
mmHg, measured 5 min after 
participant had been seated 
from the right arm

NA NA Current use of antihypertensive medication. Systolic and diastolic blood pressure was assessed at the 
right arm and the mean of two measurements was used 
in the analyses Antihypertensive use was continuously 
gathered, using linkage of pharmacy records

Education Self report. Scale was created 
using number of years.

Self report, (≥12 years of 
education as reference)

Scale was created using 
number of years

NA Scale was created using number of years. Categorized 
according to the models

Alcohol NA NA Categories were calculated 
according to NHMRC 
guidelines using number of 
drinks per week

History of heavy alcohol use (more than 56 units 
per week for men and more than 49 units per week 
for women) or a code entry in their medical records 
indicating an alcohol problem

Categories were calculated according to NHMRC 
guidelines using number of drinks per week based on 
a questionnaire: “How many units of alcohol do you 
consume during one week?”

Smoking NA NA Current smoking, ever and 
never

Smoking status, divided into current, ex-smoker and 
non-smoker, up to 5 years prior to baseline.

Current smoking, ever and never. For the CAIDE-extended 
model current and ever smokers were merged

Hypercholesterolemia Total serum cholesterol (auto 
analyzer), >250.9 mg/dL (>6.5 
mmol/L)

NA Normal: <6.2 mmol/L, high: > 
6.2 mmol/L

NA The lipids were measured in fasting serum. 
Hypercholesterolemia was defined according to the 
definitions used in the different models

Physical activity Being active or inactive on 
the basis of the frequency of 
leisure time physical activity. 
Engaging minimal 20-30 
minutes at least twice a week 
and causing sweating and 
breathlessness were regarded 
as active, others as inactive

NA International Physical 
Activity Questionnaire (IPAQ) 
categories were calculated 
using MET-value.

NA Zutphen physical activity questionnaire. Sum of leisure 
time activity in hours and Metabolic equivalent of task 
(MET-value). Categories were calculated based on IPAQ 
using MET-values.
For the CAIDE model, we specified participants as 
physically active if they exercised ≥ 40 minutes/week with 
a MET intensity of ≥4

History of type 2 
diabetes

NA Medical history of type 2 
diabetes

History of diabetes and 
medication

Based on medical diagnoses, extracted from general 
practices data at any time prior to baseline

Type 2 diabetes was defined as fasting serum glucose 
levels ≥7.0 mmol/L, non-fasting serum glucose levels 
≥11.0 mmol/L (if fasting samples were not available), or 
the use of blood glucose-lowering therapy

History of stroke NA Medical history NA Based on medical diagnoses, extracted from general 
practices data. Either a stroke or a TIA in medical history 
at any time prior to baseline

At baseline, history of stroke or TIA was assessed by 
interview and verified using medical records. Study 
participants were continuously followed up for 
occurrence of incident stroke, based on information 
collected continuously from medical records of general 
practitioners and neurologists.

History of traumatic 
brain injury

NA NA History for TBI with loss of 
consciousness

NA Questionnaire. “Did you ever have a serious head trauma 
or a concussion?” and “Were you ever unconscious 
because of a head trauma?”

History of atrial 
fibrillation

NA NA NA Atrial fibrillation at any time prior to baseline Atrial fibrillation at any time prior to baseline. Prevalent 
AF was diagnosed with ECG and participants were 
continuously monitored with linkage of medical records
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Table 1. Definitions of predictors per included model and validation sample

Variables

Validation Study

Cardiovascular Risk Factors, 
Aging and Dementia 
(CAIDE) Study(1)

Brief Dementia 
Screening Indicator 
(BDSI)(3)

Australian National 
University Alzheimer’s 
Disease Risk Index (ANU-
ADRI)(5)

Dementia Risk Score (DRS)(6) Rotterdam Study

Age at baseline Self report Self report Self report Based on general practices data Based on municipality data

Gender Self report NA Self report Based on general practices data Based on municipality data

Obesity Body mass index (obesity: 
>30kg/m2 )

Body mass index (obesity 
≥30kg/m2 )

Body mass index (if aged<60 
years)

Body mass index Body mass index

Hypertension Systolic blood pressure >140 
mmHg, measured 5 min after 
participant had been seated 
from the right arm

NA NA Current use of antihypertensive medication. Systolic and diastolic blood pressure was assessed at the 
right arm and the mean of two measurements was used 
in the analyses Antihypertensive use was continuously 
gathered, using linkage of pharmacy records

Education Self report. Scale was created 
using number of years.

Self report, (≥12 years of 
education as reference)

Scale was created using 
number of years

NA Scale was created using number of years. Categorized 
according to the models

Alcohol NA NA Categories were calculated 
according to NHMRC 
guidelines using number of 
drinks per week

History of heavy alcohol use (more than 56 units 
per week for men and more than 49 units per week 
for women) or a code entry in their medical records 
indicating an alcohol problem

Categories were calculated according to NHMRC 
guidelines using number of drinks per week based on 
a questionnaire: “How many units of alcohol do you 
consume during one week?”

Smoking NA NA Current smoking, ever and 
never

Smoking status, divided into current, ex-smoker and 
non-smoker, up to 5 years prior to baseline.

Current smoking, ever and never. For the CAIDE-extended 
model current and ever smokers were merged

Hypercholesterolemia Total serum cholesterol (auto 
analyzer), >250.9 mg/dL (>6.5 
mmol/L)

NA Normal: <6.2 mmol/L, high: > 
6.2 mmol/L

NA The lipids were measured in fasting serum. 
Hypercholesterolemia was defined according to the 
definitions used in the different models

Physical activity Being active or inactive on 
the basis of the frequency of 
leisure time physical activity. 
Engaging minimal 20-30 
minutes at least twice a week 
and causing sweating and 
breathlessness were regarded 
as active, others as inactive

NA International Physical 
Activity Questionnaire (IPAQ) 
categories were calculated 
using MET-value.

NA Zutphen physical activity questionnaire. Sum of leisure 
time activity in hours and Metabolic equivalent of task 
(MET-value). Categories were calculated based on IPAQ 
using MET-values.
For the CAIDE model, we specified participants as 
physically active if they exercised ≥ 40 minutes/week with 
a MET intensity of ≥4

History of type 2 
diabetes

NA Medical history of type 2 
diabetes

History of diabetes and 
medication

Based on medical diagnoses, extracted from general 
practices data at any time prior to baseline

Type 2 diabetes was defined as fasting serum glucose 
levels ≥7.0 mmol/L, non-fasting serum glucose levels 
≥11.0 mmol/L (if fasting samples were not available), or 
the use of blood glucose-lowering therapy

History of stroke NA Medical history NA Based on medical diagnoses, extracted from general 
practices data. Either a stroke or a TIA in medical history 
at any time prior to baseline

At baseline, history of stroke or TIA was assessed by 
interview and verified using medical records. Study 
participants were continuously followed up for 
occurrence of incident stroke, based on information 
collected continuously from medical records of general 
practitioners and neurologists.

History of traumatic 
brain injury

NA NA History for TBI with loss of 
consciousness

NA Questionnaire. “Did you ever have a serious head trauma 
or a concussion?” and “Were you ever unconscious 
because of a head trauma?”

History of atrial 
fibrillation

NA NA NA Atrial fibrillation at any time prior to baseline Atrial fibrillation at any time prior to baseline. Prevalent 
AF was diagnosed with ECG and participants were 
continuously monitored with linkage of medical records
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Table 1. Definitions of predictors per included model and validation sample (continued)

Variables

Validation Study

Cardiovascular Risk Factors, 
Aging and Dementia 
(CAIDE) Study(1)

Brief Dementia 
Screening Indicator 
(BDSI)(3)

Australian National 
University Alzheimer’s 
Disease Risk Index (ANU-
ADRI)(5)

Dementia Risk Score (DRS)(6) Rotterdam Study

Depressive symptoms NA Current usage of 
antidepressants or 
reporting that “everything 
was an effort” for 3 days 
or more a week for the 
past week using the CES-D

CES-D (20 item) > 16 was 
used as cut-off

Current (in 12 months prior to baseline) depression 
diagnosis or treatment with antidepressant medication.

CES-D questionnaire and use of antidepressants (for the 
BDSI and DRS model).
Depression was defined as CES-D (20 item) > 16.

Social network and 
engagement

NA NA 5 domains (marital status, 
size of social network, quality 
of social network, level of 
social activities and living 
arrangements)

NA Social and network engagement was constructed based 
on three domains, using questionnaires on: 1.Marital 
status 2. Living arrangements: Do you live alone, with 
your spouse or with others? 3. Loneliness, using a subset 
of the CES-D questionnaire: “During the past week I felt 
lonely”

Social deprivation NA NA NA Using the Townsend index: a combined measure of 
owner occupation, car ownership, overcrowding, and 
unemployment based on postal code. The score ranges 
from 1 (least deprived) to 5 (most deprived)

Social deprivation was emulated based on three domains, 
using questionnaires on: 1.Marital status 2. Living 
arrangements: “Do you live alone, with your spouse or 
with others?” 3. Loneliness, using a subset of the CES-D 
questionnaire: “During the past week I felt lonely”

Fish servings per 
week

NA NA National Cancer Institute 
FFQ, <25 pp week (reference) 
[serves per week]

NA Using a validated FFQ, participants were specifically asked 
to indicate the frequency, amount, and kind of fish they 
had eaten. Portions per week were calculated

Needs help, money/
medications

NA Self report or ask present 
family member: “Do you 
need help from others 
to manage money or 
medications?”

NA NA Using a questionnaire. “If you had to take medicine, can 
you do it? and “Can you manage your own financial 
matters?”

Anxiety NA NA NA Current anxiety disorder diagnosis or treatment with 
anxiolytic medication

Anxiety disorder was defined as the use of anxiolytic 
medication gathered by using continuous data collection 
with linkage of pharmacy records

Use of Aspirin NA NA NA Participants were identified as exposed to medications if 
they had received at least two consecutive prescriptions 
in the 12 months before baseline

Information on aspirin use was gathered by using 
continuous data collection with linkage of pharmacy 
records

Use of non-steroidal 
anti-inflammatory 
drugs (NSAIDs)

NA NA NA Participants were identified as exposed to medications if 
they had received at least two consecutive prescriptions in 
the 12 months before baseline (NSAIDs, excluding aspirin)

Information on use of non-steroidal anti-inflammatory 
drugs was gathered by using continuous data collection 
with linkage of pharmacy records(7)

Cognitively 
stimulating activities

NA NA A structured interview 
focused on cognitive activities 
in late life (reading books and 
newspapers, playing games + 
social economic status where 
participant grew up)

NA NA

Pesticide exposure NA NA Dichotomized in never 
(reference) and ever 
(Questions specifically 
developed for ANU-ADRI)

NA NA

Calendar year NA NA NA Calendar year at baseline to account for temporal 
trends

Calendar year at baseline to account for temporal trends

Abbreviations: NA=not applicable, PCR-RFLP=Polymerase Chain Reaction-Restriction fragment length polymor-
phism, NHMRC=National Health and Medical Research Council, IPAQ=International Physical Activity Questionnaires, 
MET=metabolic equivalent of task, CES-D=Center for Epidemiologic Studies Depression Scale, TBI=traumatic brain injury, 
FFQ=food frequency questionnaire, TIA=transient ischemic attack and, NSAID=non-steroidal anti-inflammatory drugs.
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Table 1. Definitions of predictors per included model and validation sample (continued)

Variables

Validation Study

Cardiovascular Risk Factors, 
Aging and Dementia 
(CAIDE) Study(1)

Brief Dementia 
Screening Indicator 
(BDSI)(3)

Australian National 
University Alzheimer’s 
Disease Risk Index (ANU-
ADRI)(5)

Dementia Risk Score (DRS)(6) Rotterdam Study

Depressive symptoms NA Current usage of 
antidepressants or 
reporting that “everything 
was an effort” for 3 days 
or more a week for the 
past week using the CES-D

CES-D (20 item) > 16 was 
used as cut-off

Current (in 12 months prior to baseline) depression 
diagnosis or treatment with antidepressant medication.

CES-D questionnaire and use of antidepressants (for the 
BDSI and DRS model).
Depression was defined as CES-D (20 item) > 16.

Social network and 
engagement

NA NA 5 domains (marital status, 
size of social network, quality 
of social network, level of 
social activities and living 
arrangements)

NA Social and network engagement was constructed based 
on three domains, using questionnaires on: 1.Marital 
status 2. Living arrangements: Do you live alone, with 
your spouse or with others? 3. Loneliness, using a subset 
of the CES-D questionnaire: “During the past week I felt 
lonely”

Social deprivation NA NA NA Using the Townsend index: a combined measure of 
owner occupation, car ownership, overcrowding, and 
unemployment based on postal code. The score ranges 
from 1 (least deprived) to 5 (most deprived)

Social deprivation was emulated based on three domains, 
using questionnaires on: 1.Marital status 2. Living 
arrangements: “Do you live alone, with your spouse or 
with others?” 3. Loneliness, using a subset of the CES-D 
questionnaire: “During the past week I felt lonely”

Fish servings per 
week

NA NA National Cancer Institute 
FFQ, <25 pp week (reference) 
[serves per week]

NA Using a validated FFQ, participants were specifically asked 
to indicate the frequency, amount, and kind of fish they 
had eaten. Portions per week were calculated

Needs help, money/
medications

NA Self report or ask present 
family member: “Do you 
need help from others 
to manage money or 
medications?”

NA NA Using a questionnaire. “If you had to take medicine, can 
you do it? and “Can you manage your own financial 
matters?”

Anxiety NA NA NA Current anxiety disorder diagnosis or treatment with 
anxiolytic medication

Anxiety disorder was defined as the use of anxiolytic 
medication gathered by using continuous data collection 
with linkage of pharmacy records

Use of Aspirin NA NA NA Participants were identified as exposed to medications if 
they had received at least two consecutive prescriptions 
in the 12 months before baseline

Information on aspirin use was gathered by using 
continuous data collection with linkage of pharmacy 
records

Use of non-steroidal 
anti-inflammatory 
drugs (NSAIDs)

NA NA NA Participants were identified as exposed to medications if 
they had received at least two consecutive prescriptions in 
the 12 months before baseline (NSAIDs, excluding aspirin)

Information on use of non-steroidal anti-inflammatory 
drugs was gathered by using continuous data collection 
with linkage of pharmacy records(7)

Cognitively 
stimulating activities

NA NA A structured interview 
focused on cognitive activities 
in late life (reading books and 
newspapers, playing games + 
social economic status where 
participant grew up)

NA NA

Pesticide exposure NA NA Dichotomized in never 
(reference) and ever 
(Questions specifically 
developed for ANU-ADRI)

NA NA

Calendar year NA NA NA Calendar year at baseline to account for temporal 
trends

Calendar year at baseline to account for temporal trends

Abbreviations: NA=not applicable, PCR-RFLP=Polymerase Chain Reaction-Restriction fragment length polymor-
phism, NHMRC=National Health and Medical Research Council, IPAQ=International Physical Activity Questionnaires, 
MET=metabolic equivalent of task, CES-D=Center for Epidemiologic Studies Depression Scale, TBI=traumatic brain injury, 
FFQ=food frequency questionnaire, TIA=transient ischemic attack and, NSAID=non-steroidal anti-inflammatory drugs.
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Table 2. Distributions of the included predictors in the included models and validation sample

Prediction model CAIDE BDSI ANU-ADRI DRS Validation study

Study population CAIDE CHS FHS HRS SALSA MAP KP CHS THIN, 60-79 years THIN, 80-95 years Rotterdam Study

Study characteristics

Study type Population 
based 
cohort 
study

Population 
based cohort 
study

Population 
based cohort 
study

Population 
based cohort 
study

Population 
based cohort 
study

Population 
based cohort 
study

Population 
based cohort 
study

Population 
based cohort 
study

Data derived from 
routine clinical 
practice

Data derived from 
routine clinical 
practice

Population based 
cohort study

Sample size, number 1,409 2,794 2,411 13,889 1,125 1,164 1,301 3,375 800,013 130,382 6,667

Geographical location Finland United States United States United States United States United States Sweden United States United Kingdom United Kingdom The Netherlands

Participant characteristics

Age at baseline [range] 50.3 (6.0)
[39-64]

72.9 (3.2)
[65-79]

72.1 (4.4)
[65-79]

71.3 (4.2)
[65-79]

71.3 (4.0)
[65-79]

79.8 (7.4)
[54-100]

81.5 (5.0)
[74-100]

72.3 (4.9)
[62-95]

65.6 (6.08)
[60-79]

84.8 (3.93)
[80-95]

69.1 (8.2)
[55-105]

Sex, female 875 (62.1) 1,665 (59.6) 1,338 (55.5) 7,734 (56.5) 643 (57.2) 864 (75.2) 976 (75.0) 1,994 (59.1) 413,974 (51.8) 86,096 (66.0) 3,787 (56.8)

Body mass index 26.6 (3.7) NA NA NA 28.5 (5.44) 25.7 (4.65) 27.0 (4.0)

<18.5 NA 38 (1.4) 22 (0.9) 189 (1.4) 0 (0) NA NA NA NA NA 49 (0.7)

18.5-24.9 NA 940 (34.2) 728 (30.2) 4,752 (35.3) 226 (20.1) NA NA NA NA NA 2,011 (30.2)

25.0-29.9 NA 1,198 (43.6) 1,030 (42.7) 5,665 (40.5) 423 (37.6) NA NA NA NA NA 3,053 (45.8)

≥30 NA 573 (20.8) 631 (26.2) 3,277 (22.7) 476 (42.3) NA NA NA NA NA 1,316 (19.7)

Systolic blood pressure 144 (19.7) NA NA NA NA NA NA NA 142.4 (17.0) 146.9 (19.8) 143.5 (21.4)

Hypertension NA 1,754 (63.1) 1,531 (63.7) 7,678 (54.7) 802 (71.3) NA NA NA NA NA 3,467 (52.0)

Education, years 8.6 (3.4) NA NA NA NA NA 11.4 (3.6)

 <6 NA NA NA NA NA NA NA NA NA NA 0 (0)

 <8 NA NA NA NA NA 42 (3.5) 654 (50.3) 367 (11.0) NA NA 1,393 (20.9)

 7-9 NA NA NA NA NA NA NA NA NA NA 1,393 (20.9)

 8-11 NA NA NA NA NA 60 (5.0) 253 (19.4) 439 (13.1) NA NA 2,327 (34.9)

 >9 NA NA NA NA NA NA NA NA NA NA 5,154 (77.3)

 >11 NA NA NA NA NA 1,061 (87.8) 389 (29.9) 2,537 (75.9) NA NA 2,827 (42.4)

 <12 NA 648 (23.2) 322 (13.4) 3,844 (25.8) 803 (71.4) NA NA NA NA NA 3,720 (55.8)

Alcohol consumption NA NA NA NA NA 967 (80.9) 577 (44.4) 1,753 (52.7) 22,308 (2.8) † 921 (0.7) † 5,477 (8.2)

Smoking NA NA NA NA

Never NA NA NA NA NA 685 (56.7) 867 (66.7) 1,558 (46.5) 323,345 (42.8) 63,684 (56.2) 2,059 (30.9)

Former NA NA NA NA NA 432 (35.8) NA 1,426 (42.6) 286,763 (37.9) 39,778 (35.1) 3,222 (48.3)

Current 605 (42.9) NA NA NA NA 44 (3.6) 104 (8.0) 364 (10.9) 146,007 (19.3) 9,929 (8.8) 1,323 (19.8)

Total cholesterol, mmol/L 6.72 (1.20) NA NA NA NA NA NA NA 5.21 (1.13) 4.99 (1.19) 5.80 (0.98)

Hypercholesterolemia NA NA NA NA NA NA NA NA NA NA 1,479 (22.2)

High-density lipoprotein cholesterol, mmol/L NA NA NA NA NA NA NA NA 1.42 (0.41) 1.50 (0.44) 1.39 (0.39)

Total-to-HDL-cholesterol ratio NA NA NA NA NA NA NA NA 3.38 (1.17) 3.49 (1.10) 4.47 (1.32)

Physical activity NA NA NA NA NA NA

 Low 812 (57.6) ‡ NA NA NA NA 465 (38.5) NA 993 (29.7) NA NA 3,766 (56.5)

 Middle NA NA NA NA NA 495 (41.0) NA 1,677 (50.2) NA NA 1,408 (21.1)

 High NA NA NA NA NA 203 (16.8) NA 671 (20.1) NA NA 1,260 (18.9)

History of diabetes NA 289 (10.4) 341 (14.1) 2,465 (16.9) 373 (33.2) 147 (2.2) 114 (8.5) 537 (16.0) 70,377 (8.8) 12,762 (9.8) 717 (10.8)
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Table 2. Distributions of the included predictors in the included models and validation sample

Prediction model CAIDE BDSI ANU-ADRI DRS Validation study

Study population CAIDE CHS FHS HRS SALSA MAP KP CHS THIN, 60-79 years THIN, 80-95 years Rotterdam Study

Study characteristics

Study type Population 
based 
cohort 
study

Population 
based cohort 
study

Population 
based cohort 
study

Population 
based cohort 
study

Population 
based cohort 
study

Population 
based cohort 
study

Population 
based cohort 
study

Population 
based cohort 
study

Data derived from 
routine clinical 
practice

Data derived from 
routine clinical 
practice

Population based 
cohort study

Sample size, number 1,409 2,794 2,411 13,889 1,125 1,164 1,301 3,375 800,013 130,382 6,667

Geographical location Finland United States United States United States United States United States Sweden United States United Kingdom United Kingdom The Netherlands

Participant characteristics

Age at baseline [range] 50.3 (6.0)
[39-64]

72.9 (3.2)
[65-79]

72.1 (4.4)
[65-79]

71.3 (4.2)
[65-79]

71.3 (4.0)
[65-79]

79.8 (7.4)
[54-100]

81.5 (5.0)
[74-100]

72.3 (4.9)
[62-95]

65.6 (6.08)
[60-79]

84.8 (3.93)
[80-95]

69.1 (8.2)
[55-105]

Sex, female 875 (62.1) 1,665 (59.6) 1,338 (55.5) 7,734 (56.5) 643 (57.2) 864 (75.2) 976 (75.0) 1,994 (59.1) 413,974 (51.8) 86,096 (66.0) 3,787 (56.8)

Body mass index 26.6 (3.7) NA NA NA 28.5 (5.44) 25.7 (4.65) 27.0 (4.0)

<18.5 NA 38 (1.4) 22 (0.9) 189 (1.4) 0 (0) NA NA NA NA NA 49 (0.7)

18.5-24.9 NA 940 (34.2) 728 (30.2) 4,752 (35.3) 226 (20.1) NA NA NA NA NA 2,011 (30.2)

25.0-29.9 NA 1,198 (43.6) 1,030 (42.7) 5,665 (40.5) 423 (37.6) NA NA NA NA NA 3,053 (45.8)

≥30 NA 573 (20.8) 631 (26.2) 3,277 (22.7) 476 (42.3) NA NA NA NA NA 1,316 (19.7)

Systolic blood pressure 144 (19.7) NA NA NA NA NA NA NA 142.4 (17.0) 146.9 (19.8) 143.5 (21.4)

Hypertension NA 1,754 (63.1) 1,531 (63.7) 7,678 (54.7) 802 (71.3) NA NA NA NA NA 3,467 (52.0)

Education, years 8.6 (3.4) NA NA NA NA NA 11.4 (3.6)

 <6 NA NA NA NA NA NA NA NA NA NA 0 (0)

 <8 NA NA NA NA NA 42 (3.5) 654 (50.3) 367 (11.0) NA NA 1,393 (20.9)

 7-9 NA NA NA NA NA NA NA NA NA NA 1,393 (20.9)

 8-11 NA NA NA NA NA 60 (5.0) 253 (19.4) 439 (13.1) NA NA 2,327 (34.9)

 >9 NA NA NA NA NA NA NA NA NA NA 5,154 (77.3)

 >11 NA NA NA NA NA 1,061 (87.8) 389 (29.9) 2,537 (75.9) NA NA 2,827 (42.4)

 <12 NA 648 (23.2) 322 (13.4) 3,844 (25.8) 803 (71.4) NA NA NA NA NA 3,720 (55.8)

Alcohol consumption NA NA NA NA NA 967 (80.9) 577 (44.4) 1,753 (52.7) 22,308 (2.8) † 921 (0.7) † 5,477 (8.2)

Smoking NA NA NA NA

Never NA NA NA NA NA 685 (56.7) 867 (66.7) 1,558 (46.5) 323,345 (42.8) 63,684 (56.2) 2,059 (30.9)

Former NA NA NA NA NA 432 (35.8) NA 1,426 (42.6) 286,763 (37.9) 39,778 (35.1) 3,222 (48.3)

Current 605 (42.9) NA NA NA NA 44 (3.6) 104 (8.0) 364 (10.9) 146,007 (19.3) 9,929 (8.8) 1,323 (19.8)

Total cholesterol, mmol/L 6.72 (1.20) NA NA NA NA NA NA NA 5.21 (1.13) 4.99 (1.19) 5.80 (0.98)

Hypercholesterolemia NA NA NA NA NA NA NA NA NA NA 1,479 (22.2)

High-density lipoprotein cholesterol, mmol/L NA NA NA NA NA NA NA NA 1.42 (0.41) 1.50 (0.44) 1.39 (0.39)

Total-to-HDL-cholesterol ratio NA NA NA NA NA NA NA NA 3.38 (1.17) 3.49 (1.10) 4.47 (1.32)

Physical activity NA NA NA NA NA NA

 Low 812 (57.6) ‡ NA NA NA NA 465 (38.5) NA 993 (29.7) NA NA 3,766 (56.5)

 Middle NA NA NA NA NA 495 (41.0) NA 1,677 (50.2) NA NA 1,408 (21.1)

 High NA NA NA NA NA 203 (16.8) NA 671 (20.1) NA NA 1,260 (18.9)

History of diabetes NA 289 (10.4) 341 (14.1) 2,465 (16.9) 373 (33.2) 147 (2.2) 114 (8.5) 537 (16.0) 70,377 (8.8) 12,762 (9.8) 717 (10.8)
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Table 2. Distributions of the included predictors in the included models and validation sample (continued)

Prediction model CAIDE BDSI ANU-ADRI DRS Validation study

Study population CAIDE CHS FHS HRS SALSA MAP KP CHS THIN, 60-79 years THIN, 80-95 years Rotterdam Study

Study characteristics

Study type Population 
based 
cohort 
study

Population 
based cohort 
study

Population 
based cohort 
study

Population 
based cohort 
study

Population 
based cohort 
study

Population 
based cohort 
study

Population 
based cohort 
study

Population 
based cohort 
study

Data derived from 
routine clinical 
practice

Data derived from 
routine clinical 
practice

Population based 
cohort study

History of stroke NA 125 (4.6) 60 (2.5) 946 (6.8) 108 (9.6) NA NA NA 38,976 (4.9) § 20,221 (15.5) § 244 (3.7)

History of TIA NA NA NA NA NA NA NA NA 342 (5.1)

History of traumatic brain injury NA NA NA NA NA 65 (5.4) 86 (6.6) NA NA NA 442 (6.6)

History of atrial fibrillation NA NA NA NA NA NA NA NA 24,763 (3.1) 14,518 (11.1) 335 (5.0)

Depressive symptoms NA 499 (17.9) 225 (11.9) 3,974 (27.7) 285 (24.4) NA NA 180 (5.3) 83,464 (10.4) 17,201 (13.2) 508 (7.6)

Social engagement or local deprivation¶ NA NA NA NA NA NA

 Low NA NA NA NA NA 125 (10.3) 84 (6.5) NA 134,103 (16.8) 26,758 (20.5) 1,130 (16.9)

 Medium-Low NA NA NA NA NA 422 (34.9) 880 (67.6) NA 166,956 (20.9) 28,970 (22.2) 4,827 (72.4)

 Medium-High NA NA NA NA NA 328 (27.2) 226 (17.4) NA 194,637 (24.3) 30,143 (23.1) 661 (9.9)

 High NA NA NA NA NA 97 (8.0) 13 (1.0) NA 218,198 (27.3) 26,643 (20.4) 19 (0.3)

Fish intake (serves/week) NA NA NA NA NA NA NA NA NA

 0 – 0.25 NA NA NA NA NA NA NA 388 (13.2) NA NA 15 (0.2)

 0.26 – 2.0 NA NA NA NA NA NA NA 1,168 (39.8) NA NA 88 (1.3)

 2.1 – 4.0 NA NA NA NA NA NA NA 1,263 (43.0) NA NA 1,837 (27.6)

 ≥4.0 NA NA NA NA NA NA NA 119 (4.1) NA NA 1,529 (22.9)

Need help with finances or medications NA 16 (0.6) 41 (1.7) 305 (2.2) 122 (10.8) NA NA NA NA NA 1,180 (17.7)

Use of antihypertensive drugs NA NA NA NA NA NA NA NA 274,657 (34.3) 58,323 (44.7) 1,551 (23.3)

Anxiety or use of anxiolytics NA NA NA NA NA NA NA NA 29,690 (3.7) 5,953 (4.6) 790 (11.8)

Use of aspirin NA NA NA NA NA NA NA NA 127,550 (15.9) 41,448 (31.8) 1,158 (17.4)

Use of NSAIDs (excluding aspirin) NA NA NA NA NA NA NA NA 98,397 (12.3) 15,056 (11.6) 569 (8.5)

Cognitively stimulating activities NA NA NA NA NA NA NA NA NA NA NA

 Low NA NA NA NA NA 408 (33.8) NA NA NA NA NA

 Moderate NA NA NA NA NA 600 (49.7) NA NA NA NA NA

 High NA NA NA NA NA 155 (12.8) NA NA NA NA NA

Data are shown for non-imputed data. Values are counts (percentages) or means (standard deviation).
*Obesity was defined as a body mass index of >30 kg/m2.
†Heavy alcohol drinking (more than 56 units per week for men/49 units per week for women).
‡Physically inactive: participants having leisure-time physical activity less often than twice per week.
§Participants with a history of stroke or transient ischemic attack.
¶ Used as a social deprivation index for the Dementia Risk Score.
Abbreviations: CAIDE=Cardiovascular Risk factors, Aging, and Dementia study, BDSI=Brief Dementia Screen-
ing Indicator, ANU-ADRI=Australian National University Alzheimer’s Disease Risk Index, DRS=Dementia Risk Score, 
CHS=Cardiovascular Health Study, FHS=Framingham Heart
Study, HRS=Health and Retirement Study, SALSA=Sacramento Area Latino Study on Aging, MAP=Rush Memory and 
Aging Study, KP=Kungsholmen Project,
THIN=The Health Improvement Network, NA=not applicable, TBI=traumatic brain injury, TIA=transient ischemic attack 
and, NSAID=non-steroidal anti-inflammatory drugs.
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Table 2. Distributions of the included predictors in the included models and validation sample (continued)

Prediction model CAIDE BDSI ANU-ADRI DRS Validation study

Study population CAIDE CHS FHS HRS SALSA MAP KP CHS THIN, 60-79 years THIN, 80-95 years Rotterdam Study

Study characteristics

Study type Population 
based 
cohort 
study

Population 
based cohort 
study

Population 
based cohort 
study

Population 
based cohort 
study

Population 
based cohort 
study

Population 
based cohort 
study

Population 
based cohort 
study

Population 
based cohort 
study

Data derived from 
routine clinical 
practice

Data derived from 
routine clinical 
practice

Population based 
cohort study

History of stroke NA 125 (4.6) 60 (2.5) 946 (6.8) 108 (9.6) NA NA NA 38,976 (4.9) § 20,221 (15.5) § 244 (3.7)

History of TIA NA NA NA NA NA NA NA NA 342 (5.1)

History of traumatic brain injury NA NA NA NA NA 65 (5.4) 86 (6.6) NA NA NA 442 (6.6)

History of atrial fibrillation NA NA NA NA NA NA NA NA 24,763 (3.1) 14,518 (11.1) 335 (5.0)

Depressive symptoms NA 499 (17.9) 225 (11.9) 3,974 (27.7) 285 (24.4) NA NA 180 (5.3) 83,464 (10.4) 17,201 (13.2) 508 (7.6)

Social engagement or local deprivation¶ NA NA NA NA NA NA

 Low NA NA NA NA NA 125 (10.3) 84 (6.5) NA 134,103 (16.8) 26,758 (20.5) 1,130 (16.9)

 Medium-Low NA NA NA NA NA 422 (34.9) 880 (67.6) NA 166,956 (20.9) 28,970 (22.2) 4,827 (72.4)

 Medium-High NA NA NA NA NA 328 (27.2) 226 (17.4) NA 194,637 (24.3) 30,143 (23.1) 661 (9.9)

 High NA NA NA NA NA 97 (8.0) 13 (1.0) NA 218,198 (27.3) 26,643 (20.4) 19 (0.3)

Fish intake (serves/week) NA NA NA NA NA NA NA NA NA

 0 – 0.25 NA NA NA NA NA NA NA 388 (13.2) NA NA 15 (0.2)

 0.26 – 2.0 NA NA NA NA NA NA NA 1,168 (39.8) NA NA 88 (1.3)

 2.1 – 4.0 NA NA NA NA NA NA NA 1,263 (43.0) NA NA 1,837 (27.6)

 ≥4.0 NA NA NA NA NA NA NA 119 (4.1) NA NA 1,529 (22.9)

Need help with finances or medications NA 16 (0.6) 41 (1.7) 305 (2.2) 122 (10.8) NA NA NA NA NA 1,180 (17.7)

Use of antihypertensive drugs NA NA NA NA NA NA NA NA 274,657 (34.3) 58,323 (44.7) 1,551 (23.3)

Anxiety or use of anxiolytics NA NA NA NA NA NA NA NA 29,690 (3.7) 5,953 (4.6) 790 (11.8)

Use of aspirin NA NA NA NA NA NA NA NA 127,550 (15.9) 41,448 (31.8) 1,158 (17.4)

Use of NSAIDs (excluding aspirin) NA NA NA NA NA NA NA NA 98,397 (12.3) 15,056 (11.6) 569 (8.5)

Cognitively stimulating activities NA NA NA NA NA NA NA NA NA NA NA

 Low NA NA NA NA NA 408 (33.8) NA NA NA NA NA

 Moderate NA NA NA NA NA 600 (49.7) NA NA NA NA NA

 High NA NA NA NA NA 155 (12.8) NA NA NA NA NA

Data are shown for non-imputed data. Values are counts (percentages) or means (standard deviation).
*Obesity was defined as a body mass index of >30 kg/m2.
†Heavy alcohol drinking (more than 56 units per week for men/49 units per week for women).
‡Physically inactive: participants having leisure-time physical activity less often than twice per week.
§Participants with a history of stroke or transient ischemic attack.
¶ Used as a social deprivation index for the Dementia Risk Score.
Abbreviations: CAIDE=Cardiovascular Risk factors, Aging, and Dementia study, BDSI=Brief Dementia Screen-
ing Indicator, ANU-ADRI=Australian National University Alzheimer’s Disease Risk Index, DRS=Dementia Risk Score, 
CHS=Cardiovascular Health Study, FHS=Framingham Heart
Study, HRS=Health and Retirement Study, SALSA=Sacramento Area Latino Study on Aging, MAP=Rush Memory and 
Aging Study, KP=Kungsholmen Project,
THIN=The Health Improvement Network, NA=not applicable, TBI=traumatic brain injury, TIA=transient ischemic attack 
and, NSAID=non-steroidal anti-inflammatory drugs.
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Descriptions of the predictors in the validation sample

Demographics

Age and gender were derived from when participants entered the Rotterdam Study. The 

variable education was derived from self-reported history harmonized in years of education 

according to the UNESCO classification (8).

Hypertension

Systolic and diastolic blood pressures were assessed at the right arm and the mean of two 

measurements was used in the analyses. Hypertension was defined according to definitions 

of the included models.

Hypercholesterolemia

Total cholesterol, high-density lipoprotein (HDL) cholesterol and triglyceride concentrations 

were measured from serum or plasma extracted from whole blood, using an automated 

enzymatic procedure (Boehringer Mannheim System) (9). Hypercholesterolemia was defined 

in correspondence with the used cut-off of the included models.

Obesity

Body mass index (BMI) was calculated as weight in kilograms divided by length in meters 

squared (kg/m2).

Physical inactivity

Physical activity levels were assessed using a validated adapted version of Zutphen Physical 

Activity Questionnaire (10) and expressed in Metabolic Equivalent of Task hours per week 

(METhours/week) (11). The METhours/week are the MET-values of specific activities (walking, 

cycling, domestic work, sports and gardening) with time in hours per week spent in that 

activity. Categories were calculated based on International Physical Activity Questionnaire 

(IPAQ) (12) and also expressed in METhours/week.

Type 2 diabetes

Type 2 diabetes was defined as fasting serum glucose levels ≥7.0 mmol/L, non-fasting serum 

glucose levels ≥11.0 mmol/L (if fasting samples were not available), or the use of blood 

glucose-lowering therapy (7).

Depressive symptoms

A structured interview to screen for depressive symptoms was performed and a semi-

structured interview to diagnose disorder. Participants were screened with the Center for 

Epidemiologic Studies Depression (CES-D) Scale during the home interview (13). For the BDSI 
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model we used both the CES-D scale and use of antidepressants. Depression was defined as 

a CES-D score of >16.

Head trauma

A home interview to screen for serious head trauma or concussion was performed at baseline 

and during follow-up using the following questions: “Did you ever have a serious head 

trauma or a concussion?” and “Were you ever unconscious because of a head trauma?”

Smoking

Study participants were enquired about their smoking habits during each home interview. 

According to their smoking history, participants are classified as never smokers, former or 

current smokers.

Cognitive activity

Cognitive activity has not been assessed systematically in the Rotterdam Study, and therefore 

could not be included in our analyses.

Social network and engagement

Social and network engagement was constructed using three domains based on various 

questionnaires. We included the marital status, living arrangements (living alone, with spouse 

of with others) and asking if the participant felt lonely during the past week using the CES-D 

questionnaire. The same domains were used to emulate the social deprivation variable.

Alcohol

During the structured home interview, participants were asked the number of drinks per 

week.

Fish servings per week

Participants were specifically asked to indicate the frequency, amount, and kind of fish they 

had eaten using a validated Food Frequency Questionnaire (FFQ). Portions were calculated 

in grams per day (14).

Pesticide exposure

Pesticide exposure has not been evaluated in the Rotterdam Study, therefore we could not 

include this in our analyses.

Stroke and transient ischemic attack (TIA)

At baseline, history of stroke or TIA was assessed by interview and verified using medical 

records. Study participants were continuously followed up for occurrence of incident stroke, 
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based on information collected continuously from medical records of general practitioners 

and neurologists. Nursing home physicians’ medical records and general practitioners’ medi-

cal records of participants who moved out of the study area were checked on a regular basis 

as well.

Information from GPs and hospital records was collected from participants with a potential 

stroke or TIA. Research physicians reviewed the information and an experienced vascular 

neurologist verified the diagnoses according to World Health Organization criteria (15).

Needs help with finances or medications

Study participants were enquired about their financial management and about medication 

use with a questionnaire about activities of daily living.

Anxiety

Study participants were dichotomized having a current anxiety disorder or not based on the 

use of anxiolytic medication (Anatomical Therapeutic Chemical Classification codes N05B).

History of atrial fibrillation (AF)

Prevalent AF was assessed using 3 methods. Electrocardiography (ECG) was performed 

at baseline and at each follow-up examination. The ECGs were analyzed by the Modular 

ECG Analysis System (MEANS) to verify the diagnosis of AF. Every ECG with any rhythm 

disorder identified by the MEANS program was coded independently by 2 research physi-

cians who were masked to the MEANS diagnosis. In case of disagreement between the 

research physicians, a cardiologist decided on the final diagnosis. Second, information for all 

participants concerning the presence of AF and the date of onset was obtained from general 

practitioner records and medical specialists. Third, information on all hospital discharges from 

a nationwide medical registry (Landelijke Medische Registratie) was collected. We did not 

differentiate between AF and atrial flutter when identifying cases since these conditions are 

very similar with regard to risk factors and consequences (16).

Use of aspirin, NSAIDs and anxiolytic medication

On each of the study rounds study participants were enquired about the use of medicinal 

agents, vitamins, food supplements and ‘over-the-counter’ drugs. Furthermore, drug expo-

sure has been monitored continuously for nearly all participants through digital linkage with 

computerized records of the pharmacies in the study district.
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Appendix C. Full model equations for the risk of dementia as applied in 
the validation cohort

1. Cardiovascular Risk Factors, Aging, and Dementia (CAIDE) risk score 

equation:

P(dementia)= (exp (-7.406 (intercept) + 0.796×(follow-up time) + 0.401×(risk score))

1+(exp(-7.406 (intercept) + 0.796 × (follow-up time)+ 0.401× (risk score))

2. Dementia Risk Score (DRS) risk score equation:

Formula aged 60-79 at baseline:

P(dementia) =

0.20921×(age - 65.608) + -0.00339×(age - 65.608)×(age - 65.608) + -0.0616×(BMI - 

27.501) + 0.002508×(BMI - 27.501)×(BMI - 27.501) + 0.12854×1(if female) + -0.13199×1(if 

anti-hypertensive use) + 0.04477×(calendar year - 2003.719) + 0.013371×1(if Townsend 

score 2) + 0.117904×1(if Townsend score 3) + 0.201776×1(if Townsend score 4) + 

0.225529×1 (if Townsend score 5) + -0.06792×1(if ex-smoker) + -0.08657×1(if current 

smoker) + 0.443535×(if heavy drinker) + 0.833612×1(if depressed) + 0.252833×1(aspirin 

use) + 0.577207×1(if prevalent stroke or TIA) + 0.220728×1(if prevalent atrial fibrillation)+ 

0.286701×1(if prevalent type 2 diabetes).

Define S = 0.9969.

Then predicted 5-year risk (as a percentage) = 100×[1-Sexp(P)].

Formula aged 80-95 at baseline:

P(dementia) =

0.055×(age – 84.8) + -0.005×(age – 84.8)×(age – 84.8) + -0.05×(BMI – 25.7) + 0.160×1(if 

female) + -0.249×1(if hypertensive use) + - 0.006×(systolic blood pressure – 146.9) + 

0.042×(lipid ratio – 3.49) + 0.074×(calendar year - 2003.719) + -0.178×1(if ex-smoker) + 

-0.134×1(if current smoker) + 0.256×(if heavy drinker) + 0.400×1(if depressed) + 0.092×1(if 

aspirin use) + 0.242×1(if prevalent stroke or TIA) + 0.057×1(if prevalent atrial fibrillation)+ 

0.183×1(if prevalent type 2 diabetes) + 0.136 × (if anxiolytic drug use) + -0.157 × (if NSAID 

use).

Define S = 0.9277.

Then predicted 5-year risk (as a percentage) = 100×[1-Sexp(P)].
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Appendix D. Supplementary tables

Table 1. Reported performance of dementia prediction models

Prediction model C-statistics (95% CI)
in data the model was developed on

Validation in literature 
using external data

Predicted time 
horizon, years

CAIDE 0.77 (0.71-0.83) 0.49 to 0.75 20

CAIDE + APOE-ε4 carrier 0.79 (0.74-0.85) NA 20

BDSI 0.68 to 0.78 0.68 to 0.78 6

ANU-ADRI NA† 0.64 to 0.74 6

DRS

Aged 60-79 years NA† 0.84 (0.81-0.87) 5

Aged 80-95 years NA† 0.56 (0.55-0.58) 5

* No confidence interval published.
† No performance measures reported for the development sample.
Abbreviations: CI=confidence interval, NA=not applicable, APOE=apolipoprotein E, CAIDE=Cardiovascular Risk
factors, Aging, and Dementia study, APOE=apolipoprotein E, BDSI=Brief Dementia Screening Indicator, ANU-
ADRI=Australian National University Alzheimer’s Disease Risk Index and, DRS=Dementia Risk Score.

Table 2. Discriminative ability for all-cause dementia per prediction model in the Rotterdam Study while 
restricted to the specific age range for which the models were designed

Prediction model C-statistics at various follow-up horizons (95% CI)

2 years 5 years 10 years 15 years

Participants aged 65-79 years n/N=33/3,481 n/N=133/3,481 n/N=315/3,481 n/N=578/3,481

BDSI 0.72 (0.62-0.82) 0.69 (0.64-0.73) 0.67 (0.64-0.70) 0.64 (0.61-0.66)

Age only 0.71 (0.61-0.81) 0.69 (0.64-0.74) 0.68 (0.65-0.71) 0.66 (0.63-0.68)

Participants aged 60-79 years n/N=34/5,019 n/N=141/5,019 n/N=345/5,019 n/N=644/5,019

DRS 0.80 (0.70-0.89) 0.77 (0.72-0.81) 0.75 (0.72-0.78) 0.73 (0.71-0.75)

Age only 0.78 (0.68-0.88) 0.75 (0.71-0.80) 0.74 (0.71-0.77) 0.73 (0.70-0.75)

Participants aged 80-95 years n/N=29/709 n/N=91/709 n/N=167/709 n/N=192/709

DRS 0.60 (0.49-0.71) 0.56 (0.50-62) 0.56 (0.51-0.61) 0.56 (0.51-0.60)

Age only 0.53 (0.42-0.64) 0.57 (0.51-0.63) 0.56 (0.51-0.60) 0.55 (0.51-0.60)

Abbreviations: CI=confidence interval, n=number of cases, N=number of people at risk, BDSI=Brief Dementia Screening
Indicator and, DRS=Dementia Risk Score.
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Table 3. Discriminative ability for Alzheimer’s disease per prediction model in the Rotterdam Study

Prediction model C-statistics at various follow-up horizons (95% CI)

2 years
n/N=58/6,667

5 years
n/N=197/6,667

10 years
n/N=421/6,667

15 years
n/N=682/6,667

CAIDE 0.51 (0.43-0.59) 0.54 (0.50-0.58) 0.55 (0.53-0.58) 0.55 (0.53-0.57)

Age only NA NA NA NA

BDSI 0.83 (0.75-0.90) 0.81 (0.76-0.85) 0.80 (0.77-0.83) 0.78 (0.75-0.80)

Age only 0.83 (0.76-0.91) 0.82 (0.78-0.86) 0.82 (0.79-0.84) 0.80 (0.78-0.83)

ANU-ADRI 0.80 (0.75-0.85) 0.78 (0.75-0.80) 0.75 (0.73-0.77) 0.69 (0.68-0.71)

Age only 0.83 (0.78-0.87) 0.80 (0.78-0.83) 0.78 (0.76-0.80) 0.74 (0.72-0.75)

DRS 0.84 (0.77-0.92) 0.82 (0.78-0.86) 0.82 (0.79-0.84) 0.80 (0.78-0.82)

Age only 0.83 (0.76-0.91) 0.82 (0.78-0.86) 0.82 (0.79-0.84) 0.80 (0.78-0.83)

Abbreviations: CI=confidence interval, n=number of cases, N=number of people at risk, CAIDE=Cardiovascular Risk fac-
tors, Aging and, Dementia study, NA=not applicable, BDSI=Brief Dementia Screening Indicator, ANU-ADRI=Australian 
National University Alzheimer’s Disease Risk Index and, DRS=Dementia Risk Score.

Table 4. Discriminative ability for all-cause dementia prediction models in the Rotterdam Study, excluding 
the first four years of follow-up

Prediction model C-statistics (95% CI)

10 years
n/N=368/6,035

15 years
n/N=700/6,035

CAIDE 0.56 (0.53-0.59) 0.55 (0.53-0.58)

Age only NA NA

BDSI 0.75 (0.72-0.79) 0.72 (0.70-0.74)

Age only 0.79 (0.77-0.82) 0.78 (0.76-0.80)

ANU-ADRI 0.75 (0.73-0.78) 0.70 (0.68-0.72)

Age only 0.77 (0.75-0.79) 0.73 (0.71-0.74)

DRS 0.80 (0.77-0.83) 0.78 (0.76-0.80)

Age only 0.80 (0.77-0.83) 0.78 (0.76-0.80)

Abbreviations: CI=confidence interval, n=number of cases, N=number of people at risk, CAIDE=Cardiovascular Risk fac-
tors, Aging and, Dementia study, NA=not applicable, BDSI=Brief Dementia Screening Indicator, ANU-ADRI=Australian 
National University Alzheimer’s Disease Risk Index and, DRS=Dementia Risk Score.



Chapter 3.1 | External validation of prediction models for dementia

202

Table 5. Discriminative performance for all-cause dementia prediction models in the Rotterdam Study, strati-
fied by age at baseline

Prediction model C-statistics at various follow-up horizons (95% CI)

2 years
n/N=34/5,947

5 years
n/N=142/5,947

10 years
n/N=347/5,947

15 years
n/N=654/5,947

Participants aged <80 years

CAIDE 0.49 (0.40-0.59) 0.55 (0.50-0.60) 0.56 (0.53-0.59) 0.55 (0.53-0.57)

Age only NA NA NA NA

BDSI 0.80 (0.70-0.90) 0.76 (0.71-0.81) 0.73 (0.70-0.76) 0.71 (0.68-0.73)

Age only 0.81 (0.72-0.91) 0.79 (0.74-0.84) 0.78 (0.75-0.81) 0.77 (0.74-0.79)

ANU-ADRI 0.77 (0.70-0.84) 0.74 (0.70-0.75) 0.72 (0.70-0.75) 0.69 (0.67-0.71)

Age only 0.76 (0.68-0.83) 0.74 (0.70-0.78) 0.75 (0.73-0.77) 0.72 (0.70-0.74)

DRS 0.83 (0.73-0.92) 0.80 (0.75-0.85) 0.79 (0.76-0.82) 0.77 (0.75-0.79)

Age only 0.81 (0.72-0.91) 0.79 (0.74-0.84) 0.78 (0.75-0.81) 0.77 (0.75-0.79)

Participants aged ≥80 years n/N=29/720 n/N=91/720 n/N=168/720 n/N=193/720

CAIDE 0.54 (0.44-0.64) 0.51 (0.45-0.58) 0.50 (0.45-0.55) 0.52 (0.47-0.56)

Age only NA NA NA NA

BDSI 0.52 (0.41-0.63) 0.56 (0.50-0.62) 0.55 (0.51-0.60) 0.55 (0.51-0.59)

Age only 0.53 (0.42-0.64) 0.56 (0.50-0.62) 0.56 (0.51-0.60) 0.55 (0.51-0.60)

ANU-ADRI 0.62 (0.51-0.72) 0.50 (0.43-0.56) 0.53 (0.48-0.58) 0.54 (0.49-0.58)

Age only 0.54 (0.44-0.64) 0.53 (0.47-0.59) 0.52 (0.48-0.56) 0.52 (0.49-0.56)

DRS 0.56 (0.45-0.67) 0.56 (0.50-0.62) 0.56 (0.51-0.60) 0.56 (0.51-0.60)

Age only 0.53 (0.42-0.64) 0.57 (0.51-0.63) 0.56 (0.51-0.60) 0.55 (0.51-0.60)

Abbreviations: CI=confidence interval, n=number of cases, N=number of people at risk, CAIDE=Cardiovascular Risk fac-
tors, Aging, and Dementia study, NA=not applicable, BDSI=Brief Dementia Screening Indicator, ANU-ADRI=Australian 
National University Alzheimer’s Disease Risk Index and, DRS=Dementia Risk Score.
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Section/Topic Item Checklist Item Page

Title and abstract

Title 1
Identify the study as developing and/or validating a multivariable 
prediction model, the target population, and the outcome to be 
predicted.

1

Abstract 2
Provide a summary of objectives, study design, setting, participants, 
sample size, predictors, outcome, statistical analysis, results, and 
conclusions.

4

Introduction

Background 
and objectives

3a
Explain the medical context (including whether diagnostic or prognostic) 
and rationale for developing or validating the multivariable prediction 
model, including references to existing models.

6

3b
Specify the objectives, including whether the study describes the 
development or validation of the model or both.

7

Methods

Source of data

4a
Describe the study design or source of data (e.g., randomized trial, 
cohort, or registry data), separately for the development and validation 
data sets, if applicable.

9,10

4b
Specify the key study dates, including start of accrual; end of accrual; 
and, if applicable, end of follow-up.

10,11

Participants

5a
Specify key elements of the study setting (e.g., primary care, secondary 
care, general population) including number and location of centres.

10,11

5b Describe eligibility criteria for participants. 10,11

5c Give details of treatments received, if relevant. NA

Outcome
6a

Clearly define the outcome that is predicted by the prediction model, 
including how and when assessed.

9-10

6b Report any actions to blind assessment of the outcome to be predicted. 10

Predictors

7a
Clearly define all predictors used in developing or validating the 
multivariable prediction model, including how and when they were 
measured.

10

7b
Report any actions to blind assessment of predictors for the outcome and 
other predictors.

10

Sample size 8 Explain how the study size was arrived at. 9

Missing data 9
Describe how missing data were handled (e.g., complete-case analysis, 
single imputation, multiple imputation) with details of any imputation 
method.

13

Statistical 
analysis 
methods

10c For validation, describe how the predictions were calculated. 11-12

10d
Specify all measures used to assess model performance and, if relevant, 
to compare multiple models.

11-12

10e
Describe any model updating (e.g., recalibration) arising from the 
validation, if done.

12

Risk groups 11 Provide details on how risk groups were created, if done. NA

Development 
vs. validation

12
For validation, identify any differences from the development data in 
setting, eligibility criteria, outcome, and predictors.

9,10, 11
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Section/Topic Item Checklist Item Page

Results

Participants

13a
Describe the flow of participants through the study, including the 
number of participants with and without the outcome and, if applicable, 
a summary of the follow-up time. A diagram may be helpful.

9

13b
Describe the characteristics of the participants (basic demographics, 
clinical features, available predictors), including the number of 
participants with missing data for predictors and outcome.

13,23

13c
For validation, show a comparison with the development data of the 
distribution of important variables (demographics, predictors and 
outcome).

10,13

Model 
performance

16 Report performance measures (with CIs) for the prediction model. 13,14,25

Model-
updating

17
If done, report the results from any model updating (i.e., model 
specification, model performance).

14,15,26,27

Discussion

Limitations 18
Discuss any limitations of the study (such as nonrepresentative sample, 
few events per predictor, missing data).

17,18

Interpretation

19a
For validation, discuss the results with reference to performance in the 
development data, and any other validation data.

17,18

19b
Give an overall interpretation of the results, considering objectives, 
limitations, results from similar studies, and other relevant evidence.

15,16

Implications 20
Discuss the potential clinical use of the model and implications for future 
research.

16,17,18

Other information

Supplementary 
information

21
Provide information about the availability of supplementary resources, 
such as study protocol, Web calculator, and data sets.

8-10,13

Funding
22

Give the source of funding and the role of the funders for the present 
study.

20
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To The ediTor: Hou et al. are to be commended for an in-depth systematic review of currently 

available dementia risk models that quantify the probability of developing dementia, cover-

ing both studies on community-dwelling individuals as well as clinic-based MCI studies.(197) 

One of the key conclusions was that “the predictive ability of existing dementia risk models 

is acceptable, but the lack of validation limited the extensive application of the models for 

dementia risk prediction in general population or across subgroups in the population.” Based 

on recent insights, we believe that the discriminative ability of existing dementia prediction 

models in the general population is currently not acceptable for clinical use.

We recently validated four promising dementia risk models (CAIDE, ANU-ADRI, BDSI, and 

DRS).(198) In addition to external validation of these models in the Dutch general population, 

we also sought to investigate how these models compared to predicting dementia based on 

the age component of these models only. We found that full models do not have better 

discriminative properties than age alone. As such, we would like to make three suggestions 

to establish a reliable dementia prediction model.

First, prediction models typically only report model performance on the basis of a full 

model.(173, 174, 197, 198) For dementia risk, however, age plays a pivotal role. Therefore, 

any new model should compare its predictive accuracy to age alone.

Second, the setting in which a prediction model is to be used will dictate which predictors 

are available. For instance, a ‘basic’ model would be practical in a primary care setting, by 

including easily and relatively low-cost obtainable information, such as non-laboratory mea-

surements. In this setting, not only risk factors but also prodromal features of dementia may 

be useful, such as subjective memory complaints. Therefore, the ability to identify high-risk 

individuals many years before a clinical dementia diagnosis can be used in future prevention 

trials to intervene in the earliest phase of the disease process. In settings beyond primary 

care, an ‘extended’ model could be considered, which adds specialist assessments, such as 

cognitive testing, brain MRI, and possibly genetics.

Finally, improvements in the use of more advanced modelling techniques and reporting of 

the underlying model properties are needed. For example, future studies could consider more 

complex effects of age on dementia risk in their candidate models, by using non-linear effects 

or interactions with other predictors. We also encourage the exploration of developing age 

stratified models, but only if sample size permits in order to prevent model overfitting. As the 

authors briefly pointed out, most of the included models only report discriminative properties 

(i.e., AUCs or C-statistics), yet information on model calibration is also required to assess 

model performance.(199) Without data on model calibration, proper validation attempts 

are limited, but most importantly also hamper actual model application to clinical practice.

In conclusion, updated and well-validated dementia risk models are still urgently needed. 

These models could be used in the near future to design (preventive) trials by reliably select-

ing high-risk individuals into such trials. Such a tailored approach could eventually benefit 

progress to delay or even prevent the onset of dementia.



“Iets goeds achterlaten 
voor de mensheid”

“De omgang met mensen houdt mij echt op 

de been.  Zo heb ik heb nog tot mijn 77ste jaar 

muziekles mogen geven op een Middelbare 

school. Dat contact met die jonge mensen, dat 

mis ik nu het meest. Door muziek verbind ik 

mensen, en blijf ik zelf ook met hen in contact. 

Vanaf mijn 6de jaar kreeg ik orgel les van mijn 

vader, vanaf mijn 12de ben ik begonnen met 

spelen in kerken, en daar speel ik nog steeds. 

Mijn vader is slechts 54 jaar geworden, nooit 

gerookt maar overleed aan asbestkanker door 

blootstelling tijdens zijn werk. Mijn moeder 

is 78 jaar geworden.  Naast mijn bezigheden 

als organist geef ik lezingen aan Rotary clubs, 

maar ook aan de bond voor ouderen. Die 

lezingen doe ik pro deo, het idee dat je iets 

goeds achterlaat voor de mensheid vind ik iets 

moois.”  (78 jaar)
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abstraCt

Background: Identification of individuals at high risk of dementia is essential for devel-

opment of prevention strategies, but reliable tools are lacking for risk stratification in the 

population. Here, we developed and validated a prediction model to calculate the 10-year 

absolute risk of developing dementia in an aging population.

Methods: In a large, prospective population-based cohort, data were collected on demo-

graphic, clinical, neuropsychological, genetic, and neuroimaging parameters from 2,710 

non-demented individuals age 60 or older, examined between 1995 and 2011. A basic and 

an extended model were derived to predict 10-year risk of dementia while taking into ac-

count competing risks from death due to other causes. Model performance was assessed 

using optimism-corrected C-statistics and calibration plots, and the models were externally 

validated in the Dutch population–based Epidemiological Prevention Study of Zoetermeer 

and in the Alzheimer’s Disease Neuroimaging Initiative cohort 1 (ADNI-1).

Results: During a follow-up of 20,324 person-years, 181 individuals developed dementia. A 

basic dementia risk model using age, history of stroke, subjective memory decline, and need 

for assistance with finances or medication yielded a C-statistic of 0.78 (95% confidence 

interval (CI): 0.75 to 0.81). Subsequently, an extended model incorporating the basic model 

and additional cognitive, genetic, and imaging predictors yielded a C-statistic of 0.86 (95% 

CI: 0.83 to 0.88). The models performed well in external validation cohorts from Europe and 

the United States.

Conclusions: In community-dwelling individuals, 10-year dementia risk can be accurately 

predicted by combining information on readily available predictors in the primary care set-

ting. Dementia prediction can be further improved by using data on cognitive performance, 

genotyping, and brain imaging. These models can be used to identify individuals at high risk 

of dementia in the population and are able to inform trial design.
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IntrOduCtIOn

Reliable identification of individuals at increased risk of dementia is essential for individualized 

risk management in both primary and specialized clinical care, but also for optimal design of 

preventive trials.(170) This necessity was aptly demonstrated by the recent findings from large 

randomized controlled trials that showed potential efficacy of multi-domain interventions to 

prevent cognitive decline in high-risk individuals.(19, 23, 169, 200) The Finnish Geriatric 

Intervention Study to Prevent Cognitive Impairment and Disability (FINGER) trial showed that 

an multi-domain lifestyle intervention resulted in a significant protective effect on cognition.

(19) The success of this trial has in part been attributed to the tailored approach of targeting 

these preventive interventions only to an at-risk segment of the general population.(19) This 

strategy was further corroborated by secondary analyses from the Prevention of Dementia 

by Intensive Vascular Care (preDIVA) trial, (23) demonstrating that intensive vascular risk 

management had the strongest effect among individuals with untreated hypertension.(23) It 

is now increasingly recognized that such preventive strategies might be most effective in an 

at-risk population.(23, 169, 201-203).

Several models have been developed to predict dementia in the general population,(173) 

but external validation recently showed that these have limited incremental predictive value 

above and beyond age.(204) These models were mostly based on lifestyle factors, social 

factors, and comorbidities. So far, models are lacking that include information on markers 

that reflect the underlying disease process, especially in its early stages. Such markers include 

subjective memory decline, APOE genotype and neuroimaging.(195, 205-207) On the other 

hand, such markers are usually not available in a primary care setting. It is therefore conceiv-

able that different models are required, depending on the setting: simple non-laboratory 

models for primary care settings and extended biomarker-based models for specialized clini-

cal care settings. Note however, that for purposes of risk stratification in healthy individuals in 

primary care settings, models should preferably be based on risk factors that can be obtained 

without invasive diagnostics such as cerebral spinal fluid-sampling or imaging requiring 

substantial amounts of ionizing radiation such as positron emission tomography. Another 

important consideration is that dementia prediction models should take into account the 

competing risk of death from other causes, given the generally late-life onset of dementia 

among community-dwelling individuals. Failure to account for such competing risks inflates 

apparent dementia risk predictions, limiting the practical utility of currently available models.

(196)

The aim of this study was to develop a dementia prediction model for use in primary care 

settings. We also examined whether an extended model that included cognitive, genetic, 

and imaging markers could improve predictive performance. Both models were developed 

while accounting for competing risks.
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methOds

Study population

For this study, we used two samples of individuals from the Rotterdam Study. We first selected 

a sample of individuals that was randomly invited for brain MRI in 1995–1996 (n=563). A 

second sample was derived from the study from 2005 onwards, in which brain MRI became 

part of the core study protocol of the Rotterdam Study.(208) We subsequently selected indi-

viduals aged 60 years or older who had baseline data available on clinical, cognitive, genetic, 

and MRI parameters (n=3050). We excluded individuals who had dementia or incomplete 

screening for dementia at baseline (n=40), did not provide informed consent to access 

medical records (n=11), or were no follow-up was available due to logistic reasons (n=35). 

In addition, we excluded individuals without valid imaging data due to artifacts or logistic 

reasons (e.g. contraindications, or signs of claustrophobia during acquisition) (n=124), or had 

missing data on APOE carrier status (n=134). After exclusions, a total of 2,710 individuals 

were included for analysis in this study, all of whom provided written informed consent to 

participate in the study and to have their information obtained from treating physicians.

Candidate predictors

We pre-specified candidate predictors on the basis of the literature, expert knowledge, 

and availability in clinical practice. For a primary care model, we considered the following 

candidate predictors: age, sex, level of education, systolic blood pressure, smoking, history of 

diabetes, history of stroke, presence of depressive symptoms, parental history of dementia, 

presence of subjective memory decline, and need for assistance with finance or medica-

tion. For the extended model, we considered the addition of cognitive tests (Word Fluency 

Test, Letter Digit Substitution Test, Stroop Interference, and Delayed Word Learning Test), 

APOE-ε4 genotype, and brain MRI parameters (white matter hyperintensity volume, total 

brain volume, hippocampal volume, and presence of infarcts [lacunar/cortical]). White matter 

hyperintensity, total brain and hippocampal volume were all entered into the models as a 

percentage of intracranial volume to correct for differences in head size.

Ascertainment of dementia

Baseline and follow-up ascertainment methods for dementia have been described in detail 

in Chapter 2.4 of this thesis and more extensively in (12). All individuals were followed for 

incident dementia until Jan 1, 2015. Follow-up was virtually complete (97.2% of potential 

person-years).

External validation

For external validation of the models, we used the EPOZ (Epidemiological Prevention Study 

of Zoetermeer) from the Netherlands and the Alzheimer’s Disease Neuroimaging Initiative 
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cohort 1 (ADNI-1) from the United States. EPOZ started in 1975 with the aim of assessing 

the prevalence of several chronic diseases and their determinants in the city of Zoetermeer. 

(209) Response rates were similar to those of the Rotterdam Study (72%). In 1995 and 

1996, a random subsample of the individuals who were between ages 60 and 90 years old 

underwent cognitive testing and brain MRI (n=514); data from this group are considered 

the baseline for the present study. Individuals were screened at study entry and follow-up 

visits for dementia using a strict protocol.(52) All individuals were followed for incident 

dementia until the end of study, on January 1, 2007 (follow-up included 90.8% of potential 

person-years observed). For validation within ADNI, we selected 228 cognitively unimpaired 

individuals aged 60 years or older. The primary goal of ADNI has been to test whether serial 

magnetic resonance imaging, positron emission tomography, other biological markers, and 

clinical and neuropsychological assessment can be combined to measure the progression 

of mild cognitive impairment and early Alzheimer’s disease. Further details on ADNI can be 

found elsewhere.(210)

Statistical analysis

To reduce extreme effects of the predictors, we truncated the distribution of continuous 

variables at the 1st and 99th percentile. Distributions for white matter hyperintensity volume 

and Stroop Interference score were skewed. We obtained normal distributions of these 

parameters using a natural logarithmic transformation. We modelled potential non-linear 

effects of age by using restricted cubic spline transformations and by adding an age-squared 

term, to capture most accurately the effects of age as the most important risk factor for 

dementia.

For the basic model, we used competing risk regression as proposed by Fine and Gray, 

with all candidate predictors included and fitted into the model to calculate 10-year risk of 

dementia.(211) We subsequently used the least absolute shrinkage and selection opera-

tor (LASSO) technique adapted to a competing risk setting to simultaneously penalize the 

model’s regression coefficients and select important predictors for the final model.(212, 213) 

The LASSO method is particularly useful to prevent model overfitting and model misspecifica-

tion.(214) An overfitted model tends to underestimate the probability of an event in low risk 

groups and overestimate an event in high risk groups.

For the development of the extended model, we used the predictors selected by the LASSO 

technique in the basic model as a starting point and extended it with addition of objective 

cognitive tests, APOE-ε4 carrier status, and brain MRI parameters. As a reference, we used a 

model based on age alone for all analyses. In a stepwise exploratory analysis, we investigated 

the additive predictive value for each domain separately (cognition, imaging, and genetic 

information) of the final extended model, compared to the basic model. All of the C-statistics 

from the development sample presented here are corrected for optimism.
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Internal validation

We evaluated the robustness of the model using bootstrap samples for each model and found 

consistent results in selection steps and coefficient shrinkage using the LASSO technique 

based on 200 bootstrap samples.(215) We quantified the discriminative ability of these mod-

els using the C-statistic for survival data with competing outcomes.(216, 217) The C-statistic 

is an adapted AUC-metric for use in survival analyses. It indicates the overall proportion of all 

pairs of individuals that can be ordered such that the participant who developed dementia 

during follow-up, indeed had a higher predicted risk. We used the cumulative incidence 

function to calculate the absolute 10-year risk of dementia.(218) We used the DeLong test 

adapted for survival analyses to infer whether C-statistics of the basic and extended models 

were statistically different from those of a model based on age alone.(219)

Stratified analyses

We assessed the predictive accuracy for the most common subtype of dementia, namely 

Alzheimer’s disease, and assessed model performance for men and women separately. Next, 

we excluded the first four years of follow-up to assess whether the predictive value extended 

beyond the first years of follow-up, since some of the predictors may reflect prodromal or 

undiagnosed dementia. To further investigate model robustness across varying time hori-

zons, we evaluated the predictive ability of the model using 3-,5-, and 15-year time horizons. 

Finally, we stratified on age (≤80 years and >80 years) at baseline, given the median age of 

diagnosis and steep increase in incidence of dementia beyond this age in order to investigate 

the performance of the model at different ages.(220)

Missing data on predictors were imputed using multiple imputation, based on all predic-

tors, outcome status, and follow-up time.

results

Study population of the development cohort

The baseline characteristics of the 2,710 individuals of the development cohort are sum-

marized in Table 1. The mean age was 71.2 years, 52.8% of the individuals were women 

and 33.3% had subjective memory decline. During a median follow-up of 7.0 years for those 

who were censored alive (interquartile range: 5.1–9.1), with a total follow-up of 20,324 

person-years, 181 individuals developed dementia of whom 146 developed Alzheimer’s 

disease; 578 individuals died from other causes. This corresponds to a crude incidence rate 

for dementia of 9.2 per 1,000 person-years. During the 10-year predicted time horizon, 131 

individuals developed dementia and 444 individuals died free of dementia.
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Model development and internal validation

There was evidence for a nonlinear relationship between age and risk of dementia. We 

therefore added age-squared into the model to capture this non-linearity. The basic model 

considered age, age-squared, sex, educational level, systolic blood pressure, current smok-

ing, history of diabetes, history of symptomatic stroke, depressive symptoms, parental history 

of dementia, presence of subjective memory decline, and need for assistance with finance or 

medication. In Table 2, the subdistribution hazard ratios are presented.

Table 1. Baseline characteristics of the development (Rotterdam Study) and validation (EPOZ and ADNI-1)
cohorts

Rotterdam Study EPOZ Study ADNI-1

N=2,710 N=514 N=228

Age, years 71.2 (8.2) 70.8 (6.5) 75.9 (4.9)

Women 1,430 (52.8%) 274 (53.3%) 110 (48.0%)

Education, years* 10 (7–13) 10 (7–13) 16 (14–18)

Systolic blood pressure, mmHg 145 (21) 149 (23) 134.5 (17)

Ever smoking 1,884 (69.5%) 326 (63.4%) 85 (37.3%)

Current 446 (16.5%) 86 (16.7%) -

History of diabetes 345 (12.7%) 38 (7.4%) 18 (7.9%)

History of symptomatic stroke 106 (3.9%) 18 (3.5%) 3 (1.3%)

Depressive symptoms 457 (16.9%) 39 (7.6%) 34 (14.9%)

Parental history of dementia 185 (6.8%) - 100 (43.9%)

Subjective memory decline 903 (33.3%) 177 (34.4%) 17 (7.5%)

Assistance needed with finance or medication 262 (9.7%) 24 (4.7%) 13 (5.7%)

APOE-ε4 carrier 759 (28.0%) 143 (27.8%) 61 (26.8%)

Cognitive tests

Word Fluency Test, words 21 (5) 21 (5) 20 (5)

Letter Digit Substitution Test, letters 28 (7) 27 (7) 46 (10)

Stroop Interference Task, seconds 57 (27) 56 (22) -

Delayed Word Learning Test, words 7 (3) 6 (3) 6 (2)

Imaging markers

Total brain volume, mL 880.1 (126.1) 839.8 (100.6) 1008 (100.5)**

Mean hippocampal volume, mL 3.7 (0.5) 2.7 (0.4) 3.6 (0.4)

White matter hyperintensity volume, mL** 4.7 (0–143.6) 1.5 (0–25.6) 0.24 (0–25.5)

Presence of infarcts 410 (15.1%) 92 (17.9%) 18 (7.9%)

Data are shown for non-imputed data. Data was virtually complete for the Rotterdam Study (<7.4% missing), except 
for family history of dementia (19.2%) and assistance needed with finance or medication (23.8%). Values are counts 
(percentages) or means (standard deviation). *Median (range) presented because of skewed distribution. **Including 
cerebellar volumes. Abbreviations: EPOZ=Epidemiologic Preventive Investigation Zoetermeer; ADNI=Alzheimer’s Dis-
ease, Neuroimaging Initiative; N=number of people at risk; APOE=apolipoprotein E; mL=milliliters.
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Adding cognitive, APOE-ε4 carrier status, and imaging information to the basic model re-

sulted in higher discriminative ability (C-statistic 0.86, 95% CI: 0.83 to 0.88). After shrinkage 

and selection, the Letter Digit Substitution Test, the Delayed Word Learning Test, APOE-ε4 

carrier status, and all imaging markers except for brain infarcts were selected (C-statistic 

0.86, 95% CI: 0.83 to 0.88). Ten-year risks based on the basic model are easily calculated us-

ing a simple risk chart (Figure 1). An Excel spreadsheet is available upon request to calculate 

risks for the extended model.

Table 2. Multivariate-adjusted risk factors for incident dementia, before and after penalized LASSO selection

Predictor Basic model Extended model

Hazard ratio
(95% CI), 
Original

Hazard ratio
(95% CI), 
LASSO

Hazard ratio
(95% CI), 
Original

Hazard ratio
(95% CI), 
LASSO

Age, years 3.24 (2.04–5.14) 1.09 (1.07–1.11) 1.03 (1.01–1.06) 1.03 (1.01–1.04)

Age-squared 0.99 (0.99–1.00) Not selected - -

Sex, women 1.00 (0.70–1.43) Not selected - -

Education, years 1.01 (0.95–1.06) Not selected - -

Systolic blood pressure, per 10 mmHg 0.95 (0.87–1.03) Not selected - -

Current smoking, (y/n) 0.85 (0.50–1.45) Not selected - -

History of diabetes, (y/n) 1.26 (0.80–1.99) Not selected - -

History of symptomatic stroke, (y/n) 2.29 (1.32–3.97) 1.82 (1.43–2.22) 1.26 (0.68–2.32) 1.09 (0.95–1.22)

Depressive symptoms, (y/n) 1.19 (0.79–1.78) Not selected - -

Parental history of dementia, (y/n) 1.30 (0.72–2.35) Not selected - -

Subjective memory decline, (y/n) 1.65 (1.16–2.35) 1.31 (1.13–1.48) 1.42 (0.99–2.04) 1.18 (1.03–1.33)

Assistance needed with IADL, (y/n) 1.80 (1.17–2.75) 1.46 (1.21–1.72) 1.38 (0.88–2.17) 1.25 (1.04–1.45)

Word Fluency Test, words - - 0.95 (0.91–0.99) 0.96 (0.94–0.98)

Letter Digit Substitution Test, letters - - 0.99 (0.95–1.02) 0.99 (0.98–1.00)

Stroop Interference Task, seconds * - - 1.00 (0.99–1.01) Not selected

Delayed Word Learning Test, words - - 0.82 (0.74–0.90) 0.84 (0.78–0.89)

APOE-ε4 carrier - - 1.91 (1.31–2.98) 1.89 (1.65–3.41)

Total brain volume, per 10% ICV - - 0.37 (0.19–0.71) 0.39 (0.05–0.74)

Hippocampal volume, per 10% ICV - - 0.46 (0.31–0.70) 0.52 (0.25–0.80)

White matter hyperintensity volume, 
% ICV*

- - 1.15 (0.94–1.41) 1.10 (1.02–1.18)

Infarcts (cortical / lacunar), (y/n) - - 0.92 (0.59–1.45) Not selected

* Natural log transformed. Abbreviations: CI=confidence interval; IADL=instrumental activities on daily living (assistance 
needed with finance or medication); APOE=apolipoprotein E; ICV=intracranial volume.
The discriminative accuracy measured with the C-statistic of the full basic model was 0.79 (95% CI: 0.76 to 0.83). After 
shrinkage and predictor selection using the LASSO, all statistically significant predictors remained in the model: age, his-
tory of symptomatic stroke, presence of subjective memory decline, and need for assistance with finance or medication. 
The C-statistic remained similar 0.79 (95% CI: 0.76 to 0.82). Based on 200 bootstrap samples, model optimism was 
small (that is, the predictive performance of the models was not tied to a specific sample; optimism-corrected C-statistic 
basic model: 0.78 (95% CI: 0.75 to 0.81). From here, all presented C-statistics derived from the development study are 
corrected for optimism to represent optimism-corrected C-statistics.
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Stratified analyses

The basic and extended models showed roughly similar results for Alzheimer’s disease, 

and for men and women separately (Table 3). Discriminative ability remained similar when 

the first four years of follow-up were excluded (C-statistic 0.79, 95% CI: 0.74 to 0.84). 

Using 3-, and 5-year predicted time horizons, the basic and extended models had higher 

discriminative properties (C-statistic: 0.82, 95% CI: 0.78 to 0.86 and 0.91, 95% CI: 0.87 

to 0.95 for a 3-year horizon, and 0.79, 95% CI: 0.74 to 0.83, and 0.88, 95% CI: 0.85 to 

0.91, for a 5-year horizon), compared with the 10-year predicted time horizon. In contrast, 

when using a 15-year predicted time horizon, the basic and extended models had lower 

Figure 1. Risk chart for calculating 10-year risk of dementia using the basic model
As an example, a 67-year old man or woman without a history of stroke, with subjective memory complaints, and 
without difficulties managing finances or medication, has a 6% risk of developing dementia within 10 years.
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discriminative properties (C-statistic 0.67, 95% CI: 0.62 to 0.74 and 0.71, 95% CI: 0.65 

to 0.75, respectively). In individuals older than 80 years (n=456), the basic model showed 

considerable lower discriminative ability (C-statistic 0.57, 95% CI: 0.49 to 0.63). In contrast, 

the extended model retained substantial discriminative ability in this stratum (C-statistic 0.71, 

95% CI: 0.64 to 0.76) and was considerably higher compared to age alone (C-statistic 0.53, 

95% CI: 0.45 to 0.63).

External validation

Baseline characteristics for Rotterdam Study and EPOZ study individuals were largely similar, 

whereas ADNI-1 individuals, on average, were older, attainted a higher education, reported 

less memory decline and were more likely to have a history of parental dementia (Table 1). 

During a median of 9.5 years (interquartile range: 7.6 to 11.4) of follow-up in EPOZ, 36 

individuals developed dementia and 120 individuals died free of dementia. During a median 

follow-up time of 6.3 years (interquartile range: 2.0 to 8.0) in ADNI-1, 26 individuals devel-

oped dementia. Within EPOZ, both the basic and the extended model showed discriminative 

Table 3. Discriminative ability for the basic and extended dementia prediction model in both the develop-
ment and validation studies

Study N/n C-statistic (95% confidence interval)

Age alone Basic model Extended model

Rotterdam Study 2710/105 0.76 (0.73–0.78)* 0.78 (0.75–0.81)* 0.86 (0.83–0.88)*

EPOZ 514/36 0.73 (0.65–0.82) 0.75 (0.67–0.82) 0.81 (0.74–0.88)

ADNI-1 228/26 0.54 (0.42–0.64) - 0.72 (0.63–0.83)**

* Optimism-corrected C-statistics. **ADNI recruits individuals via clinical study sites, we therefore only tested the per-
formance of the extended model. Abbreviations: N=Number at risk; n=number of events.

Table 4. Sensitivity analyses of the discriminative ability for a model based on age alone, and the basic and 
extended dementia prediction models in the development sample

N/n Optimism-corrected C-statistic (95% confidence interval)

Age alone Basic model Extended model

Alzheimer’s disease only 2710/105 0.76 (0.72–0.80) 0.77 (0.75–0.81) 0.86 (0.83–0.88)

Men 1280/61 0.76 (0.72–0.82) 0.79 (0.75–0.83) 0.87 (0.84–0.92)

Women 1430/70 0.75 (0.71–0.79) 0.78 (0.73–0.80) 0.85 (0.81–0.88)

Excluding first 4 years of follow-up 2417/65 0.78 (0.74–0.81) 0.79 (0.76–0.82) 0.85 (0.82–0.89)

≤80 years old 2254/79 0.77 (0.74–0.81) 0.80 (0.75–0.84) 0.87 (0.84–0.91)

>80 years old 456/52 0.53 (0.45–0.63) 0.57 (0.49–0.63) 0.71 (0.64–0.76)

3-year time horizon 2710/47 0.80 (0.75–0.84) 0.82 (0.78–0.86) 0.91 (0.87–0.95)

5-year time horizon 2710/81 0.77 (0.74–0.80) 0.79 (0.74–0.83) 0.88 (0.85–0.91)

15-year time horizon* 523/81 0.62 (0.57–0.68) 0.67 (0.62–0.74) 0.71 (0.65–0.75)

*15-year predicted time horizon for all-cause dementia in a subsample of the study population with sufficient follow-up. 
Abbreviations: N=Number at risk; n=number of events.
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performance in line with their performance in the development cohort (C-statistic basic 0.75 

[95% CI: 0.67 to 0.82] and extended model 0.81 [95% CI: 0.74 to 0.88]). The models 

were well calibrated (data not shown). As reference, a model based on age alone yielded a 

C-statistic of 0.73 (95% CI: 0.65 to 0.82) and resulted in significantly worse performance 

compared to the basic and extended model (for both P-value<0.001). Given that ADNI is 

not a population-based study and recruits individuals through specialized clinical study sites, 

we only tested the performance of the full model. This yielded a lower C-statistic of 0.72 

(95% CI: 0.63 to 0.83), reflecting a more homogenous and older population, yet it also 

performed significantly better than a model based on age alone (0.54, 95% CI: 0.42 to 0.64, 

P-value=0.01).

dIsCussIOn

In this study, we developed and validated a simple prediction model for dementia in an 

aging population in primary care. In addition, we demonstrated that this performance can 

be further extended in a model including cognitive testing, APOE genotyping and brain MRI. 

These models can be used to calculate the 10-year risk of dementia to inform individuals and 

optimize risk stratification for clinical trials.

Previous studies

The discriminative ability of our basic model was comparable to previously published models 

incorporating data for use in primary care settings. (173) Most previous studies only reported 

on discriminative ability, ranging from 0.65 to 0.80 as measured with the C-statistic. For 

instance, the Brief Dementia Screening Indicator (BDSI) using data available in primary care, 

yielded C-statistics between 0.68 and 0.78 across four cohorts. Notably, four other prediction 

models included in a recent external validation study did not provide additional predictive 

value in dementia risk prediction compared to a model with age as the only predictor.(204) 

In our present study, the basic model we developed did show greater discriminative ability 

and improved calibration above and beyond age alone. Compared to the BDSI model, our 

basic model additionally included the presence of subjective memory decline. The strength 

of this predictor in relation to the occurrence of dementia (adjusted hazard ratio: 1.65) and 

the prevalence in the general population (33%), resulted in better predictive performance.

The models in this study include a history of stroke instead of various individual cardio-

vascular risk factors included in several previous models.(173) We did consider traditional 

cardiovascular risk factors, but these did not pass the mark for inclusion in the final models. 

Several explanations may underlie these observations. First, almost a quarter of all dementia 

cases can be attributed to vascular risk factors, illustrating their etiological importance in the 

development of dementia.(11, 12, 177) However, similar to coronary heart disease prediction 
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in the elderly,(221) the role of cardiovascular risk factors in dementia prediction may strongly 

diminish with age. Second, cardiovascular risk factors are also strongly associated with vari-

ous other diseases at old age, reducing their specific discriminative ability in predicting the 

occurrence of dementia. For instance, smoking could lead to potentially fatal competing 

events, such as cardiovascular events or cancer at younger ages and thereby preclude the 

occurrence of dementia. As a consequence, smoking has limited specificity to predict cardio-

vascular disease, cancer, or dementia at older ages. Dementia risk prediction models should 

take into account competing risks to avoid uninterpretable C-statistics and inflated absolute 

risks.(196) We dealt with this issue in the current study by deriving our dementia prediction 

models within a competing risk framework.

In line with results from a previous model based on predictors derived in a primary care 

setting,(181) our basic model had poor discriminative ability in individuals older than age 

80. This finding is generally of a limited concern when using a prediction model to identify 

high risk individuals for clinical trials, since trials generally aim to recruit younger individuals. 

Yet, these findings provide insight into the complexity of dementia prediction using only 

clinical parameters in the oldest-old. In contrast, our extended model showed substantial 

higher discriminative ability for individuals older than age 80, highlighting the significance 

of objective markers of cognition and brain structure in the oldest-old, including cognitive 

testing, genetics, and brain imaging.

Clinical implications

In this study, we developed and validated two complementary risk models. One basic model 

that could be used by family doctors and general practitioners, and one extended model that 

could be used in a specialized clinical setting and that incorporates cognitive testing, brain 

MRI and genetics. The strength of the extended model is that it uses information that reflects 

the underlying disease process. At the same time, it can be argued that presence of these 

markers indicates that the disease is already ongoing and whether it is thus prediction or in 

fact early diagnosis. Nevertheless, our sensitivity analyses excluding the first 4 years of follow 

up showed similar predictive accuracies, suggesting that the effect of early diagnosis as 

opposed to prediction was marginal. Moreover, the ability to identify persons 10 years before 

clinical diagnosis can inform trials aimed at intervening in the earliest phase. Indeed, it is now 

increasingly recognized that preventive or treatment strategies might be more effective when 

targeted to individuals at increased risk of dementia.(166, 170, 173, 201-203) In order to 

target such interventions at those who most likely benefit from it, a reliable way to identify 

individuals at high risk for dementia is needed. The prediction models presented here address 

this gap, and can be used to stratify individuals in future clinical trials.
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Future directions

Absolute 10-year dementia risk thresholds for determining low- and high-risk groups need to 

be established and may depend on the research question at hand, as well as the availability, 

costs, and risks of the intervention. These models can be combined in a two-step design, 

providing opportunities to identify at-risk individuals from the general population with a 

simple yet predictive model. Subsequently, these individuals can be referred to a specialized 

clinical care setting where a more refined risk assessment can be done using the extended 

model. It would be interesting to investigate whether the performance of the basic model 

could be further improved with the addition of a simple blood test, (222) or a brief cognitive 

test, such as the visual association test (223). The extended model could be further improved 

by adding (1) novel imaging modalities such as cerebral microbleeds or data on diffusor 

tensor imaging of the brain, by (2) including rare genetic variants, and functional genom-

ics, or by (3) extending models with more in-depth neuropsychological tests. (224-226) The 

predictive value of other predictors that were available either in the Rotterdam Study or in 

the validation studies could have been interesting to explore. However, in this study, we 

specifically aimed to develop a dementia prediction model and subsequently validate exactly 

that model in these validation studies. Exploring the predictive yield of additional predictors 

would technically lead to the development or extension of another prediction model, which 

subsequently would have to be externally validated again.

Limitations and strengths

The following limitations of this study must be considered. First, we used a regularization 

method (LASSO), that automatically selects and subsequently shrinks effect sizes of impor-

tant predictors. This penalization strategy may have led to some underestimation of predictor 

effects in the development sample, but it increases the likelihood of replication in validation 

studies. Second, this study focused on older adults of predominantly Caucasian descent 

(>97%). Therefore, these models may not generalize to younger individuals or other ethnici-

ties and further validation work in these groups is needed. Third, we developed the models 

in a population-based setting, which matches the primary care setting, but this will likely 

affect model performance when validated or used in selected populations seen in specialized 

clinical care. This was in part reflected by a slightly lower discriminative accuracy in ADNI, 

yet in addition to differences in case-mix (including the homogenous character of this highly 

selected sample), and a relatively high-attrition rate, discrimination remained substantially 

better than in a model based on age alone. Fourth, we used data on brain imaging with 

quantitative parameters, which may influence model performance compared with qualitative 

analyses, such as atrophy and white matter hyperintensity scales. Finally, dementia prediction 

without an effective therapy at hand raises ethical concerns. While such models are unlikely 

to be rolled out into clinical practice before further validation and assessment is undertaken, 

they have shown to be useful for selecting individuals into clinical trials.(19) Strengths of 
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this study include the large sample size and availability of detailed information on a wide 

selection of potential dementia predictors. Moreover, the basic model is based on question-

naire information and therefore simple to use, and requires no further testing or laboratory 

measurements. Finally, the models were well validated, both internally and externally.

In this study, we developed and validated a dementia prediction model providing accurate 

dementia risk stratification and estimation in a general aging population. Addition of cogni-

tive, imaging, and genetic features improved the predictive ability. These models can be used 

to identify individuals at high risk for dementia in the general population and may inform 

future clinical trial design.
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 Figure 1. Flowchart of study participants
Abbreviations: RSS= Rotterdam Scan Study (1995-1996), RS-1, RS-2, RS-3: denote the Rotterdam Study subcohorts.
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Appendix B. Description of predictors

Table 1. Description of predictors

Variables Description

Age at baseline Age range 60-105 years. Age at baseline was calculated as the age at date of MRI scan 
date.

Gender Self-report.

Education The variable education was derived from self-reported history harmonized in years of 
education according to the UNESCO classification.(1) Scale was created using number of 
years.

Body mass index Body mass index.

Systolic blood pressure Systolic and diastolic blood pressures were assessed at the right arm and the mean of two 
measurements was used in the analyses.

Smoking During a structured interview, smoking status was obtained. Smoking was coded for the 
analyses as current smoking or never/past smoking.

Parental history of 
dementia

Participants were questioned about family history of dementia by trained interviewers 
using structured questionnaires.(2)

History of diabetes Diabetes was defined as fasting serum glucose levels ≥ 7.0mmol/L or the use of anti-
diabetic therapy.

History of symptomatic 
stroke

At baseline, history of stroke was assessed by interview and verified using medical records. 
Study participants were continuously followed up for occurrence of incident stroke, by 
digital linkage of the general practitioners’ medical records with the study database.(3) 
Information from GPs and hospital records was collected from participants with a potential 
stroke. Research physicians reviewed the information and an experienced vascular 
neurologist verified the diagnoses according to World Health Organization criteria.(3)

Depressive symptoms A structured interview to screen for depressive symptoms was performed by trained 
interviewers. Participants were screened with the Center for Epidemiologic Studies 
Depression (CES-D) Scale during home interviews. Depressive symptoms were defined as 
present with a CES-D score of (20 item) > 16.(4)

Subjective memory 
complaints

The presence of subjective memory complaints was assessed by question during home 
interviews by trained interviewers: ‘Did you experience more difficulty in remembering?’

Assistance needed 
with money or 
medication

Study participants were enquired about medication use and financial management by 
trained interviewers with a questionnaire about instrumental activities of daily living (IADL).

APOE-ε4 carrier status APOE genotype was determined with an one-stage PCR and bi-allelic TaqMan assay(5, 6)

Word Fluency Test 
(WFT)

Mentioning as many animals as possible within one minute. Latent cognitive skills that are 
tested include the efficiency of searching in long-term memory.(7)

Letter Digit 
Substitution Test (LDST)

Writing down numbers underneath corresponding letters (range 0–125). Latent cognitive 
skills that are tested include processing speed, and executive function.

Stroop interference 
task

Stroop color-word interference task.(8) Naming colors of color names printed in 
incongruous ink color(time in seconds taken). Latent cognitive skills that are tested include 
Interference of automated processing and attention.

Word Learning Test 
(WLT), delayed

15-word verbal learning test based on Rey’s recall of words.(9) Delayed recall of words 10 
min after visual presentation (range 0–15). latent cognitive skills that are tested include 
retrieval from verbal memory.

Hippocampal volume Left and right hippocampal volumes were segmented separately using an automated 
segmentation method as described in detail earlier.(10) The mean volume of the left and 
right hippocampus was used in the analyses.

Total brain volume Total brain volume was defined as the sum of gray matter and total white matter.(11)
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Details on brain imaging

Between 1995 and 1996, brain MRI was performed in the Rotterdam Scan Study on a 

1.5-Tesla MRI System (VISION MR, Siemens AG) and included T1, proton-density and T2 scans. 

In addition, a high-resolution T1, inversion-recovery, 3-D HASTE sequence was acquired. Slice 

thickness was 5mm for T1, T2 and proto-density sequences, and 1.25 mm for the HASTE 

sequence. Pre-processing steps, the segmentation algorithm, and validation results have 

been described previously.(11) Due to the availability of newer MRI techniques and a new MR 

scanner in 2005, the MRIs from participants included in the Rotterdam Study subcohorts RS-

2-2, RS-3-1 and RS-1-5 were performed with a 3D T1-weighted sequence. There was strong 

correlation between volume measurements across the different MRI sequences derived in a 

small subsample to estimate the effect of the different MRI sequences. The measurements 

from both MRI sequences within a short time period were indeed approximately identical. 

Based on common availability and on literature showing strong associations with cognitive 

decline and dementia,(12-15) we selected four MRI measures for analysis including white 

matter hyperintensity (WMH) volume, total brain and hippocampal volume, and infarcts 

(lacunar/cortical). White matter lesion volume was calculated by summing the volumes of all 

white matter lesions detected using an automated postprocessing step based on the fluid-

attenuated inversion recovery image and the tissue segmentation.(16) Left and right hip-

pocampal volumes were segmented separately using an automated segmentation method as 

described in detail earlier.(17) The mean volume of the left and right hippocampus was used 

in the analyses.(10) All segmentations were inspected and manually corrected if required. All 

scans were appraised by trained research physicians blinded to clinical data for the presence 

of lacunar and cortical infarcts. Lacunar infarcts were rated visually as focal hyperintensities 

on T2-images, ≥3 mm in size, and in case of involvement of cortical gray matter, infarcts were 

classified as cortical infarcts. WMH, brain and hippocampal volume were all expressed as a 

percentage of intracranial volume (ICV) to correct for differences in head size.(18)

Table 1. Description of predictors (continued)

Variables Description

White matter 
hyperintensity (WMH) 
volume

White matter hyperintensity volume was calculated by summing the volumes of all white 
matter lesions detected using an automated post-processing step based on the fluid-
attenuated inversion recovery image and the tissue segmentation.

Infarcts Lacunar infarcts were rated visually as focal hyperintensities on T2-images, ≥3 mm in 
size, and in case of involvement of cortical gray matter, infarcts were classified as cortical 
infarcts.

Abbreviations: NA=not applicable, PCR-RFLP=Polymerase Chain Reaction-Restriction fragment length polymorphism, 
GP=general practitioner, and CES-D=Center for Epidemiologic Studies Depression Scale.
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Appendix C. Additional details about the statistical analysis

Appendix table 1. Steps in development

Assumptions/
Modeling Steps

Test/comparison/
predictor

Result Decision

Observation of 
extreme data 
points (outliers)

Boxplots used to 
compare original data 
with truncated data at 
1st and 99th percentile

Some evidence for outliers in the following 
variables: systolic blood pressure, Stroop 
interference task, LDST, Word Delayed Task, 
Word Fluency test, hippocampal volume and 
white matter lesions.

Data winsorized 
at 1st and 99th 
percentile

Linearity 
assumptions 
of continuous 
predictors

Restricted cubic spline 
transformation, 2 to 4 
knots;
LRT test against non-
transformed (linear) 
term and assessed 
visually by plotting the 
Martingale residuals.(19)

Based on BIC values the most parsimonious 
model chosen.

Reject linearity 
assumption; 
age + age2 
appropriate

Proportional 
subdistribution 
hazard 
assumption

-Age
-Age+ Age2

-Remaining predictors

There was no evidence that these assumptions 
were evidently violated.

Valid use of Fine 
& Gray model

Interactions -Age * stroke
-Age * Memory 
complaints
-Age * ADL
-Age * APOE-ε4

BIC worsened, likelihood only modestly 
decreased.

No interactions 
included in the 
model

LASSO penalty Varying LASSO penalty 
(lambda), while 
repeating this approach 
for 200 bootstrap 
samples. Subsequently, 
the most optimal 
penalty was chosen 
based on the BIC values 
of the model.

A consistent selection pattern of predictors 
was observed.

LASSO penalty 
was appropriate.
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Appendix D. Supplementary tables.

Table 1. Baseline characteristics across the development (Rotterdam Study) and validation (EPOZ, ADNI-1) 
studies

Rotterdam
Study
N=2710

Missing
data
(%)

EPOZ
Study,
N=514

Missing
data
(%)

ADNI-1,
N=228

Missing
data
(%)

Age, years 71.2 (8.2) 0 70.8 (6.5) 0 75.9 (4.9) 0

Women 1430 (52.8%) 0 274 (53.3%) 0 110 (48.0%) 0

Education, years* 10 (7-13) 1.0 10 (7-13) 0 16 (14-18) 0

Systolic blood pressure, mmHg 145 (21) 0.3 149 (23) 1.0 134.5 (17) 0

Ever smoking 1884 (69.5%) 1.4 326 (63.4%) 0 85 (37.3%) 0

Current 446 (16.5%) 86 (16.7%) -

History of diabetes 345 (12.7%) 1.7 38 (7.4%) 0 18 (7.9%) 0

History of symptomatic stroke 106 (3.9%) 0 18 (3.5%) 0 3 (1.3%) 0

Depressive symptoms 457 (16.9%) 4.6 39 (7.6%) 1.8 34 (14.9%) 0

Parental history of dementia 185 (6.8%) 19.2 - - 100 (43.9%) 0

Subjective memory decline 903 (33.3%) 4.1 177 (34.4%) 1.2 17 (7.5%) 0

Assistance needed with finance or 
medication

262 (9.7%) 23.8 24 (4.7%) 1.4 13 (5.7%) 0

APOE-ε4 carrier 759 (28.0%) 0 143 (27.8%) 4.7 61 (26.8%) 0

Cognitive tests

Word Fluency Test, words 21 (5) 2.7 21 (5) 0.8 20 (5) 0

Letter Digit Substitution Test, 
letters

28 (7) 2.8 27 (7) 3.7 46 (10) 44.6

Stroop Interference Task, seconds 57 (27) 6.6 56 (22) 2.6 - -

Delayed Word Learning Test, 
words

7 (3) 7.4 6 (3) 0.4 6 (2) 0.8

Imaging markers

Total brain volume, mL 880.1 (126.1) 1.2 839.8 (100.6) 40.1† 1008 (100.5)* 0.9

Mean hippocampal volume, mL 3.7 (0.5) 3.3 2.7 (0.4) 40.1† 3.6 (0.4) 3.1

White matter hyperintensity 
volume, mL**

4.7 (0-143.6) 1.2 1.5 (0-25.6) 40.1† 0.24 (0-25.5) 1.3

Presence of infarcts 410 (15.1%) 0 92 (17.9%) 2.9 18 (7.9%) 0.4

* Including cerebellar volumes. **Median (range) presented because of skewed distribution. †Due to a data storage 
issues, some brain volumes were not correctly archived and could therefore not be processed for analysis. These data 
were most likely missing completely at random, and the distribution of variables was similar across non-imputed and 
imputed datasets. Abbreviations: EPOZ= Epidemiologic Preventive Investigation Zoetermeer, ADNI= Alzheimer’s Dis-
ease, Neuroimaging Initiative, N=number of people at risk, APOE=apolipoprotein E, mL=milliliters.
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Table 2. Frequencies of selected predictors by lasso using 200 bootstrap samples for the basic and extended 
model separately, by including all candidate predictors

Predictor No. times selected by Lasso (%)

Predictor Basic model Extended model

Age 200 (100) 196 (98)

Age2 9 (5) 0 (0)

Sex 16 (6) 43 (22)

Education 18 (9) 11 (6)

History of diabetes 54 (27) 39 (20)

Depressive symptoms 37 (19) 62 (31)

Subjective memory complaints 154 (77) 134 (67)

Systolic blood pressure 30 (15) 22 (11)

Smoking 23 (12) 43 (22)

Parental history of dementia 15 (8) 23 (12)

Assistance needed with finance or medication 141 (71) 141 (71)

History of symptomatic stroke 154 (77) 110 (55)

APOE-ε4 carrier - 199 (99)

Letter Digit Substitution Test - 119 (60)

Word Fluency Test - 193 (97)

Delayed Word Learning Test - 200 (100)

Stroop interference task - 74 (37)

Total brain volume - 199 (99)

Mean hippocampal volume - 200 (100)

White matter hyperintensity volume - 145 (73)

Infarct (cortical / lacunair) - 26 (31)

The selected predictors in the final model are shown in bold.

Table 3. Predictive yield of the basic model when adding each domain (cognitive, genetic, and imaging 
markers) separately

C-statistic (95% CI)

Basic model + cognitive markers 0.84 (0.81;0.86)

Basic model + APOE 0.81 (0.77;0.84)

Basic model + imaging markers 0.83 (0.80;0.86)

Table 4. Model optimism estimated using 200 bootstrap samples

Original (95% CI) Selected and shrunken by 
lasso (95% CI)

Basic model

Optimism (bootstrap estimate – test performance) 0.016 (0.015;0.016) 0.008 (0.007;0.009)

Optimism corrected estimate 0.778 (0.744;0.818) 0.779 (0.745;0.818)

Extended model

Optimism (bootstrap estimate – test performance) 0.015 (0.013;0.017) 0.010 (0.009;0.014)

Optimism corrected estimate 0.854 (0.819;0.887) 0.859 (0.826;0.890)
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Appendix E. Supplementary figure

Table 5. Summary event table with 10-year cumulative incidence of dementia or competing death in the 
Rotterdam Study

Variable Rotterdam Study EPOZ ADNI

Overall dementia events, n 131 36 26

Competing non-dementia death, n 444 120 69

Median follow-up, years (IQR) 6.6 (4.8-8.9) 9.5 (7.6-11.4) 6.3 (2.0-8.0)

Table 6. Cumulative baseline subdistribution hazard for different predicted time horizons

Population 3 years 5 years 10 years

Rotterdam Study 0.0174 0.0305 0.0614

EPOZ 0.0098 0.0355 0.0716

ADNI 0.0336 0.0401 0.1834

 

 

 

 

 

 

Figure 1. 

the calibration plot. 

Figure 1. Calibration plots of the basic (left) and extended (right) models in the EPOZ validation cohort to 
predict 10-year risk of dementia.
In case of perfect calibration all groups of predicted probabilities fit close to the red diagonal line, corresponding to an 
intercept of 0 and a slope of 1 for the calibration plot. Vertical bars in grouped observations represent 95% confidence 
intervals.
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Appendix F. Risk score calculation

Probability of dementia within 10 years:

The baseline cumulative subdistribution hazard refers to a man or woman aged 71 years who 

does not have subjective memory complaints, did not have a clinical stroke, does not need 

assistance with money or medication and whose test results are 6.8 words on the Delayed 

Word Learning Test, 21.1 words on the Word Fluency Test, 28.2 letters on the Digit Letter 

Substitution Test, is not an APOE-ε4 carrier, and has a brain volume of 880.1 mL, with a mean 

hippocampal volume of 3.7 mL and white hypertensity volume of 4.7 mL.

A supplementary excel appendix is available to calculate risks for the extended model.
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Appendix G. STROBE checklist for cohort studies

Item 
No Recommendation

Page

Title and abstract 1 (a) Indicate the study’s design with a commonly used term in the title or 
the abstract

1

(b) Provide in the abstract an informative and balanced summary of what 
was done and what was found

2

Introduction

Background/rationale 2 Explain the scientific background and rationale for the investigation being 
reported

3

Objectives 3 State specific objectives, including any prespecified hypotheses 3

Methods

Study design 4 Present key elements of study design early in the paper 4

Setting 5 Describe the setting, locations, and relevant dates, including periods of 
recruitment, exposure, follow-up, and data collection

4-5

Participants 6 (a) Give the eligibility criteria, and the sources and methods of selection of 
participants. Describe methods of follow-up

5

(b) For matched studies, give matching criteria and number of exposed 
and unexposed

NA

Variables 7 Clearly define all outcomes, exposures, predictors, potential confounders, 
and effect modifiers. Give diagnostic criteria, if applicable

5

Data sources/ 
measurement

8* For each variable of interest, give sources of data and details of methods 
of assessment (measurement). Describe comparability of assessment 
methods if there is more than one group

5-6

Bias 9 Describe any efforts to address potential sources of bias 7

Study size 10 Explain how the study size was arrived at 4

Quantitative variables 11 Explain how quantitative variables were handled in the analyses. If 
applicable, describe which groupings were chosen and why

7

Statistical methods 12 (a) Describe all statistical methods, including those used to control for 
confounding

7-8

(b) Describe any methods used to examine subgroups and interactions 8

(c) Explain how missing data were addressed 8

(d) If applicable, explain how loss to follow-up was addressed 5-6

(e) Describe any sensitivity analyses 8

Results

Participants 13* (a) Report numbers of individuals at each stage of study—eg numbers 
potentially eligible, examined for eligibility, confirmed eligible, included in 
the study, completing follow-up, and analysed

5

(b) Give reasons for non-participation at each stage 5-6

(c) Consider use of a flow diagram 5

Descriptive data 14* (a) Give characteristics of study participants (eg demographic, clinical, 
social) and information on exposures and potential confounders

23

(b) Indicate number of participants with missing data for each variable of 
interest

23

(c) Summarise follow-up time (eg, average and total amount) 9
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Item 
No Recommendation

Page

Outcome data 15* Report numbers of outcome events or summary measures over time 9

Main results 16 (a) Give unadjusted estimates and, if applicable, confounder-adjusted 
estimates and their precision (eg, 95% confidence interval). Make clear 
which confounders were adjusted for and why they were included

24

(b) Report category boundaries when continuous variables were 
categorized

7-8

(c) If relevant, consider translating estimates of relative risk into absolute 
risk for a meaningful time period

10

Other analyses 17 Report other analyses done—eg analyses of subgroups and interactions, 
and sensitivity analyses

10

Discussion

Key results 18 Summarise key results with reference to study objectives 12

Limitations 19 Discuss limitations of the study, taking into account sources of potential 
bias or imprecision. Discuss both direction and magnitude of any potential 
bias

14-15

Interpretation 20 Give a cautious overall interpretation of results considering objectives, 
limitations, multiplicity of analyses, results from similar studies, and other 
relevant evidence

12-14

Generalisability 21 Discuss the generalisability (external validity) of the study results 14

Other information

Funding 22 Give the source of funding and the role of the funders for the present 
study and, if applicable, for the original study on which the present article 
is based

18
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Appendix H. TRIPOD checklist for model development and validation

Section/Topic Item Checklist Item Page

Title and abstract

Title 1 D;V
Identify the study as developing and/or validating a multivariable 
prediction model, the target population, and the outcome to be predicted.

1

Abstract 2 D;V
Provide a summary of objectives, study design, setting, participants, 
sample size, predictors, outcome, statistical analysis, results, and 
conclusions.

2

Introduction

Background 
and objectives

3a D;V
Explain the medical context (including whether diagnostic or prognostic) 
and rationale for developing or validating the multivariable prediction 
model, including references to existing models.

3-4

3b D;V
Specify the objectives, including whether the study describes the 
development or validation of the model or both.

3-4

Method5

Source of data

4a D;V
Describe the study design or source of data (e.g., randomized trial, cohort, 
or registry data), separately for the development and validation data sets, 
if applicable.

5

4b D;V
Specify the key study dates, including start of accrual; end of accrual; and, 
if applicable, end of follow-up.

5-6

Participants

5a D;V
Specify key elements of the study setting (e.g., primary care, secondary 
care, general population) including number and location of centres.

5

5b D;V Describe eligibility criteria for participants. 5

5c D;V Give details of treatments received, if relevant. -

Outcome
6a D;V

Clearly define the outcome that is predicted by the prediction model, 
including how and when assessed.

5-6

6b D;V Report any actions to blind assessment of the outcome to be predicted. 5

Predictors

7a D;V
Clearly define all predictors used in developing or validating the 
multivariable prediction model, including how and when they were 
measured.

5

7b D;V
Report any actions to blind assessment of predictors for the outcome and 
other predictors.

5-6

Sample size 8 D;V Explain how the study size was arrived at. 5

Missing data 9 D;V
Describe how missing data were handled (e.g., complete-case analysis, 
single imputation, multiple imputation) with details of any imputation 
method.

8

Statistical 
analysis 
methods

10a D Describe how predictors were handled in the analyses. 7-8

10b D
Specify type of model, all model-building procedures (including any 
predictor selection), and method for internal validation.

7-8

10c V For validation, describe how the predictions were calculated. 7-8

10d D;V
Specify all measures used to assess model performance and, if relevant, to 
compare multiple models.

10e V
Describe any model updating (e.g., recalibration) arising from the 
validation, if done.

-

Risk groups 11 D;V Provide details on how risk groups were created, if done. -
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Section/Topic Item Checklist Item Page

Development 
vs. validation

12 V
For validation, identify any differences from the development data in 
setting, eligibility criteria, outcome, and predictors.

7,11

Results

Participants

13a D;V
Describe the flow of participants through the study, including the number 
of participants with and without the outcome and, if applicable, a 
summary of the follow-up time. A diagram may be helpful.

6

13b D;V
Describe the characteristics of the participants (basic demographics, 
clinical features, available predictors), including the number of participants 
with missing data for predictors and outcome.

20

13c V
For validation, show a comparison with the development data of the 
distribution of important variables (demographics, predictors and 
outcome).

20

Model 
development

14a D Specify the number of participants and outcome events in each analysis. 10-11

14b D
If done, report the unadjusted association between each candidate 
predictor and outcome.

21

Model 
specification

15a D
Present the full prediction model to allow predictions for individuals (i.e., 
all regression coefficients, and model intercept or baseline survival at a 
given time point).

Suppl

15b D Explain how to the use the prediction model. Suppl

Model 
performance

16 D;V Report performance measures (with CIs) for the prediction model. 10-11

Model-updating 17 V
If done, report the results from any model updating (i.e., model 
specification, model performance).

-

Discussion

Limitations 18 D;V
Discuss any limitations of the study (such as nonrepresentative sample, 
few events per predictor, missing data).

14

Interpretation

19a V
For validation, discuss the results with reference to performance in the 
development data, and any other validation data.

13-14

19b D;V
Give an overall interpretation of the results, considering objectives, 
limitations, results from similar studies, and other relevant evidence.

12-14

Implications 20 D;V
Discuss the potential clinical use of the model and implications for future 
research.

13,14

Other information

Supplementary 
information

21 D;V
Provide information about the availability of supplementary resources, 
such as study protocol, Web calculator, and data sets.

11

Funding
22 D;V

Give the source of funding and the role of the funders for the present 
study.

17

*Items relevant only to the development of a prediction model are denoted by D, items relating solely to a validation 
of a prediction model are denoted by V, and items relating to both are denoted D;V. We recommend using the TRIPOD 
Checklist in conjunction with the TRIPOD Explanation and Elaboration document.





“Ouder worden stelt 
niets voor, 

het gaat vanzelf”

Mw:“Wij zijn inmiddels 65 jaar getrouwd. We 

hebben drie kinderen, en meerdere (achter)

kleinkinderen We hebben samen veel meege-

maakt, en vinden het mooi dat we samen zo oud 

mogen worden.”  

Dhr: “ik voel helemaal niet dat ik zo oud ben. 

Ik vergeet wel eens iets en mijn ogen gaan wel 

achteruit, ik heb overal mijn bril bij nodig en vaak 

ook nog een vergrootglas. Ik had een tumor in 

mijn buik, waarvoor ik een stoma heb, maar 

daar heb ik nu verder niet zo veel last meer van. 

Zo kan ik nog uren wandelen. Vroeger werkte 

ik als keurmeester van veen en vlees. Ik was 15 

toen de Tweede Wereld oorlog begon, met de  

hongersnood hadden wij gelukkig niet direct 

te maken. Zo hadden mijn ouders contacten 

met boeren om zo toch nog aan wat voedsel te 

komen. Mijn moeder is bijna 60 geworden, ze is 

overleden aan kanker. Mijn vader is bijna 87 jaar 

geworden. Eigenlijk is mijn hele familie vrij oud 

geworden. Mijn tantes die ook in de 90 waren,1 

zus en 2 broers, zijn inmiddels ook allemaal in de 

80. Ik was de oudste en dat ben ik nog steeds!” 

(mw:87 jaar, dhr:90 jaar)
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To The ediTor: In recent years, numerous models have been developed to predict the risk 

of dementia for individual persons.(173, 198) Most of these models include sophisticated 

markers that are available only in specialized clinical care settings, such as during neuropsy-

chological tests.(173) Although these tests yield additional value in predicting dementia, they 

are not readily available outside memory clinics, and even memory clinics face various issues, 

as mentioned by Naparstek and colleagues.(227) In view of these shortcomings, we welcome 

the suggestions by Naparstek and colleagues in which they emphasize that the inclusion of 

computerized cognitive tests in predictive models extends their applicability to settings where 

resources are more limited, such as primary care.

For our models, we were unable to consider inclusion of computerized cognitive tests 

because data collection for this study went back to 1995. At that time, computerized cogni-

tive measures were not yet available, and in order to facilitate quantification of change in 

cognition over time, similar procedures were used to assess cognition during subsequent 

study waves. We do acknowledge, though, that repetitive testing is susceptible to learning 

effects. Nevertheless, the time between research center visits within the Rotterdam Study 

generally spans 3–4 years, in part diluting these retest effects. Furthermore, we wholeheart-

edly agree with Naparstek and colleagues that researchers should share data within an open 

science framework. At the same time, the benefits for science of sharing individual partici-

pant data have to be weighed against the potential risks of revealing participants’ identities, 

as recently restated in European legal and ethical regulations.(228) In our case, because of 

these stringent privacy restraints, we were unable to place data from the Rotterdam Study in 

a public repository. Fortunately, efforts are under way to increasingly enable on-site federated 

analyses, thereby maintaining participant privacy.(229)

Finally, we agree that inclusion of computerized cognitive tests in prediction models has 

great potential to support the use of predictive models for dementia in daily clinical practice 

worldwide. To this end, it is important to note that cultural and geographic factors influence 

cognitive testing, which may limit the use of conventional, Western neuropsychological 

tests in culturally and linguistically diverse populations. Therefore, generalizable (computer-

ized) cognitive measures that are culture fair and feasible to use in different settings are 

warranted.(198, 230) These developments will also provide a strong stimulus to meet the 

urgently required translation of existing models to low- and middle-income countries, where 

the largest predicted increases of dementia cases are expected in coming decades.(231) This 

ultimately facilitates accurate identification of individuals at high risk for dementia across the 

globe, which is essential in order to target strategies that intervene in the earliest phase of 

the disease process to postpone or even prevent the onset of dementia.
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3.5
Assessing bias and applicability of 
dementia prediction models
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To The ediTor: With the recent publication of the Prediction model Risk Of Bias ASsessment 

Tool (PROBAST) in the Annals of Internal Medicine, a framework for critical and systematic 

evaluation of prediction models has been established (232). We aimed to assess the feasibil-

ity of PROBAST and whether its results can facilitate model selection for clinical practice. 

We used dementia prediction models as an illustration. Numerous prediction models for 

dementia have been developed (173, 233), yet none of these has been recognized as an 

established model to facilitate targeted preventive efforts or select high risk individuals for 

inclusion in clinical trials. Several systematic reviews on dementia risk prediction models have 

been published, but the internal validity (i.e. bias), and applicability of these models have not 

been systematically evaluated (173, 233, 234).

Following PROBAST, we selected dementia prediction models that have been developed 

and externally validated to identify individuals at high risk in the general population in order 

to facilitate targeted preventive efforts (Steps 1 and 2). We systematically examined the risk 

of bias and concerns regarding the applicability for each of these models (Step 3). Based on 

a previously published literature search on dementia models (updated until Jan 1st, 2019) 

(198, 235), we identified five validated models (Cardiovascular Risk Factors, Aging, and Inci-

dence of Dementia; ANU-Alzheimer’s Disease Risk Index; Brief Dementia Screening Indicator; 

Dementia Risk Score; and The Rotterdam Study model). PROBAST identified high risk of bias 

in three of these models that could compromise their internal validity but raised low concern 

regarding applicability (Step 4). For one model, we identified both high risk of bias and high 

concerns regarding applicability. A single model met all criteria, indicating that there were 

low concerns regarding risk of bias and applicability. Of the four domains in PROBAST (i.e. 

participants, predictors, outcome, and analysis), a high risk of bias in the analysis domain was 

common, being present in four of the five models. Detailed PROBAST assessments for each 

of these models are available upon request.

We conclude that PROBAST facilitates systematic examination and summarizing of the 

quality and applicability of prediction models, and thereby facilitates selection of prediction 

models for clinical use. Importantly, our application of PROBAST revealed methodological 

shortcomings for the majority of dementia prediction models, which may compromise 

reliable risk estimation in clinical practice. These findings highlight that rigorous external 

validation of prediction models is not sufficient to guarantee internal validity.



“Wij zijn inmiddels 65 jaar getrouwd. 

We hebben drie kinderen en meerdere 

achterkleinkinderen. We hebben samen 

veel meegemaakt, en vinden het mooi 

dat we samen zo oud mogen worden.”  

(87 jaar)

“Hij zegt nog elke dag 
dat hij van me houdt”



3.6
Novel biomarkers for dementia
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abstraCt

Background: Cerebrospinal fluid (CSF) biomarkers, including total-tau, neurofilament light 

chain (NfL) and amyloid-β (Aβ), are increasingly being used to define and stage Alzheimer’s 

disease (AD). These biomarkers can be measured more quickly and less invasively in plasma 

and may provide important information for early diagnosis of AD.

Methods: We used stored plasma samples and clinical data obtained from 4,444 non-

demented participants in the Rotterdam study at baseline (between 2002 and 2005) and 

during follow-up until January 2016. Plasma concentrations of total-tau, NfL, Aβ40 and Aβ42 

were measured using the Simoa NF-light and N3PA assays. Associations between biomarker 

plasma levels and incident all-cause and AD-dementia during follow-up were assessed using 

Cox proportional-hazard regression models adjusted for age, sex, education, cardiovascular 

risk factors and APOE-ε4 status. Moreover, biomarker plasma levels and rates of change over 

time of participants who developed AD-dementia during follow-up were compared with 

their age and sex-matched dementia-free controls.

Results: During up to 14 years follow-up, 549 participants developed dementia, including 

374 AD-dementia cases. A log2 higher baseline Aβ42 plasma level was associated with a 

lower risk of developing all-cause or AD-dementia, adjusted hazard ratio (aHR) 0.61 ([95% 

confidence interval (CI) ,0.47-0.78]; p<0.0001) and 0.59 ([95%CI,0.43-0.79]; p=0.0006), 

respectively. Conversely, a log2 higher baseline plasma NfL level was associated with a 

higher risk of all-cause dementia (aHR 1.59 [95%CI,1.38-1.83]; p<0.0001) or AD (aHR 1.50 

[95%CI,1.26-1.78]; p<0.0001). Combining the lowest quartile group of Aβ42 with the high-

est of NfL resulted in a stronger association with all-cause dementia (aHR 9.5[95%CI,2.3-

40.4]; p<0.002) and with AD (aHR 15.7 [95%CI,2.1-117.4]; p<0.0001), compared to the 

highest quartile group of Aβ42 and lowest of NfL. Total-tau and Aβ40 levels were not 

associated with all-cause or AD-dementia risk. Trajectory analyses of biomarkers revealed 

that mean NfL plasma levels increased 3.4 times faster in participants who developed AD 

compared to those who remained dementia-free (p<0.0001), plasma values for cases di-

verged from controls 9.6 years before AD diagnosis. Aβ42 levels started to decrease in AD 

cases few years before diagnosis, although the decline did not reach significance compared 

to dementia-free participants.

Conclusions: This study shows that low Aβ42 and high NfL plasma levels are each indepen-

dently and in combination strongly associated with risk of all-cause and AD-dementia. These 

data indicate that plasma NfL and Aβ42 levels can be used to assess the risk of developing 

dementia in a non-demented population. Plasma NfL levels, although not specific, may also 

be useful in monitoring progression of AD-dementia.
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IntrOduCtIOn

Alzheimer’s disease (AD) is the most common amongst neurodegenerative diseases world-

wide (236). AD is pathologically defined by neurofibrillary tau tangles and amyloid-β (Aβ) 

plaques in the brain, accompanied by progressive neuronal and synaptic loss (237-239). 

Nowadays, AD is diagnosed based on clinical symptoms and cognition tests results, often 

supported by positron emission tomography imaging (PET) of the brain and information 

obtained from biomarkers measured in cerebrospinal fluid (CSF) (144, 240, 241). A preclini-

cal phase of perhaps 20 years or more may precede the clinical diagnosis, in which no or only 

subtle symptoms of AD are seen (205, 242, 243). This gives the opportunity to postpone or 

even prevent further development of AD by intervening on the preclinical phase of disease. 

Such early intervention requires timely identification of individuals at high risk for AD by 

using quantitative biomarkers associated with AD that are relatively simple to obtain and 

non-invasive, and could ideally change in response to an intervention.

CSF levels of Aβ42, tau and more recently, neurofilament light chain (NfL) proteins have 

been linked to AD in previous studies (244-247). Studies in smaller populations have shown 

that these CSF protein levels each individually and in combination, are strongly associated 

with smaller hippocampal volumes (248), AD hallmarks and the clinical onset of AD (244, 

249-251). These proteins can also be determined in serum and plasma (252, 253), and have 

been shown to correlate well with corresponding CSF measures (249, 250, 254, 255). In this 

context, total-tau plasma levels have been shown to improve the prediction of dementia and 

could serve as a potential biomarker for risk stratification in prevention trials (256). In parallel, 

elevated plasma levels of NfL were found in people at genetically determined risk for AD 

compared to controls, even before the onset of symptoms (245). This study also showed that 

repeated measurements of NfL levels over time could distinguish mutation carriers of familial 

AD from non-carriers earlier compared to single plasma levels of NfL obtained at baseline 

(245). Although previous studies have confirmed tau, Aβ and NfL as potentially valuable 

plasma biomarkers for AD risk stratification and early diagnosis, a head-to-head comparison 

of the long-term association with AD in the general population for each individual biomarker 

and their combinations is currently lacking. Moreover, a longitudinal approach with repeated 

measurements of the biomarkers in large numbers of healthy individuals at risk from the start 

of disease incubation and during the long preclinical phase until clinically manifested AD is 

needed to assess the robustness of the biomarkers over time.

In the present study, we firstly investigated whether plasma concentrations of total-tau, 

NfL, Aβ40, and Aβ42 and the Aβ42/Aβ40 ratio independently and in combination are 

associated with incident AD in the prospective population-based Rotterdam Study cohort. 

Secondly, we assessed changes in plasma levels of these biomarkers over time using repeated 

measurements from participants who developed AD after baseline and participants who did 

not develop AD during up to 14 years follow-up.
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materIals and methOds

Within the Rotterdam Study, the baseline to study associations of individual biomarker levels 

with risk of all-cause dementia and of AD-dementia only was defined by the availability 

of -80ºC stored plasma samples obtained from participants during the fourth visit of RS-I 

between January 2002 and July 2004 and the second visit of RS-II between July 2002 and 

December 2005. From this selection of 5,094 participants, with plasma samples available and 

informed consent to access medical records during follow-up, we excluded 55 participants 

without follow-up after this baseline, 77 participants diagnosed with dementia at the baseline 

visit and 518 participants with one or more missing or invalid test results for plasma levels of 

biomarkers (for more details see ‘Measurement of plasma concentrations of biomarkers’). As 

a result, the final sample included 4,444 participants for incident dementia analyses of whom 

demographic and clinical data were recorded at baseline and during follow-up (Table S1), 

for more details about the number of included participants see the flow diagram in Fig. S1.

For the analyses of biomarker trajectories and risk of AD-dementia, we compared changes 

in plasma levels of total-tau, NfL, Aβ40 and Aβ42 over time of participants who were diag-

nosed with AD (cases) to those participants who remained dementia-free during follow-up 

(controls). Each AD case (with known time to disease onset) was matched with a dementia-

free control of the same sex and age (+/-3 years) . The alignment of plasma measurements of 

each dementia-free control was anchored to the time to AD onset of the matched case (for 

more details see ‘Methods: Trajectories of biomarkers’), hence it was particularly important 

to match cases and controls in a one-to-one manner based on age, as the best predictor of 

time to AD.

Measurement of plasma concentrations of total-tau, NfL, Aβ40, and Aβ42

EDTA plasma was sampled, aliquoted and frozen at -80ºC according to standard proce-

dures. Measurements were done in two separate batches; the first batch included in total 

2,000 samples, obtained from a random selection of 1,000 participants from the fourth visit 

of RS-I and 1,000 from the second visit of RS-II. The second batch included in total 3,094 

samples from the remaining participants of these two study waves. All measurements were 

performed at Quanterix (Lexington, MA, USA) on a single molecule array 134 (Simoa) HD-1 

analyzer platform (252). Sample were tested in duplicate. Two quality control (QC) samples 

were run on each plate for each analyte. NfL was measured by using the NF-light advantage 

kit (257). The Simoa Human Neurology 3-Plex A assay (N3PA) was used for measuring the 

concentration of total-tau, Aβ40 and Aβ42. When duplicates or single measurements were 

missing or in the case the concentration coefficient of variation exceeded 20% or control 

samples were out of range, participant’s data were excluded from the analyses.



251

Ascertainment of dementia and AD

Dementia screening and diagnosis in the Rotterdam Study has been described in Chapter 

2.2 of this thesis, and more extensively elsewhere (12). For this study, follow-up until 1st 

January 2016 was virtually complete (95.7% of potential person-years). Within this period, 

participants were censored at date of dementia diagnosis, death, loss to follow-up, or 1st 

January 2016, whichever came first. Detailed information regarding the assessment of 

dementia subtypes, mild cognitive impairment (MCI) and covariates are described in the 

Supplementary Information.

Statistical analysis

Descriptive statistics were used to summarize baseline characteristics of all included par-

ticipants. Means (SD), and counts with percentages, were used to report continuous and 

discrete variables at the baseline visit, respectively. Plasma concentration (pg/ml) of total-

tau, NfL, Aβ40 and Aβ42 were log2 transformed (confirmed by Box Cox screening, see 

Supplementary information) for further analysis in order to comply with the assumption of 

normality in the distribution of the data. This facilitated interpretation of results, for instance, 

each 1 unit increase on the log2 scale is a two-fold increase on the original scale. Pearson 

correlation and linear regression were used to explore the relationship between plasma levels 

and age.

Associations of individual biomarker levels with AD risk

AD only was considered as the study endpoint. Plasma total-tau, NfL, Aβ40 and Aβ42 

were analyzed on a continuous scale and according to quartiles. In each of the two assay 

batches the plasma concentration for each individual protein was ranked and divided into 

four equally sized groups. Group Q1 representing the group with the lowest concentration, 

Q2 the second lowest group, Q3 the second highest group and Q4 the highest group. For 

each protein the groups for both batches were then combined into one variable (of four 

equally sized groups). In standard Cox proportional hazard regression models, time was 

modeled as follow-up time after baseline. The proportional hazard assumption was tested 

by including time-dependent interactions between time after baseline and total-tau, NfL, 

Aβ40, Aβ42 plasma levels and the Aβ40/Aβ42 ratio (all log2 transformed) on the risk for AD. 

We used a linear interaction between time and plasma proteins. In sensitivity analyses, we 

repeated the biomarker analyses among cognitively unimpaired participants, by excluding 

participants with MMSE score of less than 26 or a MCI diagnosis at baseline, to evaluate 

whether plasma protein levels were still associated with development of AD. All analyses 

were repeated without adjusting for batch number. We used the cause-specific cumulative 

incidence function to translate results to absolute risks for AD according to age for each of 

the marker quartile groups. To overcome issues of competing risks, we analyzed the data 

considering the occurrence of competing events by computing cumulative incidence as left 
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truncated data, with age as the time scale. Observation time started at the participants’ age 

at the date of sampling and ended at age of diagnosis of AD, death, loss to follow-up or end 

of the study, whichever came first (258, 259). Death and dementia other than AD only were 

treated as competing events (260).

Associations of combined biomarkers with risk of AD

We investigated the association of combined plasma protein levels and AD by including an 

interaction term for the quartile group analysis as well as the analysis on a continuous scale. 

Significance of multiplicative interaction on a continuous scale and using the 4 equally sized 

groups, was tested using the χ2 likelihood test using Wilk’s approximation.

For both the individual plasma proteins as well as for their combinations, we used the fol-

lowing models for adjustment. In a first model (Model I), we adjusted for age (using a linear 

and a quadratic term), sex, and assay batch number. In a second model (Model II), we further 

adjusted for baseline educational level, cardiovascular risk factors (smoking status, systolic 

blood pressure, total and high-density lipoprotein (HDL) cholesterol, body mass index, history 

of diabetes, and stroke or coronary heart disease [CHD]) and APOE-ε4 status (i.e. presence 

of 0, 1 or 2 APOE-ε4 alleles). Measurements of systolic blood pressure and total and HDL 

cholesterol were missing in 3, 3 and 12 participants, respectively, in which case we imputed 

the mean, conditional on age and sex. In a third model (Model III), we additionally adjusted 

for plasma levels of all other proteins.

Trajectories of AD biomarkers

Linear mixed models with random intercepts and slopes were used to estimate trajectories 

of log2 plasma levels of total-tau, NfL, Aβ40, Aβ42 on a population-level for those who did 

develop AD and the age and sex matched participants who did not. Time from measure-

ment to diagnosis was calculated for those who developed AD. For the non-AD controls we 

used an index-date that corresponds to the date of diagnosis of the AD cases in order to 

calculate follow-times. To compare time to AD diagnosis with time to index-date, the time of 

conversion to AD was subtracted from the time to index-date for each age and sex matched 

pair of AD/non-AD diagnosis. We included age at baseline for baseline measurements and 

age at visiting the research center for follow-up measurements and sex in a primary model, 

and additionally extended this model with educational level and APOE-ε4 carrier status. As 

a complementary analysis, we assessed the rate of change of AD associated proteins on an 

individual level to examine non-linearity as a function of disease progression among those 

with two or more biomarker measurements. A rate (‘slope’) of change for each individual 

was extracted from a linear mixed effects model, which included an interaction term be-

tween time and case/control to allow different rates for cases compared to controls over 

time. Individual rates of change were then regressed on time from the first measurement 

taken in cases or controls to conversion or index-date, respectively. In addition, we modelled 
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the trajectories of AD associated plasma protein levels on age as time scale. In this analysis, 

we adjusted for all of these covariates, and instead of time to diagnosis used age of visiting 

the center as timescale.

All analyses were done at the signifi cance level of 0.05 (2-tailed) using SAS version 9.4, 

SPSS Statistics version 24.0.0.1 (IBM Corp., Armonk, NY) and R version 3.4.3, using the 

‘survival’, ‘npsurv’, ‘rstan’, ‘lme4’ and ‘rms’ packages.

results

A total of 4,444 participants were included in the analysis for the risk of dementia with an 

average age at baseline of 71.9 (SD, 7.5) years, 2,555 (57.5%) of participants were women 

(Table 1). The highest level of attained education varied, with 11.1% that only attained pri-

mary education and 43.5% with a lower/intermediate general education or lower vocational 

education. The median baseline MMSE score was 28 (interquartile range 26-30) and 424 

participants (9.5%) had a MMSE score below 26. At baseline, 419 participants (9.4%) had 

MCI and 114 (25.7%) were APOE-ε4 carriers (homozygous plus heterozygous).

Mean baseline plasma levels of total-tau, NfL, Aβ40 and Aβ42 measured in the 4,444 

participants were 2.6 (SD, 2.3), 16.0 (SD, 12.9), 266.0 (SD, 55.0) and 10.7 (SD, 3.0) pg/ml, 

respectively (Table 1). NfL and Aβ40 plasma levels increased with age (Pearson coeffi cient 

r=0.59 and r=0.38, respectively, all p<0.0001; Figure 1). Correlations with age were much 

weaker for total-tau (r=0.09, p<0.0001) and Aβ42 plasma levels (r=0.17, p<0.0001). Plasma 

levels of Aβ40 and Aβ42 were correlated (r=0.59, p<0.0001, Table S4) as was the case for 

Aβ42 plasma levels and the plasma Aβ42/Aβ40 ratio (r=0.67, p<0.0001). Plasma levels of 

NfL were correlated with those of Aβ40 (r=0.49, p<0.0001) and Aβ42 (r=0.33, p<0.0001).
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Figure 1. Correlation of plasma levels of total-tau, NfL, Aβ40 and Aβ42 with age
Individual plasma total-tau, NfL, Aβ40, and Aβ42 levels (pg/ml) and age. The black line represents the mean obtained by 
regressing each biomarker on age. r= Pearson correlation coeffi cient; p-value for each biomarker < 0.0001.
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Table 1. Baseline characteristics of the participants

Variable Study population (N=4,444)

Age 71.9 (7.5)

Women 2555 (58)

MMSE* 27.8 (2)

 <= 20 30 (1)

 21-25 394 (9)

 26-29 3328 (75)

 30   652 (15)

Mild cognitive impairment (MCI)* 419 (9)

Education Level  

 Primary education 493 (11)

 Lower-intermediate education level 1931 (44)

 Intermediate-higher level 1342 (30)

 Higher-university education level 614 (14)

APOE-ε4  

 0 alleles 3083 (69)

 1 allele 1066 (24)

 2 alleles 77 (2)

Smoking  

 Never 1306 (29)

 Former 2379 (54)

 Current 673 (15)

Body mass index (BMI), kg/m2 27.6 (4)

 < 18.5 23 (1)

 18.5-25.0 1132 (26)

 25.0-30.0 2156 (49)

 30.0-35.0 827 (19)

 >35.0  216 (5)

Total cholesterol, mmol/L 5.6 (1)

HDL cholesterol, mmol/L 1.5 (0.4)

Systolic blood pressure, mmHg 149.1 (21.1)

Diastolic blood pressure, mmHg 79.7 (10.9)

Coronary heart disease (CHD) 431 (10)

Diabetes 581 (14)

Stroke 197 (4)

Biomarker plasma levels, pg/ml Mean SD Interquartile range Min Max

 Total-tau 2.6 2.3 1.9-3.0 0.4 141.4

 Neurofilament light (NfL) 16.0 12.9 10.0-18.3 3.4 390.8

 Amyloid-β40 266.0 55.0 230.5-294.1 52.4 614.6

 Amyloid-β42 10.7 3.0 8.9-12.1 0.5 94.2

Non-imputed data presented as frequency (percent) for categorical values and mean ± SD   for continuous variables, 
unless indicated otherwise. Data at baseline were virtually complete (<5.0% missing).
*Ascertainment mild cognitive impairment (MCI): see supplemental information
MMSE, Mini-Mental State Examination; N, Number; HDL, High-density lipoprotein; SD, Standard deviation. 
APOE=apolipoprotein E. 
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During a total follow-up time of 40,577 person-years, 549 individuals developed dementia 

(12.4%). The median follow-up time from baseline to dementia diagnosis was 6.7 years 

(interquartile range: 3.4-9.1 years). Among those, AD-dementia was diagnosed in 374 (68%) 

participants after a median of 6.6 years (interquartile range: 2.9-9.0 years). Possible AD and 

AD plus cardiovascular disease (CVD) were diagnosed in 75 (13.7%) participants and were 

not included in the analyses with AD as end-point as was the case for the remaining 100 

(18.2%) individuals who were diagnosed with vascular dementia, Parkinson dementia, or 

an undetermined type of dementia (Fig. S1). Median follow-up for those who remained 

alive and dementia-free was 11.2 years (interquartile range: 10.8-12.1), with a maximum 

follow-up of 13.9 years.

Associations of plasma total-tau, NfL, Aβ40 and Aβ42 levels with risk of 
all-cause and AD-dementia

A log2 higher concentration of NfL in plasma measured at baseline was associated with an in-

creased risk for developing all-cause dementia (HR 1.54 [95%CI, 1.34-1.75]; p<0.0001), and 

for AD-dementia (HR 1.49 [95%CI, 1.27-1.74]; p<0.0001), while adjusting for age, sex and 

assay batch number (Model I; Table 2). In the same model, a log2 higher Aβ42 concentration 

in plasma was associated with a decreased the risk for all-cause dementia (HR 0.60 [95%CI, 

0.49-0.74]; p<0.0001) and for AD-dementia (HR 0.60 [95%CI, 0.47-0.76]; p<0.0001). After 

further adjustment for all other biomarkers, educational level, cardiovascular risk factors and 

APOE-ε4 status (Model III), the association between development of all-cause dementia and 

a log2 increase of baseline plasma NfL (HR 1.59 [95%CI, 1.38-1.83]; p<0.0001) and Aβ42 

(HR 0.61 [95%CI, 0.47-0.78]; p<0.0001) remained nearly identical (Table 2). Similar patterns 

were observed for AD-dementia (Table S5). In addition, baseline log2 Aβ42/Aβ40 ratios were 

significantly associated with risk of developing all-cause and AD-dementia in the first, age, 

sex and batch adjusted analysis (HR 0.53 [95%CI, 0.42-0.68] and HR 0.52 [95%CI, 0.39-

0.70], respectively; p<0.0001) and after further adjustment in model III (HR 0.63 [95%CI, 

0.48-0.82] and HR 0.62 [95%CI, 0.45-0.85], respectively; p <0.005). In contrast, baseline 

total-tau and Aβ40 plasma levels were not significantly associated with risk for all-cause or 

AD-dementia (Table 2 and Table S5). Repeating the analyses without adjusting for batch 

number did not meaningfully change effect estimates (Table S6). Associations of plasma 

levels of biomarkers with other types of dementia are presented in Tables S7 and S8, showing 

increase of baseline NfL levels to be associated with vascular dementia (HR 1.95 [95%CI, 

1.19-3.20]; p=0.008) and with other subtypes of non-AD dementia (HR 1.78 [95%CI, 1.18-

2.68]; p=0.006).

To evaluate whether plasma levels of NfL and Aβ42 were still associated with develop-

ment of all-cause and AD-dementia in cognitively unimpaired participants at baseline, we 

repeated the analysis excluding 742 (16.7%) individuals who had a baseline MMSE score of 

less than 26 or a MCI diagnosis from the analysis. Of the remaining 3,702 participants, 357 
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developed dementia including 239 cases of AD-dementia. The HR for all-cause dementia 

per log2 increase of NfL was 1.70 (95%CI, 1.40-2.06) and for Aβ42 was 0.56 (95%CI, 

0.40-0.76). Similar results were found for AD, with a HR per log2 increase of NfL of 1.64 

(95%CI, 1.29-2.09) and for Aβ42 of 0.60 (95%CI, 0.41-0.89), which are very similar to those 

obtained from the main analyses.

Next, we ranked the baseline plasma levels of total-tau, NfL, Aβ40, Aβ42 and Aβ42/Aβ40 

ratio and divided them according to quartiles into four equally sized groups (Q1, Q2, Q3, Q4 

with Q1 the group with the lowest plasma concentrations) and compared Q2, Q3 and Q4 

to Q1 as reference. The risk for all-cause dementia showed a gradual increase per quartile 

group of plasma NfL (p<0.0001) with a HR of 2.70 (95%CI, 1.85-3.85) for Q4 compared to 

Q1 (Figure 2 and Figure 3). Similar patterns were found for AD (HR 3.28 [95%CI, 2.05-

5.24]; p<0.0001) (Fig. S2). Moreover, the risk for all-cause and AD-dementia significantly 

decreased per quartile group of Aβ42 (p<0.0001 for both). Although there was a significant 

association between quartile groups of total-tau and the risk of all-cause and AD-dementia 

(p=0.003 and 0.005, respectively ), trends were not consistent (Figure 2, Figure 3 and 

Fig. S2). Quartile groups of increasing Aβ40 were not significantly associated with all-cause 

dementia (p=0.07) or AD-dementia (p=0.12). Repeating the analyses without adjusting for 

batch number did not meaningfully change the effect estimates (Table S9).

Table 2. Association of plasma total-tau, NfL, Aβ40 and Aβ42 levels and the Aβ42/Aβ40 ratio with Alzheim-
er’s disease

Biomarker

Association with Alzheimer’s disease

Model I Model II Model III

Hazard Ratio 
(95%CI)

p-value
(Overall)

Hazard Ratio
(95%CI)

p-value
(Overall)

Hazard Ratio
(95%CI)

p-value
(Overall)

Tau (per log2 pg/ml increase) 1.17 
(0.93, 1.46)

0.18 1.16 
(0.91, 1.47)

0.23 1.07 
(0.84, 1.35)

0.58

NfL (per log2 pg/ml increase) 1.49 
(1.27, 1.74)

<0.0001 1.65 
(1.39, 1.97)

<0.0001 1.50 
(1.26, 1.78)

<0.0001

Aβ40 (per log2 pg/ml increase) 0.81 
(0.55, 1.17)

0.27 0.77 
(0.52, 1.14)

0.19 0.78
(0.48, 1.27)

0.31

Aβ42 (per log2 pg/ml increase) 0.60 
(0.47, 0.76)

<0.0001 0.64 
(0.49, 0.84)

0.001 0.59 
(0.43, 0.79)

0.0006

Aβ42/Aβ40 ratio 0.52 
(0.39-0.70)

< 0.0001 0.62 
(0.45, 0.86)

0.003 0.62 
(0.45, 0.85)

0.003

Model I: Adjusted for age, sex and assay batch number.
Model II: Additional adjustment for highest level of education, smoking status, systolic blood pressure, total and high-
density lipoprotein cholesterol (HDL), body mass index (BMI), history of diabetes, stroke and coronary heart disease 
(CHD), and APOE-ε4 status.
Model III: Adjusted for all plasma biomarkers and further for age, sex, smoking status, systolic blood pressure, total 
and high-density lipoprotein cholesterol (HDL), body mass index (BMI), history of diabetes, stroke and coronary heart 
disease (CHD), and APOE-ε4 status.
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Association of combined plasma levels of NfL and Aβ42 with risk of all-
cause and AD-dementia

We observed that 41 (30.4%) of the 135 participants in the highest (Q4) quartile group for 

NfL combined with the lowest (Q1) quartile group of Aβ42 developed all-cause dementia, of 

whom 28 with AD-dementia. In contrast, only 2 (1.9%) incident case of all-cause dementia 

was found in the 107 participants in the lowest (Q1) quartile group for NfL in combina-

tion with highest (Q4) quartile group for Aβ42 (Table S11). The hazard ratio for developing 

all-cause dementia was 9.5 (95%CI, 2.3-40.4; p=0.0022), and for AD-dementia was 15.7 
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Figure 3. Cause-specifi c incidence curves showing the incidence of all-cause dementia across age for  total-
tau. NfL, Aβ40, Aβ42, and Aβ42/Aβ40 ratio
P-value for test for equality of the cause-specifi c cumulative incidence curve between the 5 groups: Total-tau (p=0.3087), 
NfL (p=0.0162), Aβ40 (p=0.0012), and Aβ42 (p<0.0001) and Aβ42/Aβ40 ratio (p<0.0001). Plasma levels are catego-
rized into equally sized groups using quartiles (lowest group, Q1: black, Q2: brown, Q3: blue and Q4: green line). In 
total, 549 individuals had a diagnosis of all-cause dementia and 1,229 individuals had death as a competing event. 
The remaining 2,666 individuals were censored. Numbers represent the total number per quartile at risk for all-cause 
dementia at a given age.
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Figure 2. Association of plasma total-tau, NfL, Aβ40 and Aβ42 levels and Aβ42/Aβ40 ratio with all-cause 
dementia
A) Forest plots showing hazard ratios for all-cause dementia and 95%CI per quartile of plasma levels (pg/ml) of total-
tau, NfL, Aβ40, Aβ42, and Aβ42/Aβ40 ratio, with the lowest quartile (Q1) as reference group. Hazard ratios were 
obtained from the Cox proportional hazard models that were adjusted for age, sex, assay batch number, systolic blood 
pressure, total and HDL cholesterol, smoking status, highest level of education, body mass index, APOE-ε4 status, his-
tory of diabetes, stroke and coronary heart disease.
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(95%CI, 2.1-117.4; p<0.0001), when highest quartile group of NfL was combined with 

lowest quartile group of Aβ42 and compared to the combination of lowest quartile group 

of NfL and highest quartile group Aβ42 (Figure 4). NfL and Aβ42 were each independently 

associated with the risk of developing all-cause dementia and AD-dementia since tests for 

interaction between NfL and Aβ42 were not significant (p=0.15 and p=0.34, respectively, 

when NfL and Aβ42 were modeled on the continuous log2 scale). However, confidence 

intervals of HRs for each of the 16 quartile NfL-Aβ42 combinations were wide due to the 

smaller numbers in each combination.

Plasma NfL and Aβ42 trajectories during the development of AD-dementia

Since results for all-cause dementia and the largest subgroup of AD-dementia were shown to 

be nearly identical, we focused on the latter for our study on changes in plasma concentra-

tions of biomarkers, in particular NfL and Aβ42, over time. Mean trajectories and 95%CIs 

for plasma NfL and Aβ42 levels, along with their corresponding individual-level rates of 

change, were compared between the 374 participants who developed AD-dementia and 

the 374 age- and sex-matched controls who remained dementia-free during the follow-up 

time (Figure 5). Plots of other biomarkers are shown in the supplementary material (Fig. S3). 

Participants contributed one to three plasma measurements over time.

Figure 4. Hazard ratios for all-cause and AD-dementia per quartile of plasma Aβ42 and NfL combined
Bars show the hazard ratios (HRs) for all-cause dementia (A) and for AD-dementia (B) per quartile of plasma NfL and 
Aβ42, with the combination of the highest quartile group (Q1) of Aβ42 and the lowest quartile group (Q4) of NfL as 
reference group (HR = 1.0). Hazard ratios were obtained with the Cox proportional hazard model adjusted for age, 
sex, assay batch number, highest level of education, smoking status, systolic blood pressure, total and HDL cholesterol, 
body mass index, history of diabetes, stroke and coronary heart disease and APOE-ε4 status. There were no significant 
interactions between Aβ42 and NfL for all-cause dementia (p=0.15) and for AD-dementia (p=0.32), suggesting that the 
association between Aβ42, NfL and the risk of dementia is independent of each other.
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Plasma NfL increased linearly for both AD-dementia cases and dementia-free controls 

(Figure 5A). The change of NfL per year was 3.4 times faster for participants who developed 

AD-dementia (log2 0.04 pg/ml [95% CI,0.02-0.06]) compared to those who did not (log2 

Figure 5. Longitudinal changes of plasma NfL and Aβ42 levels and their rates of change over time before 
and after AD-dementia diagnosis
A) Trajectories of plasma NfL levels on a population-level are shown for AD-dementia cases and dementia-free controls. 
B) Trajectories of plasma Aβ42 levels are shown for AD-dementia cases and dementia-free controls. The yellow and 
blue lines depict estimated means of plasma levels based on repeatedly measured biomarkers for 374 AD-dementia 
cases and their age- and sex-matched controls, respectively. Dotted lines represent 95%CI. Background shaded dots 
are coloured accordingly and denote single measurements corresponding to data where models were fit upon. C) Rate 
of change of plasma NfL at the individual level for AD-dementia cases compared to dementia-free controls. D) Rate of 
change of plasma Aβ42 at the individual level for AD-dementia cases compared to dementia-free controls. For these 
analyses, a log2-transformed rate of change was estimated for those participants that had two or more biomarker mea-
surements. One data point reflects the rate of change for each of these individuals, anchored at the time since disease 
diagnosis relative to first biomarker measurement. Analyses with linear mixed effect models were adjusted for age at 
baseline, sex, APOE-ε4 status, time between baseline measurement and disease onset and the interaction with case 
or control status. Rate of change derived from the population-level (panels A and B) are different compared to those 
derived from the individual-level analysis presented in panels C and D, since population-level analyses are based on the 
entire sample, and individual level analysis required multiple measurements and were therefore only done among those 
participants that contributed two or three measurements.
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0.01 pg/ml [95% CI, 0.00-0.02], p for interaction < 0.0001). A significant difference in 

the rate of change between cases and controls was also found in the individual-level rate 

of change analysis among those with two or more measurements (p < 0.0001). Absolute 

plasma NfL levels in participants who developed AD-dementia were estimated to start at 

14.62 pg/ml (95% CI,13.33-16.03) 13 years before diagnosis compared to 15.93 pg/ml 

(95% CI,14.63-17.35) for dementia-free controls. A subsequent faster rate of change for 

cases led to a higher absolute value of NfL at the time of AD-dementia diagnosis, 20.77 pg/

ml (95% CI,19.21-22.42) compared to 17.66 pg/ml (95% CI,16.50-18.93) for controls at 

the time of index-date, and 13 years thereafter 29.49 pg/ml (95% CI, 25.22-34.47) for cases 

compared to 19.60 pg/ml (95% CI,17.53-21.93) for controls.

The mean plasma NfL concentration found over time in the AD cases started to deviate 

from the mean concentration found in the dementia-free controls at 9.6 years prior to AD 

diagnosis or index-date (Figure 5A). On an age scale, absolute plasma NfL levels in the 

participants who developed AD began to deviate from those remained dementia-free from 

a mean age of 60.3 years on (Fig. S4). Furthermore, the effect of time on the rate of change 

of plasma NfL did not reach statistical significance (Figure 5C), indicating that the changes 

in NfL plasma levels do not accelerate or decelerate over time.

In those who developed AD-dementia and those who did not, mean plasma Aβ42 levels 

declined and their rates of decline were not significantly different (log2 -0.01 pg/ml per year 

[95% CI, -0.02,0.00] for cases and [95% CI, -0.01, 0.00] for controls, p=0.189) (Figure 

5B). On average, plasma Aβ42 levels in participants who developed AD-dementia declined 

from 11.03 (95% CI,10.47- 11.62) around 13 years before diagnosis to 10.08 (95% CI, 

9.66-10.53) at the time of diagnosis. In controls, Aβ42 levels declined from 11.10 (95% 

CI,10.63-11.58) to 10.61 (95% CI,10.29-10.96) over the same period. After diagnosis or 

index-date, the levels declined further to 9.22 (95% CI, 8.37-10.15) for cases and 10.15 

(95% CI, 9.52-10.81) for controls. A significant (p=0.038) difference was found at the 

individual-level rate of change in those who developed AD-dementia and those who did 

not, however, the effect size was negligible (Figure 5D). As with plasma NfL, there was no 

evidence of non-linearity in the changes of Aβ42 over time.

In parallel analyses on an age-scale, we observed significantly different effects of increasing 

age on plasma NfL levels between AD-dementia cases and dementia-free controls for Aβ40 

and Aβ42/Aβ40 ratio (p=0.010 and p=0.045, respectively), although absolute differences 

were negligible (Fig. S4). The effects of increasing age on plasma total-tau and Aβ42 levels 

were not significant (both p > 0.5) (Fig. S4).
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dIsCussIOn

Within this large prospective population-based cohort study, we investigated whether 

plasma levels of total-tau, NfL, Aβ40 and Aβ42 were associated with incident AD while 

the condition is still in its preclinical phase. We demonstrated that independent of age, sex 

and APOE-ε4 carrier status, high plasma levels of NfL and low plasma levels of Aβ42 are 

each independently associated with an increased risk of developing AD during 13.9 years of 

follow-up. When combined, high plasma NfL and low plasma Aβ42 levels showed an even 

stronger association with risk for AD. Our analysis of the rate of changes in plasma levels of 

biomarkers further showed a stable increase of NfL and a decrease of Aβ42 in those who 

developed AD, plasma levels start to deviate from the levels found in those who did not 

develop AD approximately 10 years prior to AD diagnosis. Plasma levels of total-tau did not 

show a consistent association with risk for AD and trajectories found in participants who 

developed AD was not different from those who did not. Aβ40 levels increased with age but 

were not associated with AD risk.

Associations of total-tau, NfL, Aβ40 and Aβ42 levels in CSF with AD have been established 

previously in case-control comparisons (261). In a meta-analysis, Olsson and colleagues 

showed that high levels of tau and NfL and low levels of Aβ42 in CSF are strongly associated 

with clinically diagnosed AD (244). Plasma levels of tau, but not Aβ40 and Aβ42, were also 

shown to be associated with AD. Earlier, we reported high Aβ40 in combination with low 

Aβ42 plasma levels to be associated with risk for AD (248, 262). In the present study, we 

found that higher NfL and lower Aβ42 plasma levels are significantly associated with incident 

AD. However, we did not find a clear association between plasma total-tau levels and AD 

risk, which is in line with results from a memory clinic recently reported by Verberk and 

colleagues (263). Mattson and colleagues found plasma tau to be significantly associated 

with worse cognition, atrophy and hypo-metabolism during follow-up in the ADNI study 

(251). Association of plasma total-tau with incident all cause dementia and with AD was also 

reported from the participants of the Framingham Heart Study (256), suggesting usage for 

improved risk stratification at a population level. These contradictory results may signal that 

plasma total-tau is a non-specific marker (256, 264, 265) or a relatively late marker for the 

risk of developing AD (251).

Our findings on the association between plasma levels of NfL in a dementia-free popula-

tion and development of AD are in line with cross-sectional studies done in ADNI (250, 254), 

where significant differences were found between AD and cognitive normal controls, but 

also between controls and MCI, indicating that the plasma NfL level is altered in a stage of 

AD where early clinical symptoms and cognitive decline become noticeable. We also found 

that the association between NfL and AD is strongest for shorter follow-up and gradually 

declines as the duration of follow up increases. The results from our longitudinal analysis 

of NfL plasma levels that start to increase about 10 years before AD diagnosis appear to 
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confirm this. These results may indicate that NfL is a marker of progressive myelinated axonal 

damage that develops in the mid to late stage of the pre-clinical phase of AD when people 

are incubating the disease (52, 257). Notably, individuals in this stage of disease development 

respond better to potential therapies for AD than those with symptomatic disease, suggest-

ing NfL as a promising biomarker to detect both degeneration at earlier stages of AD and 

response to treatment (246, 249, 266, 267).

In this study, Aβ42 plasma levels declined over time in the participants who developed 

AD, although the difference was not significant when compared to participants who did not 

develop AD during follow-up. This might suggest that Aβ42 is a marker earlier in AD incuba-

tion. In this line, previous studies have postulated that the plasma Aβ levels are increased 

before the onset of sporadic AD (268, 269).

Furthermore, our results indicate that baseline plasma NfL levels could be used to identify 

those asymptomatic individuals that are at significant risk of developing AD within a decade. 

However, increased CSF and plasma levels of NfL are also observed in other neurodegen-

erative diseases than AD (254). In our study higher plasma NfL, but not Aβ42, levels were 

associated with risk of vascular and other dementias, although absolute numbers were small. 

We explored the association with incident AD of the combination of plasma levels of NfL and 

Aβ42. We found a strong association when we combined quartile groups of NfL with those 

of Aβ42 and compared all 15 combinations to the one that included the lowest NfL and the 

highest Aβ42 levels. These results should be interpreted with caution because confidence 

intervals are wide due to the small numbers in each of the biomarker combinations. At the 

same time, this may signal that when combined, NfL and Aβ42 may be even more useful in 

identifying individuals at high risk of AD.

Finally, our results revealed that rising plasma NfL and declining plasma Aβ42 trajectories in 

participants who developed AD with concentrations start to deviate about 10 years prior to 

AD diagnosis. These results may allow for modelling dynamics of plasma marker levels in ad-

dition to those in CSF (270), establishing NfL and Aβ42 as stable biomarkers while taking into 

account their plasma variability over time. Our analysis of individual-level rates of change in 

biomarkers compliments the longitudinal modelling of their trajectories in two ways. Firstly, 

it provides clear evidence for the reasons for divergence in plasma NfL levels observed 10 

years before disease onset in the modelling of trajectories by way of significantly differ-

ent individual-level rates of change, on average, between cases and controls. Secondly, the 

increasing rates of change over time within cases and controls (although this did not reach 

statistical significance) may suggest that very non-linear relationships may exist between 

plasma biomarkers and disease progression. Such hypothesized non-linear relationships 

would likely need to be characterized over a much longer period of time, ideally utilizing 

plasma measurements from longer periods prior to disease onset. The findings presented in 

the current study may guide the design of future clinical trials that aim at testing potential 
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preventative and therapeutic AD agents using biomarker stratification, as is laid out recently 

by the FDA (271).

This study has the following limitations that need to be considered for the interpretation 

of reported results. First, we were unable to compare results of our measurements in plasma 

with those in CSF of the same participants, as CSF is not systematically collected in the 

population-based Rotterdam Study. Second, AD has been consistently diagnosing according 

to the clinical NINCDS–ADRDA criteria in the Rotterdam Study, while new frameworks for 

(preclinical) AD diagnoses have been introduced, such as the NIA-AA research framework. 

The main strength of our study is that it is based on data obtained from dementia-free 

participants in a large population-based prospective cohort study with long follow-up.

Collectively, we found that higher levels of NfL and lower levels of Aβ42 plasma con-

centrations are each independently and in combination strongly associated with a higher 

risk of developing AD. Repeated measurements over time indicated that increasing NfL and 

decreasing Aβ42 levels in plasma may occur already at 10 years prior to AD diagnosis. These 

findings confirm that NfL and Aβ42 can potentially be used to stratify and monitor individu-

als at risk for AD while still in its preclinical stage.
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suPPlementary materIal

Ascertainment of various types of dementia

Participants were screened for dementia at baseline and subsequent center visits with the 

Mini-Mental State Examination and the Geriatric Mental Schedule organic level 1,2. Those 

with a Mini-Mental State Examination score < 26 or Geriatric Mental Schedule score > 0 

underwent further investigation and informant interview, including the Cambridge Examina-

tion for Mental Disorders of the Elderly. All participants also underwent routine cognitive 

assessment. In addition, the entire cohort was continuously under surveillance for dementia 

through electronic linkage of the study database with medical records from general practi-

tioners and the regional institute for outpatient mental health care. This provided detailed 

information and was used for diagnosis of dementia and for accurately determining time of 

disease onset. Available information on cognitive testing and clinical neuroimaging was used 

when required for diagnosis of dementia subtype. A consensus panel led by a consultant 

neurologist established the final diagnosis according to standard criteria for dementia (DSM-

III-R), Alzheimer disease (NINCDS–ADRDA) and vascular dementia (NINDS-AIREN).

AD+CVD and vascular dementia. Participants who have a clear description of (cortical) 

infarction in CT or MRI report retrieved from record linkage with general practitioner (GP) 

medical records, or (specialized) outpatient clinic letters. When more than one lacunar lesion 

is present or mentioned in the imaging report, this is regarded sufficient to consider the 

involvement of brain CVD lesions. Additionally, a clinical presentation must be present that 

matches the AD profile, according to official criteria. Finally, there should be no indication for 

a direct time relationship (>3 months) between the symptoms of the vascular brain lesions 

and the clinical onset of the dementia syndrome, then instead consider the diagnosis vascular 

dementia (VaD).

Parkinson disease. Participants were screened in the baseline and follow-up examinations 

for cardinal signs of parkinsonism (i.e., resting tremor, cogwheel rigidity, hypo- or bradyki-

nesia, or impaired postural reflexes). Persons with at least one sign present are examined 

with the Unified Parkinson’s Disease Rating Scale (UPDRS) and a further neurologic exam. 

Parkinson’s Disease is diagnosed if two or more cardinal signs are present in a subject not 

taking antiparkinsonian drugs (ATC code N04), or if at least one sign has improved through 

medication, and when all causes of secondary parkinsonism (dementia, use of neuroleptics, 

cerebrovascular disease, multiple system atrophy, or progressive supranuclear palsy) can be 

excluded.

Possible Alzheimer disease. Participants with a progressive, serious cognitive defect without 

other identifiable causes of potential (reversible) cognitive impairment, such as delirium, but 

with no objective test results in summary data that unanimously confirm AD (e.g., the lack 

of information on a formal neuropsychological assessment). Participants with possible AD 

diagnoses are continuously monitored to gather more follow-up data. As such, these cases 
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can be re-coded over time based on newly gathered information which enables updating 

of the probability of the syndrome diagnosis to ‘probable’ and to additionally adjust the 

underlying disease subtype of the dementia syndrome.

Undetermined. Undetermined subtype of dementia is assigned when very little information 

is present, for instance only a brief GP report, but with clear indications of a severe cognitive 

defect that progresses over time and influences activities in daily living. For these cases, 

additional data might be gathered in follow-up to update the probability of the diagnosis 

and to improve dementia subtyping.

Other. Other (rare) disease subtypes of a dementia syndrome beyond the above-mentioned 

common dementia types include Lewy body dementia, Creutzfeld Jacob, and Frontotempo-

ral dementia.

Ascertainment of mild cognitive impairment (MCI)

MCI was defined using the following criteria: 1) presence of subjective cognitive complaints, 

2) presence of objective cognitive impairment and 3) absence of dementia for Rotterdam 

Study participants aged 60 years or more using official criteria, which has been described in 

detail elsewhere 3. Subjective cognitive complaints were evaluated by interview. This inter-

view included three questions on memory (difficulty remembering, forgetting what one had 

planned to do, and difficulty finding words), and three questions on everyday functioning 

(difficulty managing finances, problems using a telephone, and difficulty getting dressed). 

Subjective cognitive complaints were scored positive when a subject answered “yes” to at 

least one of these questions. Objective cognitive impairment derived from a cognitive test 

battery comprising letter-digit substitution task, Stroop test, verbal fluency test, and 15-

word verbal learning test based on Rey’s recall of words. To obtain more robust measures, 

compound scores for various cognitive domains including memory function, information-

processing speed and executive function were constructed. Compound scores for memory, 

information processing speed and executive function were calculated using Z-scores, and a 

person was classified as cognitively impaired if they scored below 1.5 SD of the age and edu-

cation adjusted means of the study population. For MCI subtypes, Amnestic MCI was defined 

as persons with MCI who had an impaired test score on memory function (irrespective of 

other domains). Non-amnestic MCI was defined as persons with MCI having normal memory 

function, but an impaired test score on executive function or information-processing speed.

Confounders and risk factors

Smoking habits, use of medications and information on level of education were assessed 

during the home interview using a computerized questionnaire. Highest level of education 

was categorized in 4 groups: completed primary education, lower vocational training or 

general education, intermediate vocational training or intermediate and higher general edu-
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cation, and higher vocational training, college or university. Smoking habits was categorized 

as current, former and never smokers.

Clinical measurements were collected during the regular visit at the study center. Body 

mass index was calculated as weight in kilograms per height in meters squared. Concentra-

tions of serum total cholesterol and high-density lipoprotein cholesterol were determined 

by using an automated enzymatic procedure (Boehringer Mannheim System, Mannheim, 

Germany). Blood pressure was measured twice at the right arm in sitting position at the 

research center and the average of 2 blood pressure readings was used. Diabetes mellitus 

type 2 was diagnosed as fasting blood glucose ≥ 7.00 mmol/l or the use of anti-diabetic 

medication was evaluated by interview and pharmacy records.4 Cognitive score was assessed 

using the MMSE.5

Apolipoprotein E (APOE) genotype was assessed on coded DNA samples using polymerase 

chain reaction without knowledge of the dementia diagnosis. The APOE genotype was 

categorized to 0, 1 or 2 apolipoprotein E4 (APOE-4) alleles.

Coronary heart disease (CHD) was defined as a fatal or nonfatal myocardial infarction, a 

surgical or percutaneous coronary revascularization procedure (as a proxy for unstable or 

incapacitating angina), or death due to CHD.6 Stroke was defined according to the World 

Health Organization criteria.7

History of stroke and CHD at entry into the study was assessed through interview and 

verified in medical records. Putative incident strokes and CHD get identified through the 

linkage of the study database with files from general practitioners, the municipality, and 

nursing home physicians’ files, after which additional information (including brain imaging) 

is collected from hospital records.

Information on vital status was additionally obtained from the central registry of the mu-

nicipality of the city of Rotterdam. Follow-up was complete until January 1, 2016.

Statistical analysis

Total-Tau, NfL, Aβ40 and Aβ42 plasma levels (pg/ml) have been log transformed based on 

the result of a Box Cox screening on the optimal transformation, both on the raw data and 

on data adjusted for the potential impact of age, gender and ApoE genotype. The optimal 

Lambda values were -0.14, -0.41, 0.10 and 0.31 for Tau, NfL, Aβ40 and Aβ42, respectively 

(-0.07, 0.11, 0.42 and 0.34 after adjustment). This indicates that a log transformation would 

be a reasonable transformation covering all four variables (and the one ratio) to obtain suf-

ficient normality. The 2-base log scale was used to facilitate the interpretation of the results 

of the statistical evaluation in terms of impact of doubling steps of the AD related proteins. 

To account for potential non-normalities, and to allow easier interpretation and comparison 

between markers we have also analyzed the antigens categorized into 4 equally sized groups 

using quartiles.
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RS-I visit 4 (ERGO-4) 
n= 3,558 

 

RS-II visit 2 (ERGO-4)  
n= 2,506 

 

Assessed for eligibility  
n= 6,064 

Excluded (n= 970) 
No enough stored plasma samples available 

Excluded (n= 650) 
a) Without follow-up after baseline (n= 55) 
b) Prevalent dementia at the baseline (n= 77) 
c) Missing data (n=162) or flagged value (n=356) 
for one or more biomarkers  
 

Association of biomarkers with all-cause and AD-dementia 
n= 4,444 

Analysis with repeated measurements for 374 AD-dementia cases  
and their 374 age and sex-matched dementia-free controls 

RS-II  
n= 3,011 

RS-I  
n= 7,983 

Measuring plasma biomarkers (tau, NfL, Aβ40 and Aβ42)  
n= 5,094 

Dementia cases during follow-up (n=549): 
a) AD-dementia cases (n=374) 
b) Possible AD or AD + CVD, Vascular dementia, 
Parkinson’s disease, undetermined AD (n=175) 

Fig. S1. Flow diagram of the number of participants included in this study
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Forest plots showing hazard ratios for AD and 95%CI per quartile of plasma levels (pg/ml) 

of total-tau, NfL, Aβ40, Aβ42, and Aβ42/Aβ40 ratio, with the lowest quartile (Q1) as refer-

ence group. Hazard ratios were obtained with the Cox proportional hazard model adjusted 

for age, gender, assay batch number, systolic blood pressure, total and HDL cholesterol, 

smoking status, highest level of education, body mass index, APOE-ε4 status, history of 

diabetes, stroke and coronary heart disease. Out of 4444 participants, 374 individuals had a 

diagnosis of AD-dementia, 175 had dementia other than Alzheimer’s and 1229 individuals 

had death as a competing event. The remaining 2666 individuals were censored.
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 Fig. S2. Associations of plasma total-tau, NfL, Aβ40 and Aβ42 levels and Aβ42/Aβ40 ratio with Alzheimer’s 
disease

Fig. S3. Trajectories of the tau (A), Aβ40 (B) and Aβ40/Aβ42 ratio (C) on a time to AD-dementia diagnosis/
index-date scale
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Fig. S4. Trajectories of the total-tau (A), Aβ40 (B), Aβ42 (C), and NfL (D) levels and Aβ42/Aβ40 ratio (E) in 
AD-dementia cases and dementia-free controls on an age scale

Table S1. Baseline Characteristics of the fourth visit of RS-I and the second visit of RS-II

Variable Stat RS-I visit 4 RS-II visit 2 Combined
RS-I-4 & RS-II-2

p-value***
RS-I vs RS-II

Total Population N (%) 2518 (56.7) 1926 (43.3) 4444 (100)

Age Avg (sd) 75.2 (6) 67.7 (7) 71.9 (7.5) <0.0001

Gender: Women N (%) 1465 (58.2) 1090 (56.6) 2555 (57.5) 0.29

Cohort: RS-I N (%) 2518 (100) 0 (0) 2518 (56.7)

Cohort: RS-II N (%) 0 (0) 1926 (100) 1926 (43.3)

MMSE Avg (sd) 27.8 (2) 27.8 (1.9) 27.8 (2) 0.49

<=20 N (%) 22 (0.9) 8 (0.4) 30 (0.7)

21-25 N (%) 217 (8.6) 177 (9.2) 394 (8.9)

26-29 N (%) 1918 (76.2) 1410 (73.2) 3328 (74.9)

30 N (%) 357 (14.2) 295 (15.3) 652 (14.7)

Missing N (%) 4 (0.2) 36 (1.9) 40 (0.9)

MCI** N (%) 253 (10.8) 166 (9.1) 419 (9.4) 0.07
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Table S1. Baseline Characteristics of the fourth visit of RS-I and the second visit of RS-II (continued)

Variable Stat RS-I visit 4 RS-II visit 2 Combined
RS-I-4 & RS-II-2

p-value***
RS-I vs RS-II

Education Level <0.0001

Primary education N (%) 355 (14.1) 138 (7.2) 493 (11.1)

Lower-Intermediate education level N (%) 1079 (42.9) 852 (44.2) 1931 (43.5)

Intermediate-higher level N (%) 787 (31.3) 555 (28.8) 1342 (30.2)

Higher-university education level N (%) 281 (11.2) 333 (17.3) 614 (13.8)

education level missing N (%) 16 (0.6) 48 (2.5) 64 (1.4)

ApoE4 0.36

0 alleles N (%) 1772 (70.4) 1311 (68.1) 3083 (69.4)

1 allele N (%) 614 (24.4) 452 (23.5) 1066 (24)

2 alleles N (%) 38 (1.5) 39 (2) 77 (1.7)

Missing N (%) 94 (3.7) 124 (6.4) 218 (4.9)

Smoking 0.002

Never N (%) 749 (29.7) 557 (28.9) 1306 (29.4)

Former N (%) 1386 (55) 993 (51.6) 2379 (53.5)

Current N (%) 336 (13.3) 337 (17.5) 673 (15.1)

Missing N (%) 47 (1.9) 39 (2) 86 (1.9)

BMI*** Avg (sd) 27.4 (4.1) 27.8 (4.1) 27.6 (4.1) 0.0008

<18.5 N (%) 17 (0.7) 6 (0.3) 23 (0.5)

18.5-25.0 N (%) 680 (27) 452 (23.5) 1132 (25.5)

25.0-30.0 N (%) 1200 (47.7) 956 (49.6) 2156 (48.5)

30.0-35.0 N (%) 442 (17.6) 385 (20) 827 (18.6)

>35.0 N (%) 113 (4.5) 103 (5.3) 216 (4.9)

Missing N (%) 66 (2.6) 24 (1.2) 90 (2)

Total cholesterol Avg (sd) 5.6 (1) 5.7 (1) 5.6 (1) <0.0001

HDL cholesterol Avg (sd) 1.4 (0.4) 1.5 (0.4) 1.5 (0.4) 0.75

Systolic BP Avg (sd) 152.3 (21.4) 145 (19.8) 149.1 (21.1) <0.0001

Diastolic BP Avg (sd) 79.3 (11.2) 80.1 (10.5) 79.7 (10.9) 0.03

CHD (of 2445/1926/4371 assessed) N (%) 290 (11.9) 141 (7.3) 431 (9.9) <0.0001

DM (of 2343/1926/4269 assessed) N (%) 323 (13.8) 258 (13.4) 581 (13.6) 0.71

Stroke N (%) 126 (5) 71 (3.7) 197 (4.4) 0.03

*Continuous variables have been tested by a t-test, binary variables by a binomial test and categorical variables by 
Chi2 test.
**See Supplemental information subsection Ascertainment mild cognitive impairment
***Body mass index: weight in kilograms divided by the square of the height in meters. SD: standard deviation.
We investigated whether there would be differences at baseline between RS-I-4 and RS-II-2 that potentially would 
impact on our analysis of the association between plasma total-tau, NfL, Aβ40 and Aβ42 plasma levels and incident 
AD. Continuous variables were tested by a t-test, binary variables by a binomial test and categorical variables by Chi2 
test. There was a significant difference in age between participants in RS-I-4 and RS-II-2, which explains largely the dif-
ferences between these two cohorts for the MCI prevalence at baseline, the overall education level, smoking, BMI, total 
cholesterol, blood pressure, CHD and stroke. Although the absolute differences were small, they show significance as 
a result of the power of the study because of its size. Since all our analyses were adjusted for age we decided to use 
the combined RS-I-4 and RS-II-2 data.
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Table S2. Missing or invalid data for the plasma biomarkers

Reason for omission Missing values

Instrument or technical failure 279

Insufficient volume 47

CV>20% for Tau 89

CV>20% for Aβ40 21

CV>20% for Aβ42 19

CV>20% for NfL 14

From the total of 5866 samples (in the cross-sectional and trajectory analyses), plasma biomarkers levels of 5540 
samples (94%) were successfully analyzed. The majority of missing samples were due to system failures (n=279), and 
few because of insufficient volume (n=47). Of these samples, 14 to 87 samples were flagged due to coefficient of varia-
tion (CV) higher than 20% for any of the analytes. No samples were excluded based on controls out of range, and all 
samples were within the range of the assays.

Table S3. Coefficient of variations (CVs) for the plasma biomarkers in two batches
A. In the first batch including 2,000 samples
B. In the second batch including 3,094 samples

The coefficient of variations (CVs) were calculated from the Simoa data for each of the biomarkers. For each assay plate, 
2 controls were included for each analyte, the Quanterix assays provide a high and low QC control for each marker. 
One control was an antigen spiked in control buffer, and another was a positive plasma control pool with endogenous 
antigen. For each antigen control, nominal values and acceptance ranges were pre-specified. From the total of 5866 
samples, 5540 samples (94%) were successfully analyzed. As shown in Table S1, the majority of missing samples were 
due to system failures (n=279), and few because of insufficient volume (n=47). Of these, 14 to 87 samples were flagged 
due to CVs higher than 20% for any of the analytes. Because of limitations in available sample volume, no re-analysis 
could be done in case of assay failures or samples with >20% CV. For example, if we focused on the largest group with 
a CV >20% (total-tau with n=89), the total-tau levels ranging from 0.3 to 4.8 pg/ml were not biased towards the low 
values, considering the interquartile range of this study was between 1.9 and 3.0 pg/ml.
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Table S4. Correlation between age, Tau, NfL, Aβ40, Aβ42, Aβ42/Aβ40 ratio and APOE

Variable AGE log2Tau log2NfL log2Aβ40 log2Aβ42 log2Aβratio APOE ε4*

Pearson correlation matrix

AGE 1.000 0.095 0.588 0.375 0.172 -0.135 -0.029

log2Tau 0.095 1.000 0.144 0.241 0.128 -0.065 0.005

log2NfL 0.588 0.144 1.000 0.491 0.334 -0.046 -0.017

log2Aβ40 0.375 0.241 0.491 1.000 0.588 -0.204 -0.014

log2Aβ42 0.172 0.128 0.334 0.588 1.000 0.672 -0.113

log2Aβratio -0.135 -0.065 -0.046 -0.204 0.672 1.000 -0.135

APOE ε4* -0.029 0.005 -0.017 -0.014 -0.113 -0.135 1.000

P-values for correlation matrix

AGE _ <.0001 <.0001 <.0001 <.0001 <.0001 0.02

log2Ttau <.0001 _ <.0001 <.0001 <.0001 <.0001 0.68

log2NfL <.0001 <.0001 _ <.0001 <.0001 0.002 0.16

log2Aβ40 <.0001 <.0001 <.0001 _ <.0001 <.0001 0.26

log2Aβ42 <.0001 <.0001 <.0001 <.0001 _ <.0001 <.0001

log2Aβratio <.0001 <.0001 0.002 <.0001 <.0001 _ <.0001

APOE ε4* 0.02 0.68 0.16 0.26 <.0001 <.0001 _

*for APOE ε4 Kendall’s Tau. Aβratio = Aβ42/Aβ40 ratio.

Table S5. Association of plasma total-tau, NfL, Aβ40 and Aβ42 levels and the Aβ42/Aβ40 ratio with Al-
zheimer’s disease

Biomarker Association with AD-dementia

Model I Model II Model III

Hazard Ratio
(95%CI)

p-value
(Overall)

Hazard Ratio
(95%CI)

p-value
(Overall)

Hazard Ratio
(95%CI)

p-value
(Overall)

Tau (per log2 pg/ml increase) 1.17 (0.93, 1.46) 0.18 1.16 (0.91, 1.47) 0.23 1.07 (0.84, 1.35) 0.58

NfL (per log2 pg/ml increase) 1.49 (1.27, 1.74) <0.0001 1.65 (1.39, 1.97) <0.0001 1.50 (1.26, 1.78) <0.0001

Aβ40 (per log2 pg/ml increase) 0.81 (0.55, 1.17) 0.27 0.77 (0.52, 1.14) 0.19 0.78 (0.48, 1.27) 0.31

Aβ42 (per log2 pg/ml increase) 0.60 (0.47, 0.76) <0.0001 0.64 (0.49, 0.84) 0.001 0.59 (0.43, 0.79) 0.0006

*Aβ42/Aβ40 ratio 0.52 (0.39-0.70) < 0.0001 0.62 (0.45, 0.86) 0.003 0.62 (0.45, 0.85) 0.003

Model I: Adjusted for age, sex and assay batch number.
Model II: Model I + additional adjustment for highest level of education, smoking status, systolic blood pressure, total 
and high-density lipoprotein cholesterol (HDL), body mass index (BMI), history of diabetes, stroke and coronary heart 
disease (CHD), and APOE-ε4 status.
Model III: Model II + additional adjustment for all plasma biomarkers.
*Model III for Aβ42/Aβ40 ratio: Model II + additional adjustment only for total-tau and NfL plasma levels.
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Table S6. Association of plasma biomarkers levels with Alzheimer’s disease without adjustment for assay 
batch

Alzheimer disease

Model I† Model II‡ Model III*

Hazard Ratio
(95% CI)

(Overall)
p-value

Hazard Ratio
(95% CI)

(Overall)
p-value

Hazard Ratio
(95% CI)

(Overall)
p-value

Tau (per log2 pg/ml increase) 1.15 (0.93, 1.43) 0.20 1.11 (0.89, 1.39) 0.35 1.11 (0.89, 1.40) 0.36

NfL (per log2 pg/ml increase) 1.49 (1.27, 1.74) <0.0001 1.51 (1.27, 1.78) <0.0001 1.68 (1.41, 2.00) <0.0001

Aβ40 (per log2 pg/ml increase) 0.81 (0.55, 1.17) 0.27 0.77 (0.52, 1.14) 0.20 0.75 (0.46, 1.21) 0.24

Aβ42 (per log2 pg/ml increase) 0.60 (0.47, 0.76) <0.0001 0.67 (0.52, 0.87) 0.002 0.62 (0.46, 0.82) 0.001

**Aβ42 /Aβ40 (per log2 increase) 0.55 (0.41, 0.74) <0.0001 0.66 (0.48, 0.91) 0.01 0.65 (0.47, 0.89) 0.007

† Adjusted for only one plasma biomarker and further for age, gender;
‡ Adjusted for only one plasma biomarker and further for age, gender and systolic blood pressure, total and HDL 
cholesterol, smoking status, highest level of education, body mass index, APOE-ε4 status, history of diabetes, stroke 
and coronary heart disease
* Adjusted all plasma biomarkers and further for age, gender and systolic blood pressure, total and HDL cholesterol, 
smoking status, highest level of education, body mass index, APOE-ε4 status, history of diabetes, stroke and coronary 
heart disease.
**Model III for Aβ42/Aβ40 ratio: Model II + additional adjustment only for total-tau and NfL plasma levels.

Table S7. Associations of plasma levels of biomarkers with vascular and other non-AD dementia

Biomarker Vascular dementia (n=27) Other non-AD dementia (n=51)

HR (95% CI) p-value HR (95% CI) p-value

Tau 0.89 (0.41-1.95) 0.77 0.91 (0.51-1.64) 0.75

NfL 1.95 (1.19-3.20) 0.008 1.78 (1.18-2.68) 0.006

Aβ40 0.46 (0.13-1.60) 0.22 0.66 (0.24-1.82) 0.42

Aβ42 0.49 (0.21-1.16) 0.10 0.57 (0.29-1.11) 0.10

Table shows the changes of the hazard ratio for non-AD dementia subtypes per log2 (pg/ml) higher concentrations of 
the biomarkers.
Ascertainment methods for various types of dementia have previously been described in detail elsewhere,21,37 and are 
summarized in Supplementary Information. Model: Adjusted for gender, age and APOE-ε4 status at baseline.

Table S8. Association of plasma biomarkers levels with vascular and other non-AD dementia without batch 
adjustment

Vascular dementia Other non-AD dementia

Hazard Ratio
(95% CI)

(Overall)
p-value

Hazard Ratio
(95% CI)

(Overall)
p-value

Tau (per log2 pg/ml increase) 0.69 (0.30, 1.62) 0.40 0.79 (0.42, 1.48) 0.46

NfL (per log2 pg/ml increase) 1.83 (1.09, 13.07) 0.02 1.86 (1.19, 2.91) 0.01

Aβ40 (per log2 pg/ml increase) 0.43 (0.10, 1.79) 0.24 0.61 (0.17, 2.21) 0.46

Aβ42 (per log2 pg/ml increase) 0.64 (0.23, 1.83) 0.41 0.66 (0.30, 1.44) 0.3

*Aβ42 /Aβ40 (per log2 increase) 0.72 (0.22, 2.32) 0.58 0.66 (0.29, 1.53) 0.34

Adjusted for all plasma biomarkers and further for age, gender and systolic blood pressure, total and HDL cholesterol, 
smoking status,
highest level of education, body mass index, APOE-ε4 status, history of diabetes, stroke and coronary heart disease.
*For Aβ42/Aβ40 ratio: Adjusted only for total-tau and NfL plasma levels and further for all covariates mentioned above.
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Table S9. Association per quartile of plasma levels of total-tau, NfL, Aβ40, Aβ42 and Aβ42/Aβ40 ratio with 
AD-dementia without batch adjustment

Model I† Model II‡ Model III*

Hazard Ratio
(95% CI)

(Overall)
p-value

Hazard Ratio
(95% CI)

(Overall)
p-value

Hazard Ratio
(95% CI)

(Overall)
p-value

Tau Q1 1.00 (0.45) 1.00 (0.46) 1.00 (0.60)

Tau Q2 1.26 (0.94, 1.70) 0.12 1.25 (0.93, 1.69) 0.14 1.18 (0.88, 1.60) 0.27

Tau Q3 1.11 (0.82, 1.50) 0.49 0.86 (0.78, 1.44) 0.71 1.00 (0.73, 1.36) 0.33

Tau Q4 1.19 (0.89, 1.61) 0.25 1.16 (0.86, 1.57) 0.34 1.11 (0.81, 1.51) 0.52

NfL Q1 0.40 (0.26, 0.62) <0.0001 0.42 (0.27, 0.65) <0.0001 0.34 (0.22, 0.54) <0.0001

NfL Q2 0.51 (0.37, 0.71) <0.0001 0.52 (0.38, 0.72) <0.0001 0.44 (0.32, 0.62) <0.0001

NfL Q3 0.74 (0.58, 0.94) 0.02 0.76 (0.59, 0.98) 0.03 0.68 (0.53, 0.88) 0.004

NfL Q4 1.00 (<0.0001) 1.00 (<0.0001) 1.00 (<0.0001)

Aβ40 Q1 1.00 (0.78) 1.00 (0.68) 1.00 (0.35)

AB40 Q2 1.09 (0.78, 1.52) 0.61 1.06 (0.76, 1.48) 0.64 1.12 (0.80, 1.58) 0.51

Aβ40 Q3 1.17 (0.85, 1.61) 0.33 1.20 (0.87, 1.65) 0.35 1.31 (0.92, 1.85) 0.13

Aβ40 Q4 1.06 (0.77, 1.47) 0.72 1.06 (0.76, 1.48) 0.73 1.38 (0.94, 2.04) 0.10

Aβ42 Q1 1.00 (<0.0001) 1.00 (0.004) 1.00 (<0.0001)

Aβ42 Q2 0.80 (0.61, 1.06) 0.12 0.87 (0.66, 1.16) 0.34 0.73 (55, 0.98) 0.03

Aβ42 Q3 0.74 (0.56, 0.98) <0.0001 0.83 (0.63, 1.10) 0.20 0.62 (0.46, 0.85) 0.003

Aβ42 Q4 0.49 (0.36, 0.66) <0.0001 0.57 (0.42, 0.78) 0.0004 0.37 (0.26, 0.53) <0.0001

Aβ42/Aβ40 Q1 1.00 (<0.0001) 1.00 (0.004) 1.00 (0.001)

Aβ42/Aβ40 Q2 0.81 (0.62, 1.04) 0.10 0.86 (0.67, 1.12) 0.26 0.84 (0.65, 1.09) 0.19

Aβ42/Aβ40 Q3 0.70 (0.54, 0.93) 0.01 0.82 (0.62, 1.08) 0.16 0.77 (0.58, 1.01) 0.06

Aβ42/Aβ40 Q4 0.43 (0.31, 0.60) <0.0001 0.54 (0.39, 0.75) 0.0003 0.50 (0.36, 0.70) <0.0001

† Adjusted for only one plasma biomarker and further for age, gender;
‡ Adjusted for only one plasma biomarker and further for age, gender and systolic blood pressure, total and HDL cho-
lesterol, smoking status, highest level of education,
body mass index, APOE-ε4 status, history of diabetes, stroke and coronary heart disease.
*Adjusted for all plasma biomarkers and further for age, gender and systolic blood pressure, total and HDL cholesterol, 
smoking status, highest level of education, body mass index,
APOE-ε4 status, history of diabetes, stroke and coronary heart disease.
For Aβ42/Aβ40 ratio: Adjusted only for total-tau and NfL plasma levels and further for all covariates mentioned above.
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Table S10. Changes of the hazard ratio for all-cause dementia and AD-dementia per log2 pg/ml higher NfL 
and Aβ42 baseline plasma levels after 1, 2.5, 5, 7.5 and 10 years

NfL Aβ42

years after baseline HR (95% CI) p-value HR (95% CI) p-value

A. All-cause dementia

0 2.21 (1.79-2.72) <0.0001 0.58 (0.37, 0.90) 0.0226

1 2.07 (1.72-2.48) <0.0001 0.59 (0.40, 0.86) 0.0107

2.5 1.88 (1.60-2.19) <0.0001 0.60 (0.43, 0.82) 0.0023

5 1.59 (1.39-1.83) <0.0001 0.62 (0.48, 0.80) 0.0001

7.5 1.35 (1.14-1.60) 0.0005 0.64 (0.48, 0.84) 0.0012

10 1.15 (0.91-1.44) 0.2368 0.66 (0.45, 0.97) 0.0238

B. AD-dementia

0 2.29 (1.77-2.97) <0.0001 0.50 (0.30, 0.82) 0.007

1 2.15 (1.71-2.70) <0.0001 0.51 (0.33, 0.81) 0.004

2.5 1.94 (1.60-2.36) <0.0001 0.54 (0.37, 0.79) 0.001

5 1.64 (1.38-1.95) <0.0001 0.60 (0.44, 0.81) 0.0009

7.5 1.39 (1.13-1.72) 0.002 0.65 (0.46, 0.92) 0.02

10 1.18 (0.88-1.57) 0.26 0.71 (0.44, 1.15) 0.16

Table S11. Absolute numbers of participants and incident AD-dementia cases (%) of each combination of 
quartile group of NfL and Aβ42 plasma levels

 
 

Q1 NfL Q2 NfL Q3 NfL Q4 NfL

N AD AD AD AD

total n % N n % N n % N n %

Q1 Aβ42 107 1 0.9 196 6 3.0 291 19 6.5 515 62 12.0

Q3 Aβ42 248 1 0.4 287 9 3.1 310 25 8.1 266 43 16.2

Q2 Aβ42 342 6 1.8 315 20 6.3 259 30 11.6 195 39 20.0

Q4 Aβ42 414 19 4.6 311 30 9.6 251 36 14.3 135 28 20.7
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Part Iv
Maintaining Cognitive 
Health in Persons



“Ik vind het leven 
verbeteren als je 

ouder wordt”    

 “Ik kom uit een gezin van 11 kinderen. Ouder-

dom geeft bij mijn broers en zussen overal wel 

wat sporen. Ik ben de jongste van het gezin, 

de oudste is 16 jaar ouder, dat lijkt bijna een 

generatiekloof.   Mijn vader is op 67 jarige leef-

tijd gestorven aan asbest kanker. Mijn moeder 

is 94 jaar oud geworden en bezweken aan 

ouderdom. Om mijn eigen gezondheid te 

bewaren probeer ik up-to-date te blijven qua 

informatie. Daarnaast sport ik veel, dat heb ik 

altijd gedaan. Ik ben niet zo bezig met voeding 

trends zoals supplementen of vitamines. In 

tegenstelling tot wat anderen vaak vinden, 

vind ik het leven verbeteren als je ouder wordt. 

De druk is er wat af, je hoeft niet meer zo te 

‘moeten’. Daardoor neemt mijn stress af, Het 

geheim van gezond oud worden ligt denk ik 

voor een ieder ergens anders. Het zal vooral 

iets duurzaams moeten zijn, iets wat je lang 

kan volhouden. Dat ligt denk ik niet in van die 

hippe receptjes, die na een paar weken weer 

vergeten worden.” (67 jaar)



4.1
Applicability of dementia 
prevention trials
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abstraCt

Background: Various dementia prevention trials have investigated the effects of multi-

domain lifestyle interventions on cognitive decline, but showed only limited clinical benefit. 

This is possibly due to the inclusion of individuals that are not representative of the actual 

target population. We applied eligibility criteria of dementia prevention trials to unselected 

community-dwelling population and compared prognosis of eligible with non-eligible per-

sons.

Methods: We conducted a literature review and identified past and ongoing large (≥500 

participants), phase-3 multidomain lifestyle trials for the prevention of cognitive decline or 

dementia. We extracted eligibility criteria, and applied these to participants aged 50 years 

and over from the population-based Rotterdam Study to quantify the proportion eligible. 

Among those eligible, we further determined what proportion would already qualify for 

preventive intervention according to European (ESC/EAS) and American (ACC/AHA) cardio-

vascular prevention guidelines. Finally, to evaluate whether these trials optimally included 

those at highest risk of dementia, we compared risk of dementia with risk for cardiovascular 

events among eligible and non-eligible persons.

Results: Out of 1448 screened abstracts, we identified 5 published dementia prevention 

trials (DR’s EXTRA, FINGER, preDIVA, MAPT and HATICE). Through clinical trial registries, we 

identified another five (US-POINTER, MIND-CHINA, MYB, AgeWell.de and J-Mint) that were 

ongoing at time of the search. Among 5381 Rotterdam Study participants (mean age 72 

years, 58% women), eligibility across published trials ranged from 48% for MAPT to 87% for 

PREDIVA and was wider for ongoing trials, and ranged from 0.9% for US-POINTER, to 21% 

for Age-Well.de to 94% for J-Mint. The vast majority of individuals already qualified for both 

lifestyle and pharmaceutical interventions (e.g. statins or antihypertensives) based on their 

cardiovascular risk according to European (from 60% for DR’s EXTRA to 83% for HATICE) 

and American (from 85% for FINGER to 95% for AgeWell.de) guidelines. Remaining lifetime 

dementia risk was higher when individuals were at lower 10-year predicted cardiovascular 

risk, with nearly identical 10-year dementia risk between eligible and ineligible individuals.

Conclusions: Multidomain dementia prevention trials largely target individuals that already 

qualify for preventive interventions based on their cardiovascular risk according to cardiology 

guidelines. These findings call for adapted recruitment strategies in dementia trials, with a 

focus on including those individuals at highest risk of dementia, but not already eligible for 

cardiovascular lifestyle interventions.
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IntrOduCtIOn

In the past decade, several large dementia prevention trials have studied the efficacy of mul-

tidomain lifestyle interventions on cognition but showed little clinical benefit.(19, 23, 169, 

200, 272) These largely disappointing findings led to the initiation of a new set of dementia 

prevention trials to further refine the target population and the applied intervention in the 

expectation to reveal a more subtle effect (273, 274). Yet, the design of all these trials is 

characterized by the same general concept of recruiting older individuals with suboptimal 

cardiovascular risk factors.(193, 274) The background of this strategy is formed by the 

established role of cardiovascular risk factors in the pathophysiology of late-life dementia.

(18) While subtle variations in the included populations and applied interventions across trials 

may indeed reveal a subtle but hitherto undisclosed effect, it is also possible that the general 

recruitment strategy itself may be the limiting factor in discovering a positive effect. Three 

challenges in the field of dementia prevention contribute to this premise.

First, recent studies show that the accuracy of predicting dementia based on cardiovascular 

risk factors is limited, casting doubts about whether this approach adequately recruits those 

individuals that would benefit most from a preventive intervention.(198, 275) Second, the 

intended target population, i.e. persons with suboptimal cardiovascular health, possibly 

have a risk of cardiovascular disease which is more substantially increased than their risk 

of dementia. In other words, these individuals likely already qualify for (pharmaceutical and 

lifestyle) preventive interventions according to cardiovascular risk guidelines, regardless of 

their risk for dementia.(23) Against this background, a third challenge arises: individuals 

ineligible for current dementia prevention trials may still be at increased risk of dementia, 

but remain underrepresented in trials. Addressing these challenges is pivotal to inform future 

trials design and ensure proper representation of the adequate target populations.

In this study, we addressed these challenges as follows; we applied eligibility criteria of 

dementia prevention trials to an unselected population of older adults and compared these 

with original trial reports. We subsequently determined what proportion of trial eligible and 

ineligible persons qualified for preventive intervention according to European (ESC/EAS) and 

American (ACC/AHA) cardiovascular prevention guidelines. To evaluate whether trial inclu-

sion criteria optimally captured individuals at high risk of dementia that could benefit most, 

we finally compared 10-year and remaining lifetime dementia risks with 10-year predicted 

risks for cardiovascular events.

methOds

We conducted a literature review to identify published as well ongoing phase-III dementia 

prevention trials. The search included articles published between database inception until 
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October 27, 2020 in PubMed, Embase, Scopus and Web of Science. Additionally, we searched 

reference lists by hand for relevant publications to complement the electronic search strategy. 

We finally scrutinized grey literature, and (inter)national clinical trial registries to identify 

multidomain dementia prevention trials that are underway or currently recruiting individuals. 

We included trials that assessed or aim to assess the efficacy of multidomain lifestyle inter-

ventions on all-cause dementia or cognitive decline as outcome measure. Briefly, this clinical 

registry search combined the following terms: “cognition”, “dementia”, “multidomain” and 

“trial”. The full search string is presented in the Supplementary Appendix. After determining 

the size of participants with dementia in each trial, we applied the following three criteria to 

assess trials for inclusion in this study: (Anticipated) inclusion of at least 500 non-demented, 

community-dwelling individuals (1) to assess the efficacy of multidomain lifestyle interven-

tions (2) on all-cause dementia or cognition as outcome measures of interest (3). A minimum 

sample size of 500 community-dwelling persons was chosen for reasons of efficiency as 

well as capturing in more detail trials with –on average– greater precision. For each of the 

included trials, we summarized key characteristics, such as country of origin, target popula-

tion, intervention/comparison and outcome. We extracted in- and exclusion criteria, as well 

as reported eligibility in the original trials.

Study population for external validation

To evaluate the external validity of the eligibility criteria of these trials, we applied these 

criteria to participants of the Rotterdam Study – that has been described previously in this 

thesis. For this study, we used data obtained in older adults that were examined in the fourth 

round of the first study wave between 2002-2003 (n=3550) and the second round of the 

second study wave between 2003-2006 (n=2468). We chose these rounds to maximize the 

amount of available data on relevant variables that served as eligibility criteria, and because 

these rounds were closest in calendar-years to the actual recruitment time periods of the vari-

ous trials. We excluded 624 individuals that did complete the interview and research center 

visit in these rounds or did not provide informed consent to access medical records and 

hospital discharge letters (n=11). We subsequently retained 5381 participants for analyses 

in which every participant was checked for eligibility criteria for each of the aforementioned 

RCTs. Characteristics of individuals that were excluded from the current study are presented 

in eTable 1.

Ascertainment methods of study population characteristics

Standardised assessment of anthropometrics at baseline and during follow-up, including car-

diovascular risk factors, gait speed, clinical disease manifestations, structural and volumetric 

brain measures, and use of medication are described in the Supplementary Appendix.
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Assessment of cognitive performance and ascertainment of dementia

Participants underwent cognitive assessments at the research center using a neuropsychologi-

cal test battery. This battery included the Word Fluency Test (36), Letter-Digit Substitution Test 

(37), and Stroop Test (Reading, Naming, and Interference subtask), and the 15-Word Learn-

ing Test (Immediate recall, Delayed recall, and Recognition). Detailed descriptions of these 

tests are provided in the Supplementary Appendix. Additionally, participants were screened 

in-person for dementia at baseline and at subsequent centre visits with the Mini-Mental State 

Examination (MMSE) and the Geriatric Mental State Schedule organic level.(12) Those with 

an MMSE score <26 or a Geriatric Mental State Schedule score >0 underwent further inves-

tigation and informant interview, including the Cambridge Examination for Mental Disorders 

of the Elderly. The information from in-person screening was supplemented by data from the 

electronic linkage of the study database with medical records from all general practitioners 

and the regional institute for outpatient mental health care. In the Dutch health care system, 

the entire population is entitled to primary care that is covered by their (obligatory) health 

insurance. The entire cohort is thus continuously monitored for detection of interval cases 

of dementia or cognitive disturbances between centre visits. Study physicians evaluate all re-

cords biannually and combine information from medical records with in-person screening to 

draw up individual case reports. In these reports, the physicians covered all gathered relevant 

information to establish the presence, probability, and subtype of dementia. A consensus 

panel led by a consultant neurologist established the final diagnosis according to standard 

criteria for dementia (DSM-III-R) and Alzheimer’s disease (NINCDS-ADRDA).

Guideline recommendations regarding lipid lowering therapy or 
antihypertensive treatment

For each participant, we calculated the 10-year predicted risk for atherosclerotic cardiovas-

cular (ASCVD) mortality following European Society of Cardiology (ESC) and the European 

Atherosclerosis Society (EAS) guidelines and the 10-year predicted risk for hard ASCVD fol-

lowing American College of Cardiology/American Heart Association (ACC/AHA) guidelines.

(276, 277) As recommended by ESC/EAS, we used sex-specific Systematic Coronary Risk 

Evaluation (SCORE) equations for low-risk countries, and for ACC/AHA guidelines, we used 

sex-specific pooled cohort equations for white individuals.(278) For both lipid lowering and 

antihypertensive treatment, we created three treatment categories following the ESC/EAS 

and ACC/AHA recommendations based on predicted risk thresholds (Supplementary Appen-

dix for further details): no treatment, treatment considered, and treatment recommended.

(276, 279-281)

Statistical analysis

Analyses presented in this paper are conducted in three tiers, and all analyses are stratified for 

sex. First, we compared differences in key characteristics (age, sex, education, cardiovascular 
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risk factors and APOE genotype) between the original trial populations and the eligible trial 

populations within the Rotterdam Study. Second, we determined what proportion of eligible 

individuals from the Rotterdam Study would qualify for (pharmaceutical) cardiovascular preven-

tive treatment under the ESC/EAS guidelines, that is for lipid and/or blood pressure lowering 

treatment. Third, we calculated 10-year predicted risks of ASCVD mortality, 10-year predicted 

risk of hard ASCVD, 10-year observed risk (cumulative incidence) of dementia, and observed 

remaining lifetime risk of dementia for all eligible individuals from the Rotterdam Study. To 

determine whether eligibility criteria accurately led to the recruitment of individuals at high risk 

for dementia, we subsequently compared these risk estimates among individuals that were 

considered trial eligible with those that were considered ineligible, for every trial separately. In 

cumulative incidence calculations, we set an upper age limit of 90 to facilitate direct comparisons 

across trials. This lifetime incidence estimate thus reflects the cumulative incidence from age at 

trial entry to the age of 90 years. We computed remaining lifetime risks in left truncated data 

with age as time scale, while taking the occurrence of competing events into account. This is 

important since death may preclude the occurrence of dementia when individuals are followed-

up for longer intervals. The preclusion of such events is referred to as competing risks,(79) and 

due to these events, absolute risks are overestimated in standard Kaplan-Meier analyses.

Through four sensitivity analyses, we verified the robustness of study findings. First, we 

repeated the analyses using treatment qualifications according to AHA/ACC instead of ESC/

EAS guidelines. Second, we repeated analyses with complete data points after multiple 

imputation. Third, we reanalyzed cumulative incidences of dementia for each trial separately, 

while relaxing the upper age limit of 90 years to a maximum age of 98 years for men and 

99 years for women. Finally, we excluded people with a history of cardiovascular disease and 

recalculated the proportion of individuals that qualifies for preventive treatment under ESC/

EAS or AHA/ACC guidelines.

For data processing and analysis, we used SPSS Statistics version 25.0.0.0 (IBM Corp., 

Armonk, NY) and R, CRAN version 4.0.0 (R Foundation for Statistical Computing, Vienna, 

Austria, www.r-project.org), using the rms, etm, and cmprsk packages. We used nominal 

significance levels to compare age and sex differences (p <0.05).

results

We screened 1448 abstracts for inclusion and identified five dementia prevention trials with 

at least 500 community individuals that published results before October 27st, 2020 (Flow-

chart in Supplementary Appendix): the Dose Responses to Exercise Training (DR’s EXTRA) 

Study published in 2010,(282) the Finnish Geriatric Intervention Study to Prevent Cognitive 

Impairment and Disability (FINGER) trial in 2015,(19) the Prevention of Dementia by Intensive 

Vascular care (preDIVA) trial in 2016,(23) the Multidomain Alzheimer Preventive Trial (MAPT) 



285

in 2017,(169) and the Healthy Ageing Through Internet Counselling in the Elderly (HATICE) 

trial in 2019.(272) Through grey literature and clinical trial registries, we additionally included 

another five trials that are ongoing at time of the search: U.S. Study to Protect Brain Health 

Through Lifestyle Intervention to Reduce Risk (US-POINTER), A randomized controlled trial for 

Multimodal Intervention to Delay Dementia and Disability in China (MIND-CHINA), Maintain 

Your Brain-Trial (MYB), AgeWell.de and the Japan-Multimodal INtervention Trial for preven-

tion of dementia (J-Mint). (283-287)

Trial study characteristics and eligibility

Population characteristics from the Rotterdam Study for the entire study population, as 

well as for participants eligible for the various separate trials, are presented in Table 1 for 

published trials and in Table 2 for ongoing trials. Characteristics of individuals eligible for trial 

inclusion in this study were largely similar compared to the included study populations in the 

original trials.(19, 23, 169, 272, 282) Eligibility across published trials ranged from 48.1% for 

MAPT up to 86.7% for PREDIVA (Table 1), largely mimicking those reported in the original 

publications (mean difference 4.1%, eTable 2). As expected, a larger difference in eligibility 

was seen for MAPT, a trial that recruited individuals within memory clinics (64.8%) compared 

to the population-based Rotterdam Study (48.1%).

Table 1. Baseline characteristics from the Rotterdam Study of all study participants and for eligible partici-
pants only, for published trials

No. of participants with complete 
data per trial to assess eligibility

All participants DR’s EXTRA PREDIVA FINGER MAPT HATICE

5381 3979 1769 4927 711 3736

Number of eligible participants 2891 1533 2481 342 2649

Eligibility in the Rotterdam Study - 72.6% 86.7% 50.4% 48.1% 70.9%

Age, mean [SD] 72.3 68.6 73.8 71.2 74.9 74.0

Women, n [%] 3111 [58] 1700 [59] 987 [56] 1699 [69] 183 [54] 1534 [58]

Educational attainment, n [%]

Primary 520 229 190 268 29 286

Lower 2124 1246 719 1162 142 1144

Further 1475 856 522 668 132 796

Higher 669 406 175 381 36 309

Smoking, n [%]

Never 1655 896 462 861 109 768

Past 2906 1579 1051 1268 204 1484

Current [%] 702 [13] 409 205 [12] 347 [14] 28 [8] 397 [15]

Systolic blood pressure, mmHg 150 147 152 151 149 154

MMSE, median [IQR] 28 28 28 28 28 28

Memory complaints, n [%] 2479 [46] 1294 [44.8] 900 [52] 1181 [48] 289 [85] 1348 [51]

Diabetes, n [%] 711 [13] 355 [12] 237 [14] 307 [12] 38 [11] 423 [16]

Abbreviations: SD = standard deviation, MMSE = Mini-Mental State Examination, IQR = interquartile range.
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Across the five published trials, most individuals (n=695) were eligible for both DR’s EXTRA 

and FINGER (Figure 1). Only 130 individuals from the Rotterdam Study (2.4% of individu-

als that had complete data for all trial eligibility criteria) were eligible for all five dementia 

prevention trials. Conversely, 1028 (19.1%) of individuals were eligible for none of these 

five trials. Variability in eligibility across ongoing trials (eTable 3) was wider than seen for 

published trials (eTable 2), and ranged from a minimum of only four individuals (0.1%) for 

US-POINTER to up to virtually all individuals in the J-Mint (93.9%) and MYB-trial (94.0%). 

Only two individuals were eligible for all five ongoing trials, and 130 were eligible for none 

(eFigure 2). For both published and ongoing trials, eligibility was largely similar for women 

compared to men (eFigure 3).

Preventative cardiovascular treatment qualification

The majority of individuals that were eligible for trial inclusion (59.8% for DR’s EXTRA to 

82.6% for HATICE) were above the pharmaceutical preventive treatment threshold for lipid 

lowering medication as recommended by ESC/EAS guidelines, both past and currently ongo-

ing trials (Figure 2, panel A and Figure 3, Panel A, respectively). Similar patterns were found 

for blood pressure lowering medication (eFigure 4). Compared to individuals eligible for DR’s 

Table 2. Baseline characteristics from the Rotterdam Study of all study participants and for eligible partici-
pants only, for ongoing trials

No. of participants with 
complete data to assess 
eligibility

All
participants

US-
POINTER

MIND-
CHINA

MyB-Trial J-Mint Agewell.
de

5381 4146 5157 5336 4025 4929

Number of eligible participants 4 4650 5015 3781 1778

Eligibility in the Rotterdam Study 0.1% 90.2% 94.0% 93.9% 36.1%

Age, mean [SD] 72.3 73.9 71.7 72.2 73.3 72.0

Women [%] 3111 (58) 4 [100] 2660 [57] 2867 [57] 2162 [57] 816 [46]

Educational attainment, n (%)

Primary 520 4 [100] 431 [xx] 482 [xx] 385 [xx] 239

Lower 2124 0 [0] 1904 1988 1542 468

Further 1475 0 [0] 1327 1385 1115 192

Higher 669 0 [0] 626 646 447 60

Smoking, n [%]

Never 1655 1 [25] 1436 1544 1093 378

Past 2906 3 [75] 2574 2706 2119 521

Current 702 [13] 0 624 654 481 120

Systolic blood pressure, mmHg 150 150 149 150 151 157

MMSE, median [IQR] 28 28 28 28 28 28

Memory complaints, n [%] 2479 [46] 3 [75] 2166 2312 1867 491 [28]

Diabetes, n [%] 711 [13] 0 [0] 596 653 490 158 [9]

Abbreviations: SD = standard deviation, MMSE = Mini-Mental State Examination, IQR = interquartile range.
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EXTRA and FINGER, a higher proportion of individuals ineligible for these trials qualified for 

preventive lipid lowering medication according to ESC guidelines (Figure 2, panel B and 

Figure 3, panel B). In contrast, individuals eligible for PREDIVA, MAPT and HATICE more 

often were above the preventive treatment threshold compared to those ineligible for these 

trials (82.0% vs 61.9% for PREDIVA, for MAPT, and 82.6% vs 52.6% for HATICE). 

 

 

  Figure 1. Eligible individuals across published trials. 
Of all participants with complete data that were assessed for trial eligibility [N 5813], most individuals were eligible for 
both FINGER and DR’s EXTRA. Each dot represents a mutually exclusive category, such that for example 521 individu-
als were eligible for HATICE, but not for any of the other trials. A total of 1028 were eligible for none of these trials, 
whereas only 130 individuals were eligible for all five trials. The left panel displays bars for each trial separately that 
quantify the solitary number of individuals eligible per trial. These bars for instance highlight that of all individuals that 
were assessed for eligibility, more individuals were eligible for HATICE than MAPT. Yet a larger proportion of individuals 
that was eligible for HATICE, were also eligible for other trials compared to those eligible for MAPT (483 individuals 
eligible for HATICE only versus 15 individuals for MAPT only).

Panel A Panel B
Figure 2. Proportion of eligible (Panel A) and ineligible (Panel B) individuals across published trials that qual-
ified for lipid-lowering preventative treatment according to European cardiovascular preventive guidelines.
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Eligible men more often qualified for preventive treatment than eligible women (eFigure 

5). Among ineligible individuals, similar sex-specific patterns were found (eFigure 6).

Predicted cardiovascular risk and the incidence of dementia across trial 
populations

Median predicted 10-year risks of cardiovascular disease was consistently higher than 10-year 

risk of dementia, among eligible individuals (Table 3). This means that individuals currently 

included dementia prevention trials already qualify for preventive treatment for cardiovascu-

lar disease, with 10-year dementia incidence among ineligible individuals that was largely as 

high as that among eligible individuals (Table 4). This raises the question whether dementia 

prevention trials have been targeted to the right population. Indeed, 10-year predicted risk 

for cardiovascular disease was also much higher than 10-year dementia incidence among 

ineligible individuals (Table 4), questioning whether selection on cardiovascular risk appro-

priately leads to the target population that could benefit most from preventive interventions 

against dementia.

The number of dementia events were too small to meaningfully report on differences in 

dementia incidence among individuals below and above the preventive treatment threshold 

for each trial separately. Women had lower predicted 10-year ASCVD risk than men, but 

were at higher remaining lifetime dementia incidence compared to men (eTable 4). In sensi-

tivity analyses, we observed that an even higher proportion of eligible individuals qualified for 

cardiovascular preventive treatment (79.1%) according to ACC/AHA guidelines compared to 

ESC/EAS guidelines (63.8%). However, under ACC/AHA guidelines, differences between eli-

gible compared to ineligible individuals attenuated compared to ESC/EAS guidelines (eFigure 

Panel A Panel B
Figure 3. Proportion of eligible (Panel A) and ineligible (Panel B) individuals across currently ongoing trials 
that qualified for lipid-lowering preventative treatment according to European cardiovascular preventive 
guidelines.
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6). Reanalyzing the data with complete data points after multiple imputation yielded similar 

results (eTable 5). Differences in remaining lifetime dementia incidence across trials became 

Table 3. Comparison of ASCVD risk, 10-year and remaining lifetime incidence of dementia among eligible 
individuals across trials

10-year ASCVD Risk 10-year 
cumulative 
dementia 
incidence

Remaining lifetime 
dementia incidence 

up until the age of 90
[95% CI]

Fatal ASCVD [IQR] Fatal and non-fatal 
ASCVD [IQR]

Published trials

DR’s EXTRA 5.7% [3.4-9.1] 18.3% [10.9-28.2] 8.0% 23.6% [20.7-26.9]

PREDIVA 9.3% [6.6-13.3] 28.3% [21.0 -37.4] 13.2% 22.3% [19.5-25.4]

FINGER 7.5% [4.1-13.3] 23.0% [12.5- 27.6] 11.0% 26.3% [23.6-29.3]

MAPT 9.2% [6.5 -14.7] 28.9% [20.5-41.3] 8.6% 15.6% [11.1-21.9]

HATICE 9.8% [6.3-15.9] 30.2% [20.4-45.4] 11.6% 20.3% [18.3-22.5]

Ongoing trials

US-POINTER 6.7% [5.5-9.7] 19.3% [15.8-27.7] NA # NA #

MIND-CHINA 7.4% [4.2-13.2] 23.9% [13.6-39.2] 11.0% 30.4% [28-1-32.8]

MYB 7.7% [4.3-13.8] 24.8% [14.0-41.0] 11.3% 30.0% [27.8-32.2]

J-Mint 8.8% [5.6-14.1] 27.6% [17.8-41.1] 10.7% 27.4% [24.4-30.4]

Agewell.de 8.4% [4.9-14.6] 25.0% [14.4-41.3] 13.0% 41.1% [35.2-47.1]

Abbreviations: IQR = interquartile range, CI = confidence interval. # too few dementia events to meaningfully report 
effect estimates.

Table 4. Comparison of ASCVD risk, 10-year and remaining lifetime incidence of dementia among ineligible 
individuals across trials

10-year ASCVD Risk 10-year 
cumulative 
dementia 
incidence

Remaining lifetime 
dementia incidence 

up until the age of 90 
[95% CI]

Fatal ASCVD [IQR] Fatal and non-fatal 
ASCVD [IQR]

Published trials

DR’s EXTRA 12.0% [7.3-18.9] 37.1% [24.3-53.3] 16.2% 22.9% [20.4-25.4]

PREDIVA 6.3% [3.4-14.3] 20.7% [11.0 -44.0] 10.8% 31.6% [28.9-34.2]

FINGER 8.2% [4.5-14.3] 26.8% [15.5- 44.0] 12.1% 24.3% [21.7-26.9]

MAPT 7.6% [4.1 -13.7] 24.3% [13.5-41.1] 11.8% 30.2% [28.0-32.3]

HATICE 5.3% [2.9-10.3] 17.3% [9.3-33.0] 11.6% 35.0% [31.9-38.1]

Ongoing trials

US-POINTER 7.8% [4.3-13.8] 24.8% [14.0-41.1] 11.6% 30.2% [28.1-32.3]

MIND-CHINA 11.4% [5.9-19.3] 35.5% [19.8-55.0] 15.3% 27.3% [22.4-32.4]

MYB 8.0% [4.0-14.8] 26.0% [13.8-44.9] 15.9% 30.7% [22.6-38.8]

J-Mint 4.3% [2.6-12.3] 15.0% [8.0-41.0] 13.8% 60.4% [54.5-66.4]

Agewell.de 7.6% [4.1-13.7] 24.8% [13.9-41.0] 11.3% 27.9% [25.7-30.1]

Abbreviations: IQR = interquartile range, CI = confidence interval
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wider when removing the upper age limit of 90 years (eTable 6). As expected, the number of 

ineligible individuals that qualified for preventive treatment became somewhat lower when 

excluding people with a history of cardiovascular disease (eTable 7).

dIsCussIOn

This population-based study provides three new insights for the field of dementia prevention. 

First, we observed that eligibility estimates from community-based dementia prevention trials 

correspond to those observed in an unselected segment of the general population. Second, 

in this population of older adults, up to 80% of eligible individuals already qualifies for (phar-

maceutical) preventive intervention to target cardiovascular disease. Finally, we observed that 

10-year risk of cardiovascular disease among trial eligible individuals is generally much higher 

than their 10-year cumulative incidence of dementia, with negligible differences in 10-year 

risks of dementia between eligible and ineligible individuals.

Findings of this study imply that, according to both European and American cardiovascular 

guidelines, the vast majority of these older adults in this community-dwelling population 

would qualify for pharmaceutical preventive treatment of cardiovascular disease, regardless 

of dementia risk. This observation raises two important questions. First, to whom do results 

of these dementia prevention trials apply? Half of the dementia prevention trials that were 

included in this study were specifically designed to recruit a sample of individuals at high risk 

of dementia.(19, 169, 283, 286, 287) However, this study reveals that a far greater part of the 

population could theoretically benefit equally from these preventive interventions to lower 

dementia incidence, i.e. irrespective of baseline presence of risk enhancing characteristics.

(288). This means that targeted lifestyle interventions are critical to both intervention as well 

as control groups, raising ethical concerns to withhold these interventions in control arms 

given their established beneficial effects for other health outcomes. In fact, 10-year incidence 

of dementia was equal or even higher for ineligible compared to eligible individuals in most 

trials. This means that trial recruitment strategies did not always accurately resulted in the 

intended selection of a ‘high-risk’ segment of the population.

Second, how can we learn from these findings to adequately inform and improve design 

of future dementia prevention trials? The FINGER and Agewell.de trials leveraged the CAIDE 

score to identify individuals at high risk of dementia.(19, 287) However, recent studies have 

shown that this predictive tool designed for mid-life populations does not perform well 

among older adults.(198, 275). Nevertheless, participants eligible for the FINGER trial or for 

its ancestor DR’s EXTRA trial, showed the most favorable combination of risks with a rela-

tively low ASCVD risk, and relatively high remaining lifetime dementia incidence compared 

to the other trials. Similarly, only those individuals that were eligible for FINGER were at 

higher incidence of dementia compared to their ineligible peers. In addition, the FINGER as 
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well as the DR’s EXTRA trial criteria led to the inclusion of a relatively young population with 

more women, compared to the other trials. This population appears to be attractive target 

for dementia prevention, since these individuals are at high (lifetime) dementia risk yet are 

more often left untargeted on the basis of preventive treatment qualification.(33) We indeed 

observed that particularly women eligible for trial inclusion were at lower predicted risk of 

cardiovascular disease and thus less often qualified for preventive treatment than ineligible 

women. As a result, eligible women may have out survived cardiovascular disease – leading to 

a higher, absolute risk for late-life dementia. Alternatively, chronic exposure to cardiovascular 

risk factors among women that are below the cardiovascular preventive treatment threshold 

may have led to lingering subclinical brain disease that subsequently contributed to a high 

lifetime incidence of dementia.

We put forward two recommendations for the design of future dementia prevention trials. 

First, preventive efforts should ideally be targeted to individuals that do not (yet) qualify for 

cardiovascular prevention but are at high lifetime risk for dementia, instead of a 10-year 

risk horizon. These for example include individuals at low or intermediate 10-year risk for 

cardiovascular disease, or individuals in midlife that are genetically predisposed to dementia. 

Second, trials could specifically aim for individuals that are known with hearing impairment, 

social isolation or other dementia-specific risk factors. For these individuals, specifically 

targeted interventions to these risk factors may prove additional benefit on top of current 

cardiovascular preventive (pharmaceutical) interventions.

This population-based study has a number of limitations. First, a small number of trial 

in- and exclusion criteria could not be applied to participants due to lack of data in the 

used study rounds (e.g. history of end-stage renal disease or bariatric procedures). Neverthe-

less, we were still able to meticulously mimic the vast majority of eligibility criteria of trials, 

demonstrated by small differences between the originally reported and observed eligibility 

criteria in this study (less than 5%). Second, in some stratified analyses, the number of 

dementia events was small. Third, in absence of dementia-specific treatment guidelines, 

we applied cardiovascular preventive guidelines to older adults, while these are primar-

ily designed for individuals aged 45-70 years old. This may have overestimated real-world 

preventive intervention, since for some older adults with limited life-expectancy preventive 

intervention is conceivably discontinued or withheld. Finally, we applied guidelines that were 

specifically designed for primary prevention, while some of these trials also enrolled people 

with a history of cardiovascular disease. Still, repeating analyses among individuals without a 

history of cardiovascular disease yielded largely similar results. Strengths of this study include 

a high response rate and the meticulous assessment of a wide range of variables that made 

the head-to-head comparison of published and ongoing dementia prevention trials possible.

In conclusion, past and ongoing multidomain prevention trials against dementia target 

a segment of the population that already qualifies for preventive interventions based on 

their cardiovascular risk according to cardiology guidelines. These findings call for adapted 
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“Ik kom uit Italië en ben jaren 

geleden naar Nederland gekomen. 

In september word ik 83 jaar, en 

ben niet meer de Luigi meer van 

vroeger. Op mijn leeftijd moeten de 

doelen haalbaar zijn. Geen bergen 

meer beklimmen, maar heuvels. Ik 

heb tegenslagen meegemaakt in 

mijn leven, die vragen opleveren 

maar niet op al die vragen is een 

antwoord.  Zo is mijn zoon 3 jaar 

geleden overleden, en heeft mijn 

moeder nooit gerookt maar toch 

kreeg ze kanker. Ik kan kleine 

dingen in het leven waarderen. Zo 

kan ik omgaan met deze heftige 

gebeurtenissen en tegenslagen. Ik 

kan genieten van mijn tuin, met 

allerlei kruiden die ik gebruik voor 

het koken. Een positieve insteek is 

voor mij belangrijk. Lachen als het 

even kan. Bewegen en in contact zijn 

met de natuur vind ik heerlijk. Zo ken 

ik elke kastanjeboom in Ommoord. 

En bij het rapen van kastanjes moet 

je bukken, veel bukken. Dat houdt 

mij fi t.”  

(83 jaar)

“Ik ben niet meer 
de Luigi van vroeger”   
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abstraCt

Background: In cancer research, multistage models are used to assess the multistep process 

that leads to the onset of cancer. In view of biological and clinical similarities between cancer 

and dementia, we used these models to study Alzheimer’s disease (AD).

Methods: From the population-based Rotterdam Study, we included 9,362 non-demented 

participants, of whom 1,124 developed AD during up to 25 years of follow-up. Under a 

multistage model, we regressed the logarithm of AD incidence rate against the logarithm of 

five-year age categories. The slope in this model reflects the number of steps (n–1) required 

for disease onset before the final step leading to disease manifestation.

Results: A linear relationship between log incidence rate and log age was observed, with a 

slope of 12.82 (95%CI: 9.01-16.62), equivalent to 14 steps. We observed fewer steps for 

those at high genetically determined risk: 12 steps for APOE-ε4 carriers, and 10 steps for 

those at highest genetic risk based on APOE and a genetic risk score.

Conclusions: The pathogenesis of AD complies with a multistage disease-model, requiring 

14 steps before disease manifestation. Genetically predisposed individuals require fewer 

steps indicating that they already inherited multiple of these steps. Unravelling these steps in 

AD pathogenesis could benefit the development of intervention strategies.
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IntrOduCtIOn

Over the past decades, major advances have been made in the understanding of the role of 

amyloid and cerebrovascular pathology in the onset and progression of Alzheimer’s disease 

(AD).(166) However, the underlying number of pathological changes and the subsequent 

final trigger leading to clinical disease manifestation, remain largely unclear. AD has a strong 

genetic component with a heritability of 60-80%, with additional AD-susceptibility genes 

that are still being identified.(289, 290) These findings suggest that an individual’s genetic 

architecture is key in determining if and when disease emerges.(289-291) Notwithstanding 

the importance of environmental and lifestyle factors, it remains difficult to quantify to what 

extent this genetic predisposition is deterministic for AD onset.

Originated in cancer research, multistage models have been used to gain more insight 

in the number of steps before disease manifestation. These models are able to estimate 

the number of steps (‘mutations’) required for a healthy cell to become malignant.(292) 

After undergoing several of these rate-limiting steps, the last mutation will ultimately lead to 

clinical manifestation of the disease. These models have yielded consistent findings across a 

variety of cancers, supporting the notion that the occurrence of cancer is the end result of 

seven, successful mutations.(292)

Cancer and neurodegenerative disease, including AD as its most common form, may be 

seen as two opposite ends in cell proliferation, yet they share biological and clinical charac-

teristics, including dysregulations in key DNA repair and inflammation processes, an increas-

ing incidence with advancing age, and rapid disease progression after diagnosis. Moreover, 

they share a complex inheritance pattern with genetic pleiotropy.(293) For instance, a recent 

GWAS found a positive genetic correlation between AD and cancer genes, further support-

ing the genetic overlap between these two diseases.(293)

Given the commonalities between neurodegenerative diseases and cancer, the multistage 

model has recently been successfully applied to model the incidence rate of amyotrophic 

lateral sclerosis, a rare neurodegenerative disease, as a six-step process.(294) So far, this 

multistage modelling has not been used for AD. We therefore applied a multistage model 

within a large, population-based study to test the hypothesis that AD is a multistage process. 

We determined the number of steps required for disease onset and hypothesized that if 

AD complies with a multistage process, the number of steps will be smaller in genetically 

predisposed individuals as these individuals may already inherited one of these key steps.

methOds

To model AD as a multistage process with data from the Rotterdam Study, we excluded 

participants with a history of any type of dementia at baseline (N=531) and those who were 
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insufficiently screened for dementia (N=637). We further excluded participants who did not 

provide informed consent to access medical records or hospital discharge letters (N=159). 

Lastly, participants without information on their APOE genotype (N=964) or AD-associated 

genetic variants to calculate the genetic risk score (N=1,565) were excluded, leaving 11,070 

participants for analyses (eFigure 1).

APOE genotyping and calculation of a weighted genetic risk score

DNA was extracted from blood samples drawn by venepuncture at baseline. APOE genotype 

was determined using polymerase chain reaction on coded DNA samples in the initial cohort 

and with a bi-allelic TaqMan assay (rs7412 and rs429358) in the two extensions (RS-II and 

RS-III). The majority of samples (81.1%) were further genotyped with the Illumina 610K and 

660K chips and imputed to the Haplotype Reference Consortium reference panel (version 

1.0) with Minimac 3. We included 23 genetic variants that showed genome wide significant 

evidence of association with AD to calculate a weighted genetic risk score (Supplementary 

Table 1 for an overview of the included variants).(294-309) This score was calculated as the 

sum of the products of single nucleotide polymorphism dosages of the 23 genetic variants 

(excluding APOE) and their respective reported effect estimates. All 23 variants selected for 

the calculation of the genetic risk score were well imputed (imputation score R2 > 0.3, 

median 0.99).

Ascertainment methods of dementia

Baseline and follow-up ascertainment methods for dementia have been described in detail 

in Chapter 2.4 of this thesis and more extensively in.(310) For this analysis, participants 

were censored at date of any type of dementia diagnosis, death, loss to follow-up, or 1st 

January 2016, whichever came first. Follow-up was virtually complete (96.3% of potential 

person-years).(183)

The multistage model

Multistage models originate from cancer epidemiology, where they were first employed to 

study the age distribution of several cancer types.(292, 311-313) Within this framework it is 

assumed that cancer manifests clinically after a certain threshold number has been reached 

composed of n mutations within one cell. This threshold for disease occurrence in that cell 

has a certain probability distribution over time (t), e.g. for an individual the nth mutation 

occurs at age 50, whereas for another individual this nth mutation may occur at age 80. Of 

the required mutations, (n−1) mutations have independently taken place at a certain point 

during the lifespan. For each of these mutations, a certain probability per time unit (e.g., 

year) exists that a mutation will occur (λ). When a cell is primed, such that it has undergone 

all of these necessary preceding mutations, the final mutation (nth mutation) leads to clinical 

manifestation of disease. Subsequently, this final nth mutation has to occur after all of these 
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steps and can for example not occur in between preceding steps. So, the probability density 

function of time-point t, when the nth change takes place is:

ƒ(t) ~ λ1 λ2 … λn−1 λn tn−1

It was noted in cancer epidemiology that the age-specific incidence rate of cancer (‘i’) 

roughly coincided with the probability that at least one cell of all independent cells acquired 

the necessary number of seven mutations by that specific age. This means that for most 

types of cancer six preceding rate-limiting steps (n−1) are necessary during the lifespan, with 

a seventh and final mutation (nth mutation), leading to disease manifestation.(314) It can 

subsequently be shown that if the disease under study fits a multistep process, the number 

of these steps (n) can be estimated with the following formula:

log(i) = (n − 1) log(t) + c

in which c is a constant number containing log(λ1 λ2 … λn−1 λn). The common ground of these 

rate-limiting definitions is that the speed of a reaction step will have a significant effect on 

the speed of the overall chain of events to which the step belongs.(315) A reaction step is 

thus subsequently considered a rate-limiting step, when the rate of that particular step is 

identical to the overall rate of the entire reaction.

Statistical analysis

We applied a multistage model to determine the slope and the number of steps for the 

development and clinical onset of AD. In line with previous studies, the incidence rate of AD 

was calculated per five years age categories.(292, 294) Each participant contributed person-

years to specific age categories, until the age at AD diagnosis or censoring. To minimize the 

effects of outliers on the slope of the model, we excluded age categories with less than 500 

person-years or with an incidence rate below 1 per 1000 person-years given that estimated 

incidence rates often become instable in the extremes of the age distribution.(313) This 

additional criterion resulted in an exclusion of 213,530.6 person-years, which corresponded 

to the exclusion of 1,708 of the 11,070 participants with age at AD or censoring below 

the first included age category. This left 9,362 participants available for the final analyses 

(Figure 1). The incidence rate of AD and the five-years age categories (log age) were natural 

log-transformed. Linearity was tested based on the adjusted R-squared obtained from a 

linear regression model with log age and incidence rate of AD as outcome. Linear models 

were unadjusted.

Additionally, we stratified according to APOE ε4 carrier status and on tertiles of a weighted 

genetic risk score in mutually exclusive categories of genetic risk and by combining both in 

order to be able to stratify those individuals with the lowest and those with the highest AD 

genetic risk.
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results

During a follow-up of up to 26.1 years, 1,124 out of 9,362 participants were diagnosed 

with AD, (median follow-up 10.3 years [interquartile range 10.1 years]). Table 1 shows the 

baseline characteristics of the study population. In this sample, 58.2% of the participants 

were women. Of the included participants, 2,624 were APOE ε4 carriers (28.0%).

Multistep model

The adjusted R-squared for the relation between log AD incidence rate and log age was 0.93, 

indicating a linear correlation, which is in line with the multistage model. The estimate of the 

slope (number of steps minus 1) for AD was 12.8 (95% confidence interval (CI): 9.0-16.6), 

indicating that 14 steps are needed for the development of AD (Table 2, Figure 1).

Table 1. Baseline characteristics of total study population

Characteristic
Study population

(N=9,362)

Age, median (IQR), y 65.0 (12.6)

Women 5,453 (58.2)

APOE ε4 carrier 2,624 (28.0)

Weighted genetic risk score

First tertile 3,146 (33.6)

Second tertile 3,120 (33.3)

Third tertile 3,096 (33.1)

Educational level

Primary 1,689 (18.3)

Lower 3,941 (42.6)

Further 2,512 (27.2)

Higher 1,101 (11.9)

Body mass index, mean (SD), kg/m2 26.8 (3.9)

Systolic blood pressure, mmHg, mean (SD) 140 (22)

Diastolic blood pressure, mmHg, mean (SD) 76 (12)

Total cholesterol, mmol/L, mean (SD) 6.3 (1.2)

Diabetes mellitus 1,026 (11.0)

Smoking status

Never 3,021 (32.7)

Former 4,276 (46.3)

Current 1,938 (21.0)

No alcohol use 1,416 (17.3)

Abbreviations: APOE, apolipoprotein E; IQR, interquartile range; SD, standard deviation Data are presented as number 
(percentage) of participants unless otherwise indicated. Values are shown without imputation and therefore not always 
add up to 100%
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Table 2. Overview of estimates for slopes across groups with different genetic risks

Study population n/N
n-1

(95%CI)
R-squared*

Total study population 1,124/9,362 12.82 (9.01-16.62) 0.925

APOE ε4 Carrier 481/2,624 10.56 (5.96-15.17) 0.849

Homozygote 70/213 8.92 (5.74-12.11) 0.923

Heterozygote 411/2,411 14.93 (8.11-21.75) 0.878

Non-carrier 643/6,738 15.02 (11.28-18.76) 0.946

Weighted genetic risk score tertile First 296/3,146 15.04 (9.41-20.68) 0.885

Second 376/3,120 12.8 (9.94-15.65) 0.956

Third 452/3,096 11.72 (7.37-16.08) 0.886

Weighted genetic risk score first tertile APOE ε4 carrier 124/843 8.47 (1.91-15.04) 0.886

APOE ε4 non-carrier 172/2,303 15.3 (11.77-18.82) 0.954

Weighted genetic risk score second tertile APOE ε4 carrier 161/930 10.31 (6.83-13.79) 0.905

APOE ε4 non-carrier 215/2,190 15.54 (12.02-19.05) 0.955

Weighted genetic risk score third tertile APOE ε4 carrier 196/851 8.93 (3.51-14.36) 0.738

APOE ε4 non-carrier 256/2,245 14.39 (9.81-18.97) 0.915

Abbreviations: APOE, apolipoprotein E; n, number of incident Alzheimer’s disease events; N, total number of partici-
pants; n-1, estimate for slope (i.e. number of steps minus 1).
*Obtained from linear regression model log(Alzheimer’s disease incidencei) = β0 + β1*log(agei)

- -

Figure 1. Plotted log incidence rate of Alzheimer’s disease (y-axis) against log age (x-axis). The dashed line 
shows the most optimal linear correlation.
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Considering genetic risk

When considering only the APOE-related risk of developing AD, we found that APOE ε4 

genotype non-carriers needed more steps to develop AD compared to APOE ε4 carriers (16 

steps for non-carriers, 12 for carriers). In an exploratory analysis, we also examined the num-

ber of steps among participants homo- or heterozygous for APOE ε4 separately. Participants 

homozygous for the APOE ε4 allele required 10 steps, while participants heterozygous for 

APOE with ε3 and ε4 or ε2 and ε4 required 16 steps to develop AD. Similarly, we found for 

participants in the low-risk tertile of the genetic risk score that more steps were required 

to develop AD compared to those in the high-risk tertile (16 steps versus 13 steps). When 

stratifying on both APOE ε4 carrier ship and the genetic risk score, we found that for every 

increase in tertile of the genetic risk score, APOE ε4 carriers needed less steps to develop AD 

compared to the APOE ε4 non-carriers. This translated into ten steps for APOE ε4 carriers in 

the high-risk tertile, compared to 16 steps for non-carriers for APOE in the low-risk tertile 

(Table 2).

dIsCussIOn

In this population-based study using long-term follow-up of AD, we found evidence that the 

development of AD follows a multistage process with 14 steps. This indicates that 14 steps 

are required for the clinical occurrence of AD in the general population. The number of steps 

was modified by the level of genetic predisposition, translating into six less steps for those 

individuals at highest genetic risk for AD, compared to those at the lowest genetic risk.

The multistage models have been extensively used in cancer research to provide more 

insight in their underlying pathogenesis.(311, 316-319) Several studies showed that seven 

steps were required to develop cancer, which may reflect somatic mutations, genomic rear-

rangements, or changes in tissue interactions and environment. Neurodegenerative diseases 

show several similarities with cancer such as dysregulation of DNA repair mechanisms. Yet, 

the multistage model has only been applied to amyotrophic lateral sclerosis which appears to 

follow a multistage process with six rate-limiting steps. In this study, we show that AD also 

can also be modelled as a multistage condition consisting of 14 steps, stressing the genetic 

complexity and the variety of potential biological pathways involved in the development of 

this disease.

We found that the number of steps for AD differed between individuals with different 

degrees of genetic predisposition. APOE ε4 carriers require a smaller number of steps to 

develop AD compared to APOE ε4 non-carriers. Moreover, these effects became even more 

pronounced when additionally considering 23 AD-associated genetic variants. Compared to 

those at highest genetic risk (i.e. APOE ε4 carrier and within the third tertile of the weighted 

genetic score), individuals at lowest genetic risk (i.e. APOE ε4 non-carrier and within the 
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first tertile of weighted genetic score) needed six more rate-limiting steps to develop AD. 

These findings are in line with previous observations in cancer research showing different 

thresholds before disease becomes clinically apparent between inherited and sporadic cancer 

events. For instance, individuals with familial adenomatous polyposis are at increased risk 

of colon cancer due to one mutated copy of the APC gene. It has been shown that these 

individuals need one step fewer in the overall pathological process to develop clinical colon 

cancer than individuals without this mutated gene.(316) Furthermore, children with inherited 

retinoblastoma required only one hit to develop this disease, whilst sporadic retinoblastoma 

cases became clinically apparent after two hits.(320) Our findings may suggest that individu-

als with genetic predisposition begin several stages further down the chain of the required 

pathological threshold before AD becomes clinically apparent.

Although our findings suggest that 14 steps are needed for AD to emerge clinically, the 

underlying biological pathways and changes reflected by these steps still need to be identi-

fied. To date, eight different biological pathways involved in the pathogenesis of AD have 

been identified using genetic variants in AD.(321) The APOE ε4 allele is the most significant 

genetic risk factor due to its high prevalence and strong relation to AD. It is involved in 

four of these pathways, including cholesterol transport, hematopoietic cell lineage, clathrin/

AP2 adaptor complex, and protein folding pathways. Our finding that APOE ε4 non-carriers 

need four more steps before AD clinically manifests compared to APOE ε4 carriers taps into 

this observation, and could indicate that changes in the abovementioned four pathways 

are indeed necessary to acquire before AD manifests clinically. This could mean that these 

pathways are already changed or dysregulated at birth in APOE ε4 carriers, indicating that 

these individuals subsequently have a lower resilience against the development of demen-

tia. This could in turn lead to a lower required number of subsequent steps before disease 

manifestation. Indeed, up to 18% of the APOE ε4 carriers in this study developed AD during 

follow-up, yet the lifetime risk of AD among these individuals is even higher with almost half 

of all them developing AD in their remaining lifetime. For carriers homozygous for APOE ε4 in 

the high-risk tertile, this risk is even higher, and the disease moreover manifests earlier, with 

a 29-year difference in age at onset for AD, compared to homozygous APOE carriers at the 

low-risk tertile of the genetic risk score.[2]”

The search of finding successful AD therapies is among the most challenging and expen-

sive healthcare issue to date. So far, many disease-modifying agents reduce the production 

of amyloid-beta (Aβ), or target a specific but single part of the disease process.(322) Our 

present study shows that as many as 14 steps are required before AD becomes clinically 

apparent. This high number of required steps may signal the need to develop multi-domain 

approaches to target various underlying disease-processes simultaneously in order to halt or 

deter neurodegeneration.

Several limitations of this study need to be discussed. Firstly, although the use of multistage 

models produces a number as simple, and concrete result, its exact biological meaning is 
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complex and remains hard to interpret. For instance, multistage models reflect the notion 

and the trajectory of a single cell or cell lineage to become malignant in several rate limiting 

steps in cancer research. However, the biological unit and meaning of these independent 

steps is more variable in the case of AD, as indeed it is for other neurodegenerative diseases 

such as ALS. This could for instance reflect an essential pathophysiological change in a single 

neurovascular unit, but could also relate to a key genetic mutation in a single cell or cell 

lineage. Secondly, the underlying multistage model assumes that disease development is 

predominantly genetically determined. This means that a certain number of steps, all with a 

similar exposure time, have to occur before the specific disease manifests clinically. In most 

instances, this means that the exposure under study must be present at birth or during an 

individual’s early life, such as their genes, ethnicity, sex or environmental factors present from 

birth onwards. This leaves little room for the incorporation of environmental factors that start 

later in life, such as smoking. While AD has a strong genetic component,(289) the importance 

of lifestyle and environmental factors is also substantial.(310) These factors remain however 

in part unaddressed in the current multistage models. Some studies in cancer epidemiology 

have tried to model these effects in more complex multistage models, but the results of these 

models turned out to be difficult to interpret and are currently poorly validated.(316) Since 

this is the first application of the multistage modelling in AD, we relied on a more simple, yet 

widely used multistage model. Future research is encouraged to incorporate (time-varying) 

extensions with environmental and lifestyle factors. Thirdly, results derived from exploratory 

analyses amongst participants either homo- or heterozygous for APOE ε4 should be inter-

preted with caution as these analyses are based on relatively small sample sizes. Fourthly, 

due to various reasons including for instance selection bias, the presented frequencies of 

homo- and heterozygous carriers for the APOE ε4 allele in this population-based cohort study 

(2.8% homozygous, 25.8% heterozygous), may differ from those in the unselected general 

population.(151) Nevertheless, the frequencies in this study fell within the reported ranges 

from several other, large population-based cohort studies (Supplementary Table 2). Finally, 

estimates of multistage models are vulnerable for several artificial influences on the observed 

incidence patterns, such as community-wide disease screening programs or misclassification 

of diagnoses at high ages due to restrained diagnostic work-ups.(323) For some diseases, 

this subsequently could influence the estimation of the slope and thus the number of steps 

needed for disease onset. We nevertheless minimized these effects by using a cohort study 

with standardized and consistent AD ascertainment over time with virtually complete follow-

up (>95% of potential person-years).

In conclusion, we found that AD complies with a multistage model characterized by 

14 steps that include essential facets of biological change which are required before AD 

becomes clinically apparent. Moreover, we observed that individuals with a higher genetic 

susceptibility require less of these additional steps before disease manifests clinically. Future 

research is warranted to validate the number of steps, to study the effects of environmental 
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and lifestyle factors, and to further investigate the processes underlying these rate-limiting 

steps. These findings could further increase the understanding of the pathogenesis of AD, 

which in turn could benefit the development of prevention and treatment strategies.
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SUPPLEMENTARy MATERIAL

Supplementary Table 1. Genetic variants included in the genetic risk score

Chr Rs-id ALT- HRC Assigned-gene Locus discovered in: Effect estimate Maf Weight
ALT-HRC

R2-RS1 R2-RS2 R2-RS3

19 rs4147929 G ABCA7 Hollingworth et al. , Naj et al. Lambert et al. (2013) 0.19 -0.135 0.916 0.917 0.991

2 rs6733839 T BIN1 Seshadri et al. Lambert et al. (2013) 0.409  0.188 0.960 0.911 0.962

20 rs7274581 C CASS4 Lambert et al. (2013) Lambert et al. (2013) 0.083 -0.139 0.990 0.989 0.990

6 rs10948363 G CD2AP Hollingworth et al. , Naj et al. Lambert et al. (2013) 0.266 0.098 0.998 0.998 0.998

11 rs10838725 C CELF1 Lambert et al. (2013) Lambert et al. (2013) 0.316 0.075 0.998 0.998 0.998

8 rs9331896 T CLU Harold et al. , Lambert et al. (2009) Lambert et al. (2013) 0.379 0.146 0.902 0.974 0.901

1 rs6656401 G CR1 Lambert et al. (2009) Lambert et al. (2013) 0.197 -0.157 0.953 0.948 0.950

10 rs7920721 G ECHDC3 Desikan et al. Desikan et al. 0.387 -0.067 1.000 1.000 1.000

7 rs11771145 A EPHA1 Hollingworth et al. , Naj et al. Lambert et al. (2013) 0.338 -0.102 0.998 0.998 0.999

14 rs17125944 C FERMT2 Lambert et al. (2013) Lambert et al. (2013) 0.092 0.122 1.000 1.000 1.000

6 rs111418223 A HLA-DRB1/5 Lambert et al. (2013) Lambert et al. (2013) 0.276 -0.108 0.314 0.312 0.314

4 rs13113697 G HS3ST1 Desikan et al. Desikan et al. 0.283 -0.067 0.999 0.998 0.999

2 rs35349669 T INPP5D Lambert et al. Lambert et al. (2013) 0.488 0.066 0.975 0.973 0.976

17 rs118172952 G KANSL1 Jun et al. Lambert et al. (2013) 0.873 -0.151 0.710 0.700 0.708

5 rs190982 A MEF2C Lambert et al. (2013) Lambert et al. (2013) 0.408 0.080 0.979 0.934 0.978

11 rs983392 G MS4A6A Hollingworth et al. , Naj et al. Lambert et al. (2013) 0.403 -0.108 0.989 0.990 0.991

7 rs2718058 G NME8 Lambert et al. (2013) Lambert et al. (2013) 0.373 -0.070 1.000 1.000 1.000

11 rs10792832 G PICALM Harold et al. Lambert et al. (2013) 0.358 0.130 0.999 0.999 0.999

8 rs28834970 C PTK2B Lambert et al. (2013) Lambert et al. (2013) 0.366 0.096 0.993 0.990 0.994

14 rs10498633 T SLC24A4-RIN3 Lambert et al. (2013) Lambert et al. (2013) 0.217 -0.104 0.999 0.999 1.000

11 rs11218343 C SORL1 Lambert et al. (2013) Lambert et al. (2013) 0.039 -0.270 0.998 0.995 0.998

6 rs75932628 T TREM2 Guerreiro et al. , Jonsson et al. Ruiz et al. 0.0016 0.889 0.762 0.726 0.668

7 rs1476679 T ZCWPW1 Lambert et al. (2013) Lambert et al. (2013) 0.287 0.078 0.995 0.996 0.995

Ordered by assigned gene name. References: Harold et al.[1], Seshadri et al.[2], Hollingworth et al.[3], Naj et al.[4], Lam-
bert et al. (2009,2013)[5, 6], Jonsson et al.[7],and Ruiz et al.[8] Minor allele Frequency (Maf) of Rotterdam Study (RS) 1 
is shown and is representative of the MAF in RS2 and RS3. R2= imputation quality. RS1= initial Rotterdam Study cohort, 
RS2=first extension Rotterdam Study, RS3=second extension. Rotterdam Study cohorts were imputed separately. Gene 
names are ncbi gene names assigned to the loci in the corresponding references.
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is shown and is representative of the MAF in RS2 and RS3. R2= imputation quality. RS1= initial Rotterdam Study cohort, 
RS2=first extension Rotterdam Study, RS3=second extension. Rotterdam Study cohorts were imputed separately. Gene 
names are ncbi gene names assigned to the loci in the corresponding references.
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Supplementary Table 2. Frequency of APOE alleles in study population

APOE genotype
Study population

(N=9,362)

ε2/ε2 63 (0.7)

ε2/ε3 1,208 (12.9)

ε2/ε4 250 (2.67)

ε3/ε3 5,467 (58.4)

ε3/ε4 2,161 (23.1)

ε4/ε4 213 (2.8)

Abbreviations: APOE, apolipoprotein E.
Data are presented as number (percentage) of participants.
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''Ik voel helemaal niet dat ik zo oud ben. Ik 

ben wel iets vergeetachtig en mijn ogen gaan 

wel achteruit; ik overal mijn bril bij nodig en 

vaak ook nog een vergrootglas. Ik had een 

tumor in mijn buik, waardoor ik een stoma 

heb, maar daar heb ik nu verder niet zo veel 

last meer van. Zo kan ik nog uren wandelen. 

Ik was keurmeester van veen en vlees. Ik was 

15 toen de Tweede Wereld oorlog begon, 

hongersnood hadden wij zelf niet direct zo'n 

last van want mijn ouders hadden contac-

ten met boeren om zo toch nog aan wat 

voedsel te komen. Mijn moeder is bijna 60 

geworden, en overleden aan kanker. Vader is 

bijna 87 jaar geworden. Eigenlijk is mijn hele 

familie vrij oud geworden. Mijn tantes waren 

in de 90. 1 zus en 2 broers, zijn inmiddels 

ook allemaal in de 80. Ik was de oudste en 

dat ben ik nog steeds!''

(90 jaar)

''Ik was de oudste en 
dat ben ik nog steeds''



4.3
Quantitative gait, cognitive decline 
and incident dementia
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abstraCt

Background: Poor gait has recently emerged as a potential prodromal feature of cognitive 

decline and dementia. We assessed to what extent various aspects of poor gait are indepen-

dently associated with cognitive decline and incident dementia.

Methods: We leveraged detailed quantitative gait (GAITRite™) and cognitive assessments 

in 4,258 dementia-free participants (median age 67 years, 55% women) of the population-

based Rotterdam Study (baseline 2009-2013). We summarized 30 gait parameters into seven 

mutually independent gait domains and a Global Gait score. Participants underwent follow-

up cognitive assessments between 2014-2016 and were followed for incident dementia until 

2016 (median 4 years).

Results: Three independent gait domains (Base of Support, Pace and Rhythm) and Global 

Gait were associated with cognitive decline. Two independent gait domains (Pace and Vari-

ability) and Global Gait were associated with incident dementia. Associations of gait with 

cognitive decline and incident dementia were only present in individuals who had been 

cognitively unimpaired at baseline.

Conclusions: Poor performance on several independent gait domains precedes cognitive 

decline and incident dementia.
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IntrOduCtIOn

Poor gait has recently emerged as a potential prodromal feature of cognitive decline and 

dementia.(324-326) However, it is unclear to what extent various aspects of poor gait inde-

pendently associate with cognitive decline and incident dementia.

Gait encompasses a broad array of quantifiable parameters, such as speed, stride width or 

stride time. Although these parameters are to a varying extent correlated, they reflect various 

aspects of gait that can be summarized into mutually independent gait domains, such as 

Pace ([which includes several parameters, including:] gait speed), Base of Support (stride 

width), Rhythm (stride time) or Variability (variability in stride time and width).(43)

Interestingly, several independent gait domains have been cross-sectionally associated with 

cognitive performance.(42) Also, in the Mayo Clinic Study of Aging several gait parameters 

were associated with decline in global and domain-specific cognitive performance.(327) 

However, only one relatively small (n=427) population-based study has published data on 

associations of independent gait domains with cognitive decline and dementia. In that study, 

worse Pace was associated with a decline in Global Cognition over a median 2-year follow-

up period, while worse Variability and Rhythm were associated with incident dementia.(328) 

The findings of that study warrant corroboration in a larger sample with longer follow-up. 

They also leave the important question unanswered whether associations of poor gait with 

cognitive decline and incident dementia vary by baseline cognitive performance. Of particular 

interest is whether poor gait may be a determinant of cognitive decline and incident demen-

tia in cognitively unimpaired individuals.

We hypothesized that several gait domains are independently associated with cognitive 

decline and incident dementia. We also hypothesized that associations of poor gait with 

cognitive decline and incident dementia would remain present in individuals free of cognitive 

dysfunction at baseline. We tested these hypotheses by leveraging detailed quantitative gait 

assessments, serial cognitive assessments, and follow-up for incident dementia in a large, 

population-based cohort.

methOds

Gait assessments were implemented into the core protocol of the Rotterdam Study in 2009. 

Between 2009 and 2013, 4,258 participants free of dementia across the three subcohorts 

underwent detailed gait and cognitive assessments. We will refer to this assessment as “base-

line”. Between 2014 and 2016, 3,253 (76%) of these participants underwent follow-up 

cognitive assessments. Reasons for missing data on a follow-up cognitive assessment were 

death (n=208), follow-up cognitive assessment planned after current study period (n=167), 

or refusal or inability (n=697). The follow-up period for dementia was defined as the interval 
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between baseline dementia screening at the research center and the first of: diagnosis of 

dementia, death or January 1, 2016. Follow-up for dementia included in-person examina-

tions as well as continuous surveillance through electronic linkage of the study database with 

medical records, and was 99% complete.

Assessment of gait

Gait was evaluated using a 5.79-m long walkway (GAITRite™ Platinum; CIR systems, Sparta, 

NJ: 4.88-m active area; 120-Hz sampling rate). The reliability and validity of this device have 

been previously established.(43) The standardized gait protocol comprises three walking 

conditions: normal, turning and tandem walk. In the normal walk, which was repeated up to 

eight times, participants walked at their usual pace across the walkway. We calculated mean 

values across these walks, apart from the first walk, which we considered a practice walk. In 

turning, participants walked at their usual pace, turned halfway, and returned to the starting 

position. In the tandem walk, participants walked heel-to-toe on a line across the walkway. 

Based on the recorded footfalls, the walkway software calculated 30 parameters, including 

25 from the normal walk, 2 from turning and 3 from the tandem walk. In Table 1, we provide 

a description of these parameters. All recordings were visually inspected. From a clinical point 

of view, an individual with “poor” gait (i.e., z-score=2 or >1 double step during tandem 

walk) may have a combination of some of the following gait characteristics: low cadence 

(<91 steps/min), highly-variable step length (average standard deviation in step length>5 

cm), high double support time (>0.4 s), low gait speed (<81 cm/s), difficulty maintaining 

balance while tandem walking (>1 double step), slow turning (>4 s), or wide base (>18cm).

Table 1. Original gait parameters and correlating domains

Parameter Description Indication of
“worse” gait

Correlating
domain

Single Support Time The time elapsed between the last contact of the opposite 
foot and the first contact of the next footfall of the 
opposite foot when a foot touches the ground

higher Rhythm

Swing Time The time elapsed between the last contact of the current 
footfall to the first contact of the next footfall on the same 
foot in seconds

higher Rhythm

Step Time The time elapsed between the first contact of one foot 
and the first contact of the opposite foot

higher Rhythm

Stride Time The elapsed time between the first contacts of two 
consecutive footfalls of the same foot in seconds

higher Rhythm

Cadence The number of steps/minute lower Rhythm

Stance Time The time elapsed between the first contact and the last 
contact of two consecutive footfalls on the same foot in 
seconds. It is initiated by heel contact and ends with the 
toe off of the same foot

higher Rhythm

Stride Length SD The standard deviation in the Stride Length in centimeters higher Variability

Step Length SD The standard deviation in the Step Length in centimeters higher Variability
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Table 1. Original gait parameters and correlating domains (continued)

Parameter Description Indication of
“worse” gait

Correlating
domain

Stride Velocity SD The standard deviation in the Stride Velocity (Stride 
Length/Stride Time) in centimeters/second

higher Variability

Stride Time SD The standard deviation in the Stride Time in seconds higher Variability

Step Time SD The standard deviation in the Step Time in seconds higher Variability

Stance Time SD The standard deviation in the Stance Time in seconds higher Variability

Swing Time SD The standard deviation in the Swing Time in seconds higher Variability

Single Support Time SD The standard deviation in the Single Support Time in 
seconds

higher Variability

Double Support Time SD The standard deviation in the Double Support Time in 
seconds

higher Variability

Single Support (%GC) The Single Support Time as a percentage of the Stride 
Time

lower Phases

Swing (%GC) The Swing Time as a percentage of the Stride Time lower Phases

Stance (%GC) The Stance Time as a percentage of the Stride Time higher Phases

Double Support (%GC) The Double Support Time as a percentage of the Stride 
Time

higher Phases

Double Support Time The amount of time that two feet are on the ground at 
the same time within one footfall in seconds

higher Phases

Stride Length The distance between the heel points of two consecutive 
footprints of the same foot on the line of progression in 
centimeters

lower Pace

Step Length The distance between the heel points of two consecutive 
opposite footprints on the line of progression in 
centimeters

lower Pace

Velocity The velocity in centimeters/second lower Pace

Sum of Feet Surface The sum of the surfaces of the side steps* as a percentage 
of the surface of a normal step

higher Tandem

Sum of Step Distance The sum of the distances of the side steps* from the line 
on the walkway in centimeters

higher Tandem

Double Step A double-step was a step with one foot, followed by a 
step with the same foot, where both feet were on the line 
of the walkway

higher Tandem

Turning Step Count The number of steps used within the Turning Time higher Turning

Turning Time The turning time was defined as the time between the 
last contact of the second foot before the first turn foot 
and the first contact of the second foot with a normal 
angle coming out of the turn. In which the first turn foot 
is defined as the first foot deviating from the normal angle 
of the feet (subject dependent)

higher Turning

Stride Width SD The standard deviation in the Stride Width in centimeters higher Base of 
support

Stride Width The distance from heel center of one footprint to the line 
of progression formed by two footprints of the opposite 
foot in centimeters

lower Base of 
support

Abbreviations: SD = standard deviation, %GC = as a percentage of the stride time. *A sidestep was defined as a step 
next to the line on the walkway, which was followed by a step with the same foot or a step with the other foot.
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Assessment of cognitive function and manual dexterity

We previously published a detailed description of our assessment methods of cognitive 

performance and manual dexterity.(34, 35) We used the Stroop color word test, Letter-Digit 

Substitution Test (LDST), Word Fluency Test, 15-Word List Learning Test (WLT)(39) and the 

Purdue Pegboard Test (PPT).(329)

Assessment of dementia

Baseline and follow-up ascertainment methods for dementia have been described in detail 

in Chapter 2.4 of this thesis.

Statistical analysis

Gait parameters with a skewed distribution were log-transformed, and all continuous gait 

parameters were standardized. To summarize gait parameters into independent domains, 

we performed a principal component analysis (PCA) with Varimax rotation, as previously 

described in detail.(43) This yielded 7 gait domains with an eigenvalue > 1, which we labeled 

in accordance with the gait parameters that were highly correlated with that domain: Base of 

Support, Pace, Phases, Rhythm, Tandem, Turning and Variability.(43) Gait domains are illus-

trated in eFigure 1, and an overview of highly correlated parameters per domain is presented 

in Table 1. Global Gait was calculated by averaging the normal walk gait domains into a 

standardized Z-score.(43) Baseline Global Gait explained 87% of the variance in baseline gait 

parameter values, and follow-up Global Gait explained 87% of the variance in follow-up gait 

parameter values.

We calculated Global Cognition (g-factor) as the first component of an unrotated PCA 

that incorporates tasks from all available cognitive function tests. Although Stroop and WLT 

comprised several tasks, we only used data from the most complicated task of each (i.e., the 

interference task for Stroop and the 15-minute delayed recall task for WLT) in calculating the 

g-factor to prevent highly correlated tasks distorting factor loadings in the PCA. Contrary 

to our previous work,(34) we did not include the PPT in the calculation, since it is strongly 

influenced by motor function and was previously already shown to predict incident dementia 

in this population.(329) Baseline Global Cognition explained 54% of the variance in baseline 

cognitive test scores, and follow-up Global Cognition score explained 57% of the variance 

in follow-up cognitive test scores.

All individuals who participated in gait assessments had analyzable data on the normal 

walk, but 219 (5%) individuals did not perform the tandem walk and 162 (4%) did not 

perform the turning walk. 427 (10%) study participants did not complete one or two cogni-

tive tasks. In total, 436 (10%) individuals had missing data on the tandem walk, turning 

walk or one or two cognitive tasks. We imputed missing data on the turning and tandem 

walk based on age, sex, normal walk gait parameters, follow-up time, and incident dementia 

status. We imputed cognitive task values using based on age, sex, educational attainment, 
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other cognitive test scores, follow-up time, and incident dementia status. The distribution of 

gait and cognitive test scores before and after imputation was similar.

We conducted our analyses in three blocks. First, we assessed the association between 

baseline Global Gait and Global Cognition using linear regression models with adjustment 

for age, sex, education and time-interval between assessments. We modelled change in 

cognition by using the follow-up value of the cognitive outcome as dependent variable 

while adjusting for its baseline value. This approach has shown to yield more statistical 

power than calculating change as difference in baseline and follow-up values.(330) In the 

analysis on Global Cognition, we adjusted the follow-up Global Cognition score for baseline 

Global Cognition score; in the analyses on each individual test score, we adjusted for the 

baseline test score. We repeated these analyses to assess the association between separate 

gait domains or original gait parameters and change in Global Cognition. In addition, we 

repeated these analyses to assess changes in separate cognitive test scores instead of Global 

Cognition. We also performed a sensitivity analysis in which we additionally adjusted the 

association between Global Gait and longitudinal change in the Stroop interference task for 

Stroop naming and color task test scores, to assess whether baseline gait was independently 

associated with longitudinal decline in information processing on an interference task.

Second, we assessed the association between baseline quantitative gait parameters and 

incident dementia using Cox proportional hazards models with adjustment for age, sex and 

education. In sensitivity analyses, we repeated the dementia analysis after the following 

exclusions: the first year of follow-up, individuals with a history of stroke, or individuals with 

prevalent parkinsonism. Furthermore, we repeated the dementia analysis after additional 

adjustment for the baseline PPT score or for the baseline Global Cognition score. Separately, 

we restricted the outcome to Alzheimer’s Disease and non-Alzheimer’s Disease dementia, 

respectively.

Third, we assessed effect modification of the associations of Global Gait with decline 

in Global Cognition and incident all-cause dementia by age, sex or Global Cognition by 

introducing multiplicative interaction terms of these variables with Global Gait in separate 

models, and subsequently stratified by cognitive dysfunction status (defined as age-, sex- and 

education-adjusted Global Cognition z-score < -1).

Data were handled and analyzed with the IBM SPSS Statistics version 23.0.0.0 (IBM 

Corp., Somers, NY) and R version 3.2.4. We adjusted the statistical significance threshold 

for multiple hypothesis testing of correlated variables.(331) For associations of original gait 

parameters with decline in Global Cognition and incident dementia the adjusted threshold 

was p=0.003. For associations of independent gait domains and decline in cognitive tests the 

adjusted threshold was p=0.004. Regression coefficients and hazard ratios are presented per 

standard deviation of “worse” gait.

In sensitivity analyses, we assessed whether cognitive decline and the risk of incident 

dementia was different in individuals with complete data vs. in individuals who did not 
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complete the tandem walk, turning walk or one or two cognitive tasks, adjusting for age, 

sex and educational attainment. In post-hoc exploratory analyses, we also assessed whether 

baseline cognitive performance was associated with longitudinal change in gait.

results

The average age in the study population at baseline was 67 years, 55% of study participants 

were women, and just over half of the study population attained a higher vocational or 

university education (Table 2). The average age was somewhat lower in the subgroup with 

two cognitive assessments, while the proportion with higher vocational or university educa-

tion and baseline Global Cognition and Global Gait scores were somewhat higher than in 

the total study population (Table 2). Compared to individuals with complete data on all 

walks, individuals who did not complete baseline tandem walk, turning walk or one or two 

cognitive tasks were generally older (mean age 75.7 vs. 66.3 years), more commonly female 

(60.5% vs. 54.7%), and less commonly highly-educated (44.1% vs. 55.6%).

Baseline gait and cognitive decline

3,253 participants underwent follow-up cognitive assessments after a median interval 

(between cognitive assessments) of 5 years. Of all 30 measured original gait parameters, 

20 were nominally associated with decline in Global Cognition, including 13 that survived 

multiple hypothesis testing (Supplementary material 3). Of the seven independent gait 

domains, Pace ([regression coefficient standardized by baseline gait and cognitive scores] 

Table 2. Population characteristics

Population

Characteristic Population for the 
dementia analysis*

[N=4,258]

Population for the 
cognitive decline 

analysis**
[N=3,253]

Age, years, mean [SD] 67 [9] 66 [9]

Women, N [%] 2395 [55] 1820 [56]

Higher vocational or university education, N [%] 2358 [54] 1837 [56]

Baseline Global Cognition, mean [SD] 0.0 [1.0] +0.2 [0.9]

Baseline Global Gait, mean [SD] 0.0 [1.0] +0.1 [0.9]

N, number. SD, standard deviation.
For Global Cognition and Global Gait, higher values represent better performance.
*Dementia follow-up comprised both in-person examinations at the research center as well as continuous surveillance 
for dementia through electronic linkage of the study database with medical records from general practitioners and the 
regional institute for outpatient mental health care.
**The subgroup with serial cognitive assessments at the research center. Reasons for missing data on a follow-up 
cognitive assessment were death (n=208), follow-up cognitive assessment planned after current study period (n=167), 
or refusal or inability (n=697).
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β=0.06; 95% confidence interval [0.04;0.09];p[-value] <0.001), Base of Support (β=0.03 

[0.01;0.05];p=0.003) and Rhythm (β=0.02 [0.00;0.04];p=0.02) were associated with decline 

in Global Cognition (Figure 1).

Pace was associated with a decline in each cognitive test except the Word Learning Test 

recognition task, and Pace was most distinctly associated with decline in the Word Fluency 

Test (β=0.09 [0.06;0.11];p<0.001) and Word Learning Test immediate recall task (β=0.09 

[0.06;0.11];p<0.001). Base of Support was associated with decline in the Stroop interfer-

ence (β=0.05 [0.02;0.07];p<0.001) and naming task (β=0.03;[0.00;0.05];p=0.03). Rhythm 

was associated with decline in the Stroop interference task (β=0.03;[0.00;0.05];p=0.04) and 

Word Fluency Test (β=0.03;[0.01;0.06];p=0.01). Variability was associated with decline in 

the Stroop naming (β=0.03;[0.00;0.05];p=0.02), color (β=0.04 [0.02;0.06];p<0.001), and 

Figure 1. Baseline gait domains: associations with subsequent decline in Global Cognition and incident 
dementia. 
A. Association of baseline independent gait domains with subsequent decline in Global Cognition. For all gait domains, 
higher scores correspond with worse gait. Dots represent regression coefficients standardized by baseline gait and 
cognitive scores, bars indicate 95% confidence intervals. Regression coefficients were standardized by baseline gait and 
cognitive scores. Analyses were adjusted for age, sex and education. The illustrated regression coefficients, 95% con-
fidence intervals and p-values for Global Cognition are: Base of Support (β=0.03 [0.01; 0.05]; p=0.003), Pace (β=0.06; 
[0.04; 0.09]; p<0.001), Phases (β=0.01 [-0.01; 0.02]; p=0.595), Rhythm (β=0.02 [0.00; 0.04]; p=0.02), Tandem (β=0.00 
[-0.02; 0.01]; p=0.654), Turning (β=0.00 [-0.02; 0.02]; p=0.716), Variability (β=0.01 [-0.01; 0.03]; p=0.415), Global 
Gait (β=0.05 [0.03; 0.08]; p<0.001). B. Association of independent gait domains with incident dementia. For all gait 
domains, higher scores correspond with worse gait. HR, hazard ratio per standard deviation “worse” gait. Dots rep-
resent hazard ratio, bars represent 95% confidence interval. Analyses were adjusted for age, sex and education. The 
illustrated hazard ratios, 95% confidence intervals and p-values for dementia are: Base of Support (HR=1.09 [0.88; 
1.34]; p=0.44), Pace (HR=1.33 [1.04; 1.71] ; p=0.02), Phases (HR=1.21 [0.97; 1.51] ; p=0.09), Rhythm (HR=1.14 [0.92; 
1.42] ; p=0.22), Tandem (HR=0.95 [0.78; 1.16] ; p=0.60), Turning (HR=1.06 [0.89; 1.27] ; p=0.50), Variability (HR=1.26 
[1.01; 1.56] ; p=0.04), Global Gait (HR=1.29 [1.08; 1.54]; p=0.006).
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interference (β=0.03;[0.00;0.05];p=0.03) tasks. Global Gait was also associated with subse-

quent decline in Global Cognition (β=0.06 [0.03;0.08];p<0.001). Baseline Global Gait was 

statistically significantly associated with decline in each cognitive test apart from the Word 

Learning Test delayed recall task, and the most distinct effect estimate was for the association 

with decline in Stroop interference task score (β=0.09;[0.06;0.12];p<0.001, Table 3). After 

additional adjustment of the association between Global Gait and longitudinal change in the 

Stroop interference task for Stroop naming and color task test scores, the association only 

marginally attenuated (β=0.08 [0.05;0.10];p<0.001).”

Baseline gait and incident dementia

During follow-up (median 4 years;range 1-6 years), 78 individuals were diagnosed with 

incident dementia, including 64 (82%) with Alzheimer’s Disease. Twenty-three original 

gait parameters were nominally associated with incident dementia; of these, 4 associations 

survived the multiple hypothesis-adjusted statistical significance threshold (Supplementary 

material 3), including gait speed (HR=1.49 [1.19;1.86];[p=0.001]). Of the independent gait 

domains, Pace (hazard ratio [HR]=1.33 [1.04;1.71];p=0.02) and Variability (HR=1.26 

[1.01;1.56];p=0.04) were associated with incident dementia. We also observed a sugges-

tive, albeit not statistically significant association of Phases with incident dementia (HR=1.21 

[0.97;1.51];p=0.09) (Figure 2). One standard deviation decrease in Global Gait was associ-

ated with a 29% increased hazard of developing dementia (HR=1.29 [1.08;1.54];p=0.006).

Effect modification by baseline cognitive performance

The association between Global Gait and decline in Global Cognition varied substantially 

by baseline cognitive performance (p for interaction=0.04). In analyses stratified by baseline 

cognitive dysfunction, the association of Global Gait with decline in Global Cognition was 

apparent in individuals without baseline cognitive dysfunction (β=0.05 [0.02;0.07];p<0.001) 

but not in individuals with baseline cognitive dysfunction (β=0.03 [-0.03;0.09];p=0.38). 

We observed suggestive, yet not statistically significant effect modification by sex regard-

ing the association between Global Gait and decline in Global Cognition (p=0.06), with a 

higher effect estimate in men (β=0.10 [0.07;0.13];p<0.001) compared to women (β=0.03 

[0.01;0.06];p=0.02). We did not observe evidence for effect modification of the association 

between Global Gait and decline in Global Cognition by age (p=0.37).

In line with the present effect modification on the association between Global Gait and 

Global Cognition, the association between Global Gait and incident dementia also varied sub-

stantially by baseline cognitive performance (p for interaction=0.008). In analyses stratified by 

baseline cognitive dysfunction, we only observed an association of Global Gait with incident 

dementia in individuals without baseline cognitive dysfunction (HR=1.28 [0.96;1.69];p=0.09), 

which was not apparent in individuals with baseline cognitive dysfunction (HR =1.03 
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[0.80;1.33];p=0.82). We observed no statistically significant effect modification of the as-

sociation between Global Gait and incident dementia by age (p=0.44) or sex (p=0.46).

Sensitivity analyses and post-hoc analyses

The association between Global Gait and incident dementia remained robust after exclusion 

of the first year of follow-up (HR=1.28 [1.06;1.54];p=0.01), among individuals without a 

history of stroke (HR=1.31 [1.10;1.57];p=0.002), in those without prevalent parkinsonism 

(HR=1.33 [1.10;1.62];p=0.004), or after additional adjustment for Purdue Pegboard score 

(HR=1.26 [1.05;1.51];p=0.02). The hazard ratio of Global Gait for incident non-Alzheimer’s 

Disease dementia (HR=1.66 [1.13;2.45];p=0.01) was higher than for incident Alzheimer’s 

Disease dementia (HR=1.22 [0.99;1.49];p=0.06). The association between Global Gait and 

incident dementia attenuated and was no longer statistically significant after additional 

adjustment for baseline Global Cognition (HR=1.16 [0.96;1.40];p=0.12). Compared to in-

dividuals who completed all walks, individuals who did not complete the baseline tandem 

walk, turning walk or one or two cognitive tasks generally had more distinct cognitive decline 

at the follow-up assessment (β=0.03 [0.01;0.05];p=0.006) and an increased risk of incident 

dementia (HR=2.98 [1.82;4.85];p<0.001). We had follow-up gait assessment data on 1,701 

of 4,258 participants (39.9%). In this subgroup, baseline Global Cognition was associated 

with longitudinal decline in Global Gait (β=0.09 [0.04;0.14];p=0.001). Baseline Stroop (each 

task), Word Fluency Test and LDST scores were also associated with longitudinal decline in 

Global Gait.(Supplementary material 4)

dIsCussIOn

In this large, population-based study, worse quantitative gait was strongly associated with 

subsequent decline in cognitive performance and the risk of dementia. After stratifying by 

baseline cognitive performance, these associations were only present in cognitively unim-

paired individuals. We identified independent associations of several gait domains with 

cognitive decline and the risk of dementia, suggesting that a detailed assessment of gait can 

potentially provide novel insight into the etiology of cognitive decline and dementia. From a 

clinical perspective, associations of poor gait with decline in specific cognitive functions may 

also have predictive utility.

After adjustment for multiple-testing, 13 gait parameters were associated with cognitive 

decline and 4 gait parameters with incident dementia. Since some of these parameters are 

strongly correlated (e.g., step time and stride time), we aimed to unravel associations of 

underlying, independent gait domains with cognitive decline and incident dementia. This 

approach is similar to the approach used in a British population-based study and the Ein-

stein Ageing Study.(328, 332) In both studies as well the Rotterdam Study, the following 
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independent domains were identified: Pace, Rhythm and Variability. The Base of Support 

domain in Rotterdam Study and the Postural Control domain in the British study both in-

cluded step width but had a different contributing parameter (step width variability vs. step 

length asymmetry). Furthermore, we identified Phases as an independent domain, and our 

assessment of gait under tandem and turning conditions facilitated the identification of 

additional parameters that contributed to two more domains (which we named Tandem and 

Turning). We note that the British study also systematically collected data on left-right dif-

ferences, which facilitated the identification of the Asymmetry domain. The Einstein Ageing 

Study is the only previous study that we are aware of to have also reported associations of 

independent, quantitative gait domains with cognitive decline as well as incident dementia. 

That study had a 10-fold smaller sample size than this study (in the dementia analysis: 4,258 

vs. 399 individuals) and only half the follow-up duration (5 vs. 2 years). These differences 

likely contributed to the identification of a larger number of independent gait domains in 

the Rotterdam Study (7 vs. 3 domains), additional associations of gait domains with decline 

in global and domain-specific cognitive performance as well as incident dementia, and sub-

group differences by baseline cognitive performance. In both the Einstein Ageing Study and 

the Rotterdam Study, worse Pace was associated with decline in Global Cognition, and the 

domains Base of Support and Rhythm were each also independently associated with decline 

in Global Cognition in the Rotterdam Study. Furthermore, several of these gait domains 

were associated with decline in specific cognitive functions in the Rotterdam Study, including 

executive functioning, memory, semantic fluency, and information processing on an interfer-

ence task. These observations may have predictive utility, for instance, individuals with poor 

Pace and Base of Support may be at increased risk of impairment in the ability to process 

interfering information. Worse Variability was associated with incident dementia in both the 

Einstein Ageing Study and the Rotterdam Study. In the Einstein Ageing Study, the associa-

tion of Rhythm with incident dementia was statistically significant while the association of 

Pace was not, while the association with incident dementia of Pace but not of Rhythm was 

statistically significant in the Rotterdam Study. We note that hazard ratios for both domains 

were direction-consistent across both studies.

Importantly, after stratification by baseline cognitive performance, the associations of poor 

gait with cognitive decline and incident dementia in the Rotterdam Study were only present 

in individuals who did not have objective cognitive dysfunction at the time of gait assessment. 

This observation suggests that cognitively unimpaired individuals with poor performance 

on specific gait domains (Variability and Pace) may constitute a currently under-recognized 

group at higher risk of dementia. It also suggests that decline in independent aspects of gait 

may precede decline in cognitive abilities and functional independence in some of these 

individuals. Previous studies have shown that longitudinal decline of gait speed is associ-

ated with incident dementia, even after accounting for low baseline gait speed.(333, 334) 

Traditionally, damage to specific brain regions in specific subtypes of dementia diseases was 
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believed to be associated with poor performance on particular gait domains, for instance, 

basal ganglia pathology with tendency to shuffle [Phases] in Parkinson’s Disease Dementia, 

or cerebellar pathology for poor heel-to-toe balance [Tandem] in Multiple System Atrophy-C. 

However, there is now a growing understanding that widespread pathology to the cerebral 

cortex may contribute to gait decline among patients with Alzheimer’s Disease or vascular 

dementia.(328, 335) Furthermore, several cross-sectional studies in individuals (still) free of 

dementia suggest that the regional distribution of amyloid-beta (Aβ) deposition is associ-

ated with specific gait parameters.(336, 337) Furthermore, higher cerebral Aβ deposition 

is associated with subsequent decline in several gait parameters.(338) Also, the association 

between cerebral Aβ deposition with slow gait speed may be more distinct in individuals 

with mild cognitive impairment than in individuals who are cognitively unimpaired.(339) 

Furthermore, widespread disruption of microstructural white matter integrity may contribute 

to poor gait.(340, 341) Interestingly, microstructural integrity and comorbidities may moder-

ate effects of white matter hyperintensities on gait, as previous studies showed that white 

matter hyperintensities were more distinctly associated with gait speed in individuals with 

impaired microstructural integrity or with other conditions that affect gait (e.g., poor vision, 

low forced vital capacity).(342, 343) In the coming years, prospective cohort studies will 

accrue sufficient follow-up for dementia to robustly quantify how much damage in each of 

these (micro-)structures explains the association between gait and incident dementia. It is 

also noteworthy that previous studies have shown that the relationship between longitudinal 

decline in gait and cognition in the ageing population might be bidirectional.(44, 344-346) 

In the Mayo Clinic Study of Aging, baseline gait speed was inversely associated with subse-

quent cognitive decline while baseline cognition was not associated with subsequent decline 

in gait speed, yet, we note that no other aspects of gait were examined.(44) In this study, 

we observed in post-hoc analyses that performance on several cognitive domains was as-

sociated with longitudinal decline in global gait performance. However, the proportion of 

participants without follow-up gait assessments was high (60.1%). Future studies specifically 

designed to examine the association between performance on several cognitive domains and 

longitudinal decline in gait are warranted to rule out that the observations in our exploratory 

analyses were affected by selective attrition. In addition to etiologic research, studies aiming 

to develop a population-feasible screening algorithm for individuals at high risk of dementia 

may primarily complement this with gait speed, which can easily be assessed on a wide scale 

and is associated with both cognitive decline and dementia.(326) Gait speed is commonly 

used to determine current functional health status and predict a broad spectrum of health 

outcomes, such as functional decline, potential for rehabilitation and mortality.(347) In the 

coming years, prospective cohort studies with quantitative gait assessments may also accrue 

sufficient follow-up to examine the association between gait and other common disorders 

neurodegenerative syndromes in the elderly population, such as parkinsonism (including 

Parkinson’s disease) and normal pressure hydrocephalus.
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Five methodological issues of this study warrant consideration. First, we only had two 

cognitive assessment points, and the second cognitive assessment took place near the end 

of dementia follow-up. As a consequence, we could not investigate non-linear change 

over time of gait and cognitive performance in individuals who were later diagnosed with 

dementia. Second, 24% of participants did not participate in the follow-up cognitive as-

sessment. Participants in the subgroup with two cognitive assessments were on average 

slightly younger, more highly-educated, and had slightly better baseline gait and cognitive 

performance than the total at-risk population. We cannot rule out that we overestimated 

some of the hazard ratios due to non-participation at the baseline or follow-up cognitive as-

sessments of individuals with poor gait who were not at increased risk of cognitive decline or 

dementia (e.g., hip osteoarthritis). Conversely, non-participation of individuals with poor gait 

and an increased risk of cognitive decline or dementia (e.g. individuals with mild cognitive 

impairment) would have yielded underestimates of hazard ratios. Third, our study was un-

derpowered to compare effect estimates of gait domains for subtypes of dementia. Specific 

quantitative gait domains may be associated with different subtypes of dementia,(348) and 

may similarly have distinct associations with specific subtypes of dementia. The majority of 

patients with dementia in the community have mixed pathology, often including Alzheimer’s 

disease pathology as well as coexisting pathologies such as cerebrovascular lesions.(349-

354) Clinically distinguishing dementia subtypes has proven challenging if not impossible 

in the light of the multitude of pathologies that co-occur in the elderly population. This is 

particularly troubling in a population-based setting, since 90% of dementia patients in the 

population are diagnosed after the age of 70 years. As a consequence, the outcome of most 

population-based longitudinal studies of the preclinical phase of dementia (including this 

study) is the dementia syndrome. We note that our diagnostic approach of both dementia 

and subtypes of dementia is similar to other large, population-based studies.(355) Fourth, 

we only assessed gait under single-task conditions, and the battery of cognitive tests we 

used was not comprehensive. In individuals with mild cognitive impairment, associations of 

gait with incident dementia are amplified if gait is assessed under dual-task conditions,(356) 

and a similar pattern may apply to cognitively unimpaired individuals. Fifth, we used multiple 

imputation to avoid loss of data on baseline gait performance, as 10% of participants did 

not complete the baseline tandem walk, turning walk or one or two cognitive tasks. We did 

not systematically record the reason for these missing data. The subgroup of individuals with 

incomplete data were older, more commonly female, and less commonly highly-educated. 

We are not sure whether these subgroup differences explain any possible systematic differ-

ence between the missing values and the observed values. Therefore, we are unsure whether 

data were Missing At Random or Missing Not At Random.(357)

In conclusion, our findings suggest that poor performance on several independent gait 

domains precedes cognitive decline and incident dementia.
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suPPlementary materIal

Supplementary material 1. Cognition and manual dexterity: description of 
tests

The abbreviated Stroop test consists of three subtasks in which the participant is shown 

a colored card with 40 items that have to be named.15 In naming task, the participants 

are asked to name the printed words (primary latent domain: speed of reading); in the 

color task the participants are asked to name the printed colors (speed of color naming); 

in the interference task the participants are asked to name the color in which each color-

name is printed (information processing on an interference task). For each trial, the time to 

complete the task was used as the outcome. We inverted Stroop test scores to facilitate a 

consistent interpretation of scores across cognitive tests, i.e. that a higher score indicates 

better cognitive performance. The LDST is a modified version of the Symbol Digit Modalities 

Test16 and asks the participants to make as many letter-digit combinations as possible in 60 

seconds, following an example that shows correct combinations (information processing 

speed / executive function). In the Word Fluency Test, participants were asked to name as 

many animals as possible within 60 seconds (semantic fluency).17 For both the Word Fluency 

Test and LDST the number of correct answers was used as the outcome. The WLT comprised 

of three tasks: immediate recall, delayed recall and recognition. For immediate recall, par-

ticipants were presented three times with a sequence of 15 words and subsequently asked 

to recall as many of these words as possible (verbal learning). Free delayed recall was tested 

approximately 10 minutes later (retrieval from verbal memory). Recognition was tested by 

presenting the participants a sequence of 45 words, the 15 words presented during the 

Immediate recall mixed with 30 new words. Participants were asked If they recognized the 

words as the ones presented to them during the immediate recall trial (recognition from 

verbal memory). Outcome variables were the mean of the number of words recalled over the 

first three trials (as a summary score for immediate recall), the number of words remembered 

after the 10-minute delay (as a score for free delayed recall) and the number of correctly 

recognized words during the recognition trial (as a score for recognition).

In the PPT, participants are asked to place as many cylindrical metal pegs into 1 of 25 holes 

in a pegboard as possible in 30 seconds. The test is performed three times, one each using 

the left hand, right hand, and then both hands simultaneously. In analyses, we used the 

mean PPT score which is the sum of each trial divided by three.
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Supplementary material 2. Statistical analysis

Gait parameters with a skewed distribution were log-transformed, and all continuous gait 

parameters were standardized. To summarize gait parameters into independent domains, 

we performed a principal component analysis (PCA) with Varimax rotation, as previously 

described in detail.4 This yielded 7 gait domains with an eigenvalue > 1, which we labeled in 

accordance with the gait parameters that were highly correlated with that domain: Base of 

Support, Pace, Phases, Rhythm, Tandem, Turning and Variability.4 Gait domains are illustrated 

in Figure 1, and an overview of highly correlated parameters per domain is presented in Table 

1. Global Gait was calculated by averaging the normal walk gait domains into a standardized 

Z-score.4 Baseline Global Gait explained 87% of the variance in baseline gait parameter 

values, and follow-up Global Gait explained 87% of the variance in follow-up gait parameter 

values.

We calculated Global Cognition (g-factor) as the first component of an unrotated PCA 

that incorporates tasks from all available cognitive function tests. Although Stroop and WLT 

comprised several tasks, we only used data from the most complicated task of each (i.e., the 

interference task for Stroop and the 15-minute delayed recall task for WLT) in calculating the 

g-factor to prevent highly correlated tasks distorting factor loadings in the PCA. Contrary 

to our previous work,14 we did not include the PPT in the calculation, since it is strongly 

influenced by motor function and was previously already shown to predict incident dementia 

in this population.19 Baseline Global Cognition explained 54% of the variance in baseline 

cognitive test scores, and follow-up Global Cognition score explained 57% of the variance 

in follow-up cognitive test scores.

All individuals who participated in gait assessments had analyzable data on the normal 

walk, but 219 (5%) individuals did not perform the tandem walk and 162 (4%) did not 

perform the turning walk. 427 (10%) study participants did not complete one or two cogni-

tive tasks. In total, 436 (10%) individuals had missing data on the tandem walk, turning 

walk or one or two cognitive tasks. We imputed missing data on the turning and tandem 

walk based on age, sex, normal walk gait parameters, follow-up time, and incident dementia 

status. We imputed cognitive task values using based on age, sex, educational attainment, 

other cognitive test scores, follow-up time, and incident dementia status. The distribution of 

gait and cognitive test scores before and after imputation was similar.

We conducted our analyses in three blocks. First, we assessed the association between 

baseline Global Gait and Global Cognition using linear regression models with adjustment 

for age, sex, education and time-interval between assessments. We modeled change in 

cognition by using the follow-up value of the cognitive outcome as dependent variable while 

adjusting for its baseline value. This approach has shown to yield more statistical power than 

calculating change as difference in baseline and follow-up values.48 In the analysis on Global 

Cognition, we adjusted the follow-up Global Cognition score for baseline Global Cognition 

score; in the analyses on each individual test score, we adjusted for the baseline test score. 
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We repeated these analyses to assess the association between separate gait domains or 

original gait parameters and change in Global Cognition. In addition, we repeated these 

analyses to assess changes in separate cognitive test scores instead of Global Cognition. 

We also performed a sensitivity analysis in which we additionally adjusted the association 

between Global Gait and longitudinal change in the Stroop interference task for Stroop nam-

ing and color task test scores, to assess whether baseline gait was independently associated 

with longitudinal decline in information processing on an interference task.

Second, we assessed the association between baseline quantitative gait parameters and 

incident dementia using Cox proportional hazards models with adjustment for age, sex and 

education. In sensitivity analyses, we repeated the dementia analysis after the following 

exclusions: the first year of follow-up, individuals with a history of stroke, or individuals with 

prevalent parkinsonism. Furthermore, we repeated the dementia analysis after additional 

adjustment for the baseline PPT score or for the baseline Global Cognition score. Separately, 

we restricted the outcome to Alzheimer’s Disease and non-Alzheimer’s Disease dementia, 

respectively.

Third, we assessed effect modification of the associations of Global Gait with decline 

in Global Cognition and incident all-cause dementia by age, sex or Global Cognition by 

introducing multiplicative interaction terms of these variables with Global Gait in separate 

models, and subsequently stratified by cognitive dysfunction status (defined as age-, sex- and 

education-adjusted Global Cognition z-score < -1).

Data were handled and analyzed with the IBM SPSS Statistics version 23.0.0.0 (IBM Corp., 

Somers, NY) and R version 3.2.4. We adjusted the statistical significance threshold for mul-

tiple hypothesis testing of correlated variables.49 For associations of original gait parameters 

with decline in Global Cognition and incident dementia the adjusted threshold was p=0.003. 

For associations of independent gait domains and decline in cognitive tests the adjusted 

threshold was p=0.004. Regression coefficients and hazard ratios are presented per standard 

deviation of “worse” gait.

In sensitivity analyses, we assessed whether cognitive decline and the risk of incident 

dementia was different in individuals with complete data vs. in individuals who did not 

complete the tandem walk, turning walk or one or two cognitive tasks, adjusting for age, 

sex and educational attainment. In post-hoc exploratory analyses, we also assessed whether 

baseline cognitive performance was associated with longitudinal change in gait.
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Supplementary material 3. Original gait parameters, cognitive decline and 
incident dementia

Gait parameter
β for

Change in global cognition
HR [95% CI] for

Incident dementia

Step Width 0.03 [0.01; 0.05] 1.31 [1.06; 1.62]; [p=0.011]

Cadence 0.03 [0.01; 0.05] 1.23 [0.99; 1.52]; [p=0.061]

Double Step 0.00 [-0.02; 0.02] 1.16 [1.00; 1.35]; [p=0.045]

Stride Time 0.04 [0.01; 0.06] 1.23 [1.01; 1.49]; [p=0.039]

Double support Time 0.03 [0.01; 0.05] 1.25 [1.04; 1.50]; [p=0.017]

Double support Time SD 0.03 [0.01; 0.05] 1.19 [1.06; 1.33]; [p=0.004]

Double support Phase 0.02 [0.00; 0.04] 1.24 [1.01; 1.53]; [p=0.042]

Single support Phase 0.02 [0.00; 0.04] 1.25 [1.01; 1.54]; [p=0.038]

Single support Time SD 0.05 [0.03; 0.07] 1.19 [1.02; 1.39]; [p=0.023]

Single support Time 0.02 [0.00; 0.04] 1.12 [0.89; 1.40]; [p=0.329]

Stance Phase 0.02 [0.00; 0.04] 1.25 [1.01; 1.55]; [p=0.036]

Stance Time 0.04 [0.02; 0.06] 1.25 [1.04; 1.51]; [p=0.020]

Stance Time SD 0.04 [0.02; 0.06] 1.20 [1.03; 1.38]; [p=0.016]

Step Length 0.08 [0.06; 0.11] 1.53 [1.21; 1.95]; [p<0.001]

Step Length SD 0.03 [0.01; 0.05] 1.21 [1.01; 1.44]; [p=0.038]

Step Time 0.04 [0.01; 0.06] 1.24 [1.02; 1.50]; [p=0.034]

Step Time SD 0.04 [0.02; 0.06] 1.19 [1.02; 1.39]; [p=0.025]

Stride Length 0.08 [0.06; 0.11] 1.54 [1.21; 1.95]; [p<0.001]

Stride Length SD 0.03 [0.01; 0.05] 1.24 [1.05; 1.48]; [p=0.014]

Stride Time SD 0.04 [0.02; 0.06] 1.18 [1.01; 1.37]; [p=0.036]

Stride Velocity SD 0.01 [-0.01; 0.03] 1.21 [1.00; 1.46]; [p=0.046]

Stride Width SD -0.02 [-0.03; 0.00] 1.12 [0.91; 1.37]; [p=0.277]

Swing Phase 0.02 [0.00; 0.04] 1.25 [1.01; 1.54]; [p=0.040]

Swing Time 0.02 [0.00; 0.04] 1.12 [0.89; 1.40]; [p=0.329]

Swing Time SD 0.05 [0.03; 0.07] 1.19 [1.02; 1.39]; [p=0.023]

Sum Distance 0.00 [-0.02; 0.02] 0.89 [0.71; 1.12]; [p=0.326]

Sum of Feet Surface 0.00 [-0.02; 0.02] 0.96 [0.78; 1.17]; [p=0.651]

Turning Step Count 0.01 [-0.01; 0.03] 1.05 [0.86; 1.26]; [p=0.644]

Turning Time 0.02 [0.00; 0.04] 1.16 [1.00; 1.34]; [p=0.043]

Velocity (gait speed) 0.07 [0.05; 0.09] 1.49 [1.19; 1.86]; [p=0.001]

SD, standard deviation. β, regression coefficients standardized by baseline gait and cognitive scores. HR, hazard ratio 
per standard deviation worse gait. 95% CI, 95% confidence interval.
We modeled change by using the follow-up value of the cognitive outcome as dependent variable while adjusting for 
its baseline value. Higher gait values indicate “worse” gait.
Analyses were adjusted for age, sex and education. Multiple hypothesis-adjusted statistical significance threshold was 
set to p=0.003. Color indicates p-value of the association:

<0.001 <0.003 <0.01 <0.05 >0.05
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Supplementary material 4. Baseline cognitive performance and 
longitudinal decline in Global Gait

Cognitive test β for change in Global Gait P-value

Letter-Digit Substitution Test 0.001 [-0.005; 0.007] 0.036

Stroop naming task 0.009 [-0.005; 0.022] <0.001

Stroop color task 0.005 [-0.004; 0.013] <0.001

Stroop interference task 0.000 [-0.002; 0.003] 0.001

Word Fluency Task 0.001 [-0.005; 0.008] 0.009

Word Learning Test -delayed recall task 0.002 [-0.012; 0.016] 0.359

Word Learning Test -immediate recall task 0.007 [-0.013; 0.026] 0.160

Word Learning Test -recognition task -0.001 [-0.021; 0.019] 0.821

Global Cognition 0.085 [0.035; 0.135] 0.001

The presented values are regression coefficients of the association between cognitive test scores and change in Global 
Gait, standardized by baseline cognitive test and Global Gait scores. We modeled change by using the follow-up value 
of Global Gait as dependent variable while adjusting for its baseline value. Positive correlation coefficients indicate that 
poor baseline cognitive performance correlated with decline in Global Gait. We inverted Stroop test scores to facilitate a 
consistent interpretation of scores across cognitive tests, i.e. that a higher score indicates better cognitive performance.





“Lichaam en geest 
zijn verweven”    

“Ik was 65 jaar toen ik mee ging doen aan 

ERGO. In de eerste periode van ouder worden 

merk je niet zo veel. Pas na mijn 80ste ging het 

wat achteruit, ik werd minder actief en mijn 

energie nam af.  Ik kom uit een gezin van 12 

kinderen, waarvan ik de oudste ben. Mijn vader 

is twee maanden voor zijn 65ste levensjaar 

gestorven, mijn moeder is 73 geworden. 

Eigenlijk heb ik nooit geleefd naar een hoge 

leeftijd, ik ben er nooit zo mee bezig geweest. 

Ik heb altijd zelf gekookt en probeer zoveel 

mogelijk te lopen, in ieder geval een half uur 

per dag. Ik heb jarenlang een goede vriendin 

gehad, waar ik regelmatig mee at. Helaas is zij 

aantal jaar geleden overleden. Die vriendschap 

speelde voor mij een belangrijke rol. Ik bid en 

mediteer elke dag, ‘s ochtends en ’s avonds een 

half uur. Daardoor pieker ik weinig. Lichamelijk 

ben ik ook relatief gezond gebleven. Ik zie 

geestelijke en lichamelijke gezondheid als 

eenheid, en denk dat meditatie of gebed deze 

twee goed kan verbinden.” 

(86 jaar)



4.4
Genetic and modifiable risks 
for dementia
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abstraCt

Background: The exact etiology of dementia is still unclear, but both genetic and lifestyle 

factors are thought to be key drivers of this complex disease. Prevention trials of measures to 

halt or delay cognitive decline are increasingly recruiting older individuals who are genetically 

predisposed to dementia. However, it remains unclear whether targeted health and lifestyle 

interventions can attenuate or even offset increased genetic risk.

Methods: We leveraged long-term data on both genetic and modifiable risk factors from 

6,352 individuals aged 55 years and older in the population-based Rotterdam Study.

Results: During a median follow-up of 14.1 years among 6,352 participants, 915 individuals 

were diagnosed with dementia, of whom 739 were diagnosed with AD, and 2,644 par-

ticipants died free from dementia. APOE genotype significantly modified the association 

between protective factors and dementia (P for interaction = 0.023). In those at low or 

intermediate APOE risk, the risk of dementia in participants with an unfavorable profile was 

higher than that for those with a favorable one (HR = 2.51, 95% CI = 1.40–4.48 and HR = 

1.39, CI = 1.04–1.85, respectively). In those at high APOE risk, we did not find differences in 

dementia risk between individuals with unfavorable or intermediate profiles compared with 

those who had a favorable profile (HR = 1.00, 95% CI = 0.79–1.28 and HR= 1.05, 95% CI 

= 0.73–1.50).

Conclusions: Among individuals at low and intermediate genetic risk, favorable modifiable-

risk profiles are related to a lower risk of dementia compared to unfavorable profiles. In 

contrast, these protective associations were not found in those at high genetic risk.
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IntrOduCtIOn

Recent analyses have shown that if currently known modifiable risk factors were to be 

eliminated at a population level, over one- third of all dementia cases could be prevented. In 

view of these findings, several dementia-prevention trials have been conducted to investigate 

the efficacy of lifestyle interventions, but have yielded inconsistent results so far.(19, 20, 23) 

Such interventions have been proposed to be more effective when targeted at individuals 

who have an increased risk of dementia, as identified through their genetic or clinical profile 

or a combination thereof.(235)

The genetic risk of developing dementia or Alzheimer’s disease (AD) might be detrimental 

for some individuals,(358) yet this risk might be mitigated in most people with adherence 

to a healthy lifestyle. A recent subgroup analysis from a 2-year multi-domain intervention 

trial found that healthy lifestyle changes had beneficial effects on cognitive performance, 

even in APOE-ε4 carriers, which is the variant of the gene associated with the highest risk 

of dementia.(359) Evidence from randomized controlled trials is necessary to determine 

whether positive effects, including those beyond cognitive performance, also occur in de-

mentia. However, since treatment effects from lifestyle interventions at an individual level are 

generally small, large trials with a long follow-up are needed. Such trials are expensive and 

prone to high attrition rates. Instead, data from long-term prospective cohort studies can be 

leveraged to gain insights into the interplay between genetic and lifestyle factors, with the 

potential to inform the design of future clinical trials.

Prior studies have mostly focused on the risk of dementia associated with an individual 

protective factor,(1, 360) yet the combination of multiple factors may yield more beneficial 

effects than the individual parts.(361) Combining data about a number of factors is also 

important because it takes into account the multifactorial nature of late-life dementia.(146) 

We used data from the Rotterdam Study to determine to what extent a favorable profile 

based on modifiable risk factors is associated with a lower risk of dementia among individu-

als at low, intermediate or high genetic risk.

methOds

In 6,352 participants of the Rotterdam Study, we determined genetic risk using two ap-

proaches: (1) APOE genotype and (2) a weighted polygenic risk score based on 27 genetic 

variants (excluding APOE) that showed genome-wide significant evidence for associations 

with AD (Supplementary Table 1). For the first approach, we grouped participants into high 

APOE risk (ε2ε4, ε3ε4 or ε4ε4 genotypes), intermediate risk (ε3ε3) or low risk (ε2ε2 or ε2ε3); 

for the second, the distribution of polygenic-risk scores was divided into tertiles, and individu-

als were grouped into these tertiles. In these participants, we also measured several health 
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and/or lifestyle factors that have been implicated in a lower risk of dementia.(1, 362) These 

include: (1) abstaining from smoking, (2) absence of depression, (3) absence of diabetes, (4) 

regular physical activity, (5) avoiding social isolation and (6) adherence to a healthy diet, which 

included limited alcohol consumption (see Methods for additional information). Using these 

six factors, we computed an overall score based on modifiable risk factors, ranging from 

zero to six. A higher score reflects a more favorable profile. Subsequently, we categorized 

participants into three groups: an unfavorable profile (a score of ≤2 protective factors); an 

intermediate profile (a score of 3 or 4 factors); and a favorable profile (a score of ≥5 factors). 

Alternatively, we determined modifiable risk on the basis of the ideal cardiovascular health 

score—defined using a seven-item tool from the American Heart Association comprising 

four lifestyle measures (abstaining from smoking and ideal body weight, regular physical 

activity and diet at optimal levels) and three health measures (optimal plasma cholesterol 

and glucose levels, and blood pressure at optimal levels—and the 10-year predicted risk 

of fatal cardiovascular diseases.(278) We subsequently stratified participants by both their 

genetic and modifiable risk. We calculated the risk of developing dementia for each stratum 

separately on both a relative and absolute scale using a Cox proportional hazards model and 

competing risk models, respectively.

results

This study included more women (56.2%) than men. Baseline characteristics were roughly 

similar across the categories of APOE risk (Table 1). As expected, APOE-ε4 carriers were 

generally diagnosed with dementia at a younger age (P = 1.38 × 10−12), more often had a 

parental history of dementia (P = 4.55 × 10−4) and had higher total cholesterol levels (P = 

1.24 × 10−19) compared with non-carriers. The median follow-up was 14.1 years among 

the 6,352 participants; in this timeframe, 915 individuals were diagnosed with dementia, of 

whom 739 were diagnosed with AD, and 2,644 participants died free from dementia.

Dementia risk was significantly higher among participants at high or intermediate APOE 

risk compared with those at low APOE risk (Figure 1 and Table 2). The risk of dementia also 

increased in participants who had fewer protective factors (P for trend = 0.0044) such that 

those with an unfavorable profile (≤2 out of 6 factors) had a 32% higher risk of dementia 

than participants with a favorable one (≥5 out of 6 factors) (Figure 1 and Table 2). The 

strength of this association remained nearly identical after adjusting for parental history of 

dementia and cardiovascular risk factors (hazard ratio (HR) = 1.29 (95% confidence interval 

(CI) = 1.05–1.59), P for trend = 0.0087).

APOE genotype significantly modified the association between protective factors and 

dementia (P for interaction = 0.023). In those at low or intermediate APOE risk, the risk of 

dementia in participants with an unfavorable profile was higher than that for those with a 
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favorable one (HR = 2.51, 95% CI = 1.40–4.48 and HR = 1.39, CI = 1.04–1.85, respectively; 

Table 3). In those at high APOE risk, we did not find differences in dementia risk between in-

dividuals with unfavorable or intermediate profiles compared with those who had a favorable 

profile (HR = 1.00, 95% CI = 0.79–1.28 and HR= 1.05, 95% CI = 0.73–1.50, respectively).

Among those at low APOE risk, the mean anticipated absolute risk of developing dementia 

within 15 years ranged from 32.1% (95% CI = 0.0–59.9) for those with an unfavorable 

profile to 12.6% (95% CI = 4.5–26.8) for those with a favorable one (Supplementary Table 

Table 1. Baseline characteristics for each genetic APOE-risk category

Low risk
(ε2ε2 or ε2ε3)

Intermediate
risk (ε3ε3)

High risk
(ε2ε4, ε3ε4
or ε4ε4)

P for 
difference

n = 887 n = 3,718 n = 1,747

Age, years 69.4 (8.5) 69.2 (8.3) 68.7 (7.9) 0.042

Women 529 (59.6) 2072 (55.8) 971 (55.5) 0.102

Educational years, median (IQR) 10 (7–13) 10 (7–13) 10 (7–13) 0.325

Parental history of dementia 53 (8.1) 219 (7.8) 155 (11.6) 4.55 × 10−4

History of stroke 33 (3.7) 138 (3.7) 61 (3.5) 0.929

Body mass index, kg per m2 27.4 (4.0) 27.0 (4.0) 26.9 (3.9) 0.014

Systolic blood pressure, mmHg 145 (22) 143 (21) 143 (21) 0.045

Diastolic blood pressure, mmHg 77 (11) 77 (12) 77 (11) 0.239

Total cholesterol, mmol L−1 5.6 (1.0) 5.8 (1.0) 5.9 (1.0) 1.24 × 10−19

High-density lipoprotein cholesterol, mmol L−1 1.43 (0.4) 1.39 (0.4) 1.35 (0.4) 1.00 × 10−5

Fasting glucose, mmol L−1 5.6 (1.5) 6.0 (1.6) 6.0 (1.6) 0.902

Baseline MMSE score, median (IQR) 28 (27–29) 28 (27–29) 28 (27–29) 0.049

Age of dementia diagnosis 85.5 (5.9) 84.1 (6.3) 81.3 (6.5) 1.38 × 10−12

Modifiable health and lifestyle factors

No current smoking 714 (81.0) 2,961 (80.1) 1,389 (79.9) 0.801

Absence of depression 799 (90.1) 3,351 (90.1) 1,567 (89.7) 0.881

Absence of diabetes 744 (88.3) 3,096 (88.3) 1,461 (89.0) 0.750

Regular physical activity 484 (56.0) 2,109 (58.5) 1,005 (59.4) 0.501

Absence of social isolation 588 (66.7) 2,664 (72.4) 1,256 (72.1) 0.005

Adherence to a healthy diet 141 (15.9) 559 (15.0) 252 (14.4) 0.649

Modifiable-risk-profile category

Favorable: 5–6 health and lifestyle factors 568 (64.0) 2,453 (66.0) 1,132 (64.8) 0.648

Intermediate: 3–4 health and lifestyle factors 224 (25.2) 884 (23.8) 443 (25.4)

Unfavorable: 0–2 health and lifestyle factors 95 (10.7) 381 (10.2) 172 (9.8)

N, number of individuals at risk; IQR, interquartile range; MMSE, Mini-Mental State Examination. Data are presented as 
the frequency in the stratum (percentage) for categorical values and as mean ± the standard deviation for continuous 
variables unless indicated otherwise. We compared baseline characteristics across APOE strata using analysis of variance 
(ANOVA) tests. In the case of frequency distributions or when data were non-normally distributed, we compared vari-
ables between groups using non-parametric tests (chi-squared, Mann–Whitney or Kruskal–Wallis). Two-sided P values 
were uncorrected for multiple testing.
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2). Individuals at intermediate APOE risk with an unfavorable profile had a 22.0% (95% CI = 

8.3–39.2) anticipated risk, which was 13.5% (95% CI = 8.9–15.6) for those with a favorable 

profile. Among participants at high APOE risk, the anticipated 15-year risk of dementia re-

mained largely unchanged across the different profiles (ranging from 18.2% for a favorable 

to 19.5% for an unfavorable profile).

Stratified analyses showed that protective associations of favorable risk profiles against 

dementia tended to be stronger in younger individuals than in older individuals and were 

most pronounced for younger individuals at low APOE risk (Supplementary Tables 3 and 4). 

 

 Figure 1. Cumulative incidence of dementia during follow-up. a,b, Cumulative incidence in groups stratified 
according to genetic risk based on APOE
genotyping (a) and according to modifiable-risk-factor profiles (b). For a and b, shaded areas represent 95% CIs.

Table 2. Risk of incident dementia according to APOE-related risk and lifestyle categories

APOE-related risk N/n Model 1
HR (95% CI)

Model 2
HR (95% CI)

Low risk (ε2ε2 or ε2ε3) 887/85 Reference Reference

Intermediate risk (ε3ε3) 3,718/456 1.45 (1.15;1.83) 1.45 (1.15;1.83)

High risk (ε2ε4, ε3ε4 or ε4ε4) 1,747/374 3.02 (2.38;3.82) 3.02 (2.38;3.83)

P for trend 2.10×10-30 1.87×10-30

Lifestyle risk category

Favorable 4,153/538 Reference Reference

Intermediate 1,551/259 1.15 (0.98;1.34) 1.14 (0.98;1.33)

Unfavorable 648/118 1.32 (1.08;1.63) 1.29 (1.05;1.59)

P for trend 0.0044 0.0087

Model 1 - adjusted for: age, sex and education
Model 2 - additionally adjusted for: parental history of dementia, history of stroke, systolic blood pressure, total and 
high-density lipoprotein cholesterol
Abbreviations: N=number of individuals at risk, n=number of dementia cases during follow-up, HR=hazard ratio, 
CI=confidence interval.
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In all of these analyses, no significant protective associations were found in APOE-ε4 carriers. 

There was no effect modification of the association between risk profiles and dementia risk 

due to sex (Supplementary Table 5).

In sensitivity analyses, using a different approach, namely a polygenic-risk score for AD 

(without APOE), we also found that associations between protective factors were modified 

(P for interaction = 0.0003); the patterns across polygenic-risk strata were attenuated yet 

largely comparable to those of the APOE-risk groups (Supplementary Tables 6 and 7).

These patterns also remained unchanged when we varied the composition of modifiable 

risk factors. For instance, similar results were found when we stratified participants on 

their ideal cardiovascular health score (P for interaction = 0.026; Supplementary Table 8), 

and when we stratified participants on the basis of their predicted absolute 10-year risk of 

fatal cardiovascular diseases using the SCORE equation (European Coronary Risk Equation, 

including age, sex, current smoking, level of total cholesterol and systolic blood pressure) 

(P for interaction = 7.82 × 10−5; Supplementary Table 9). All of the individual health- and 

lifestyle-factor-specific associations with dementia risk that were included in the different 

profiles are presented in Supplementary Tables 10–12.

dIsCussIOn

Most evidence on the interaction between specific genetic and modifiable factors with 

dementia comes from observational studies. These studies primarily examined the associa-

Table 3. Risk of incident dementia while stratifying participants on both their APOE-related risk and modifi-
able risk factor profile

APOE-related risk Risk factor profile N/n HR (95% CI)

Low (ε2ε2 or ε2ε3)

Favorable 568/44 Reference

Intermediate 224/23 1.14 (0.66;1.96)

Unfavorable 95/18 2.51 (1.40;4.48)

P for trend 0.0059

Intermediate (ε3ε3)

Favorable 2,453/253 Reference

Intermediate 884/139 1.27 (1.02;1.57)

Unfavorable 381/64 1.39 (1.04;1.85)

P for trend 0.0087

High (ε2ε4, ε3ε4 or ε4ε4)

Favorable 1,132/241 Reference

Intermediate 443/97 1.00 (0.79;1.28)

Unfavorable 172/36 1.05 (0.73;1.50)

P for trend 0.8300

Adjusted for: age, sex and education
Abbreviations: n=number of cases, N=number of people at risk, HR=hazard ratio, CI=confidence interval.
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tions and interactions of single health or lifestyle factors, such as diabetes, physical activity, 

alcohol use, smoking or diet, with different APOE alleles. Most of these studies reported 

a lower risk of dementia among individuals who had optimal levels of one of these single 

risk factors compared with those who had more adverse ones.(363-366) These effects were 

generally more pronounced in APOE-ε4 carriers during midlife.(363-366) In contrast, studies 

conducted in older individuals (aged ≥60 years) primarily found beneficial effects of these 

factors on risk of dementia among non-carriers(367-373) or reported no interaction.(14, 

374) More evidence comes from the Cardiovascular Risk Factors, Aging, and Incidence of 

Dementia (CAIDE) study of middle-aged individuals that took multiple protective factors 

into consideration.(375) APOE genotype modified the association between several lifestyle 

factors and the risk of dementia. The results from CAIDE indicate that APOE-ε4 carriers are 

particularly prone to developing dementia if they have hazardous health and lifestyle factors 

during midlife. The participants in CAIDE were younger (mean age = 50.6 years) than the 

individuals in this study (mean age = 69.1 years). This may have led to survival bias in the 

current study because dementia risk in older APOE-ε4 carriers is potentially less affected by 

modifiable risk factors later in life.

To our knowledge, only the Prevention of Dementia by Intensive Vascular Care (preDIVA) 

trial has assessed the effects of health and lifestyle interventions on dementia.(23) This trial 

showed that intensive vascular-care management in a primary-care setting had no overall 

benefit on dementia incidence. In a subgroup analysis in this trial, no significant differences 

were observed between APOE-ε4 carriers and non-carriers. The Finnish Geriatric Intervention 

Study to Prevent Cognitive Impairment and Disability (FINGER) trial assessed the effects of 

multiple lifestyle interventions on cognitive performance in older individuals4. A pre-specified 

subgroup analysis in this trial uncovered similar beneficial effects on cognitive performance in 

both APOE-ε4 carriers and non-carriers after 2 years of follow-up.(359)

In the current study, we aimed to complement evidence from these clinical trials with 

long-term observational data. Such an approach has been previously undertaken to study 

potential interaction between genetic and modifiable factors and other chronic diseases, 

such as heart disease and stroke.(376, 377) Our results confirm that individuals with a fa-

vorable profile have a lower risk of dementia than those with intermediate or unfavorable 

profiles based on modifiable risk factors. In contrast with the FINGER subgroup analysis, 

this study found that a favorable profile could not offset high APOE risk. The FINGER trial 

intervened in multiple lifestyle factors simultaneously, whereas, in our observational study, 

data on health and lifestyle factors were used to establish risk-factor profiles. Non-differential 

misclassification may, in part, have led to an underestimation of the benefits of a favorable 

risk-factor profile in our study. This may, for instance, apply to physical activity and diet 

quality because we have chosen cutoff points to depict ‘favorable’, ‘intermediate’ or ‘unfa-

vorable’ for these variables on the basis of guideline recommendations.(378, 379) Moreover, 

we lacked validated questionnaires to measure social engagement, so we may not have fully 
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captured its beneficial effect on dementia. Misclassification may have occurred in genetic-

risk stratification because we did not have enough participants to divide them into strata 

based on specific genotypes. We therefore had to collate some categories of genetic risk 

to estimate meaningful effect sizes. As an example, we grouped individuals who are either 

heterozygous or homozygous for APOE-ε4. This may have led to an underestimation of the 

benefits of a favorable profile for individuals who are heterozygous for APOE-ε4 as this group 

resembles an intermediate-risk group between those who are homozygous for APOE-ε3 and 

for APOE-ε4.(289) Furthermore, we studied the interplay between genetic and lifestyle fac-

tors in the long-term risk of developing dementia, whereas the FINGER subgroup analysis 

assessed effects on cognitive performance after a 2-year follow-up. Although cognitive 

performance was improved in the group that received the multi-domain lifestyle intervention 

compared with that of the control group, which received standard health advice, in the short 

term, it remains questionable whether such effects also occur in the long term. For instance, 

participants in the FINGER trial may already have developed essential APOE-related brain 

changes earlier in life,(380) making them vulnerable to development of dementia later in 

life, irrespective of their modifiable-risk-factor profile. In this study, a high risk of developing 

dementia based on APOE carrier status was not offset by a favorable profile. These findings 

contrast with those from other large observational population-based studies that examined 

the interaction between genetic and modifiable factors for other chronic diseases, including, 

for instance, heart disease and stroke.(376, 377) These studies found protective associations 

of favorable modifiable profiles across levels of genetic risk, even for those at the highest ge-

netic risk. Several reasons may underlie this discrepancy. First, the harmful effects of APOE-ε4 

on cholesterol metabolism are apparent throughout life, and there are cumulative effects on 

dementia risk as age advances1. Second, APOE-ε4 alters neuronal functioning, which may 

lead to irreversible neuronal cell loss.(381) With advancing age, these effects build up and 

may, in the absence of disease-modifying drugs and proven preventive strategies, ultimately 

have a more detrimental effect on the risk of dementia in older individuals. Third, the risk 

for competing diseases at older ages, such as coronary heart disease and stroke, may be 

mitigated or even reversed by having a favorable risk profile through the reduction of athero-

sclerotic disease.(87, 382) Fourth, potential epigenetic changes, such as methylation effects 

of APOE or additional variants, may be age-dependent and exert their effects in midlife or 

even earlier — but this notion deserves further study. Finally, the APOE-ε4 allele triggers cas-

cades that may be more independent of the profiles that we studied, for example pathways 

in inflammatory response. Such a response may lead to blood-barrier breakdown, which in 

turn causes neurovascular dysfunction.(383) In summary, the interaction between genetic 

and environmental factors plays an important role in the pathophysiology of dementia.

Our findings provide a less optimistic outlook for individuals at high genetic risk of dementia, 

yet they may have important implications for the design of future clinical trials. Considering 

the earlier age at onset of dementia among APOE-ε4 carriers compared with non-carriers, 



Chapter 4.4 | Genetic and modifiable risks for dementia

340

our results imply that these individuals need to be targeted earlier in the disease process (for 

example, midlife or even earlier) to influence their risk1. Additionally, other interventions 

beyond lifestyle improvements warrant further study. For instance, drugs that lower lipid 

levels might be considered to lower dementia risk in these individuals, yet evidence for such 

interventions is still inconclusive.(384) On the positive side, results from this study show that 

avoiding an unhealthy lifestyle could potentially prevent or postpone the onset of dementia 

in most individuals in the population (73%), namely those at low and intermediate genetic 

risk. Among those, the majority were categorized as having a favorable profile (66%), yet 

room for improvement is still substantial because potential relative risk reductions of up to 

30% can be achieved when individuals adhere to the lifestyle factors that confer a favorable 

risk profile.

Several limitations of this study need to be addressed. First, we lacked data on hearing 

impairment, a potentially important modifiable risk factor for dementia, because assess-

ments to measure hearing were implemented in the study protocol from 2011 onwards. 

Second, the components used to compute the modifiable-risk-factor profile were measured 

at baseline, which does not capture the possibility of shifting from a more adverse risk profile 

to a more optimal one during follow-up, or vice versa. Third, by stratifying participants using 

both genetic and environmental information, results are based on small samples in each 

stratum, resulting in wide CIs around point estimates. Results of this single-cohort study 

therefore warrant replication in other population-based studies. Nevertheless, we were able 

to show the robustness of our findings in several sensitivity analyses; thus it was less likely 

that our findings were a result of chance. Finally, the members of this older population are 

predominantly of European descent (97%), limiting the generalizability of these findings to 

younger populations and to other ethnicities. Strengths of this study include the availability 

of genetic data in combination with the meticulous assessment of several health and lifestyle 

factors, along with long-term and consistent dementia follow-up.

In conclusion, this large population-based study demonstrates that, among those at low 

and intermediate genetic risk, a favorable modifiable-risk profile is related to a risk of de-

mentia lower than that in individuals with an unfavorable one. In contrast, these protective 

associations were not found among those at high genetic risk. These results may inform 

clinical-trial design because dementia-prevention trials increasingly recruit individuals geneti-

cally predisposed to dementia.
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Figure 1. Flow-chart of study population
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Table 2. Baseline characteristics for included and excluded participants of the current study

Included participants
N=6352

Excluded participants
N=1433

Age, years (SD) 69.1 (8.2) 70.7 (10.6)

Women, n (%) 3572 (56.2) 956 (66.7)

Educational years, median (IQR) 10 (7-13) 10 (7-13)

Parental history of dementia, n (%) 427 (6.7) 13 (0.9)

History of stroke, n (%) 231 (3.6) 67 (4.7)

Body mass index, kg/m2 (SD) 27.4 (4.0) 26.9 (3.9)

Systolic blood pressure, mmHg (SD) 143 (21) 139 (19)

Diastolic blood pressure, mmHg (SD) 77 (11) 80 (13)

Total cholesterol, mmol/L (SD) 5.8 (1.0) 5.3 (1.0)

High density lipoprotein cholesterol, mmol/L (SD) 1.4 (0.4) 1.3 (0.3)

Fasting glucose, mmol/L (SD) 6.0 (1.6) 6.1 (2.1)

Age of dementia diagnosis (SD) 83.1 (6.5) 84.2 (6.5)

Modifiable health and lifestyle factors

No current smoking, n (%) 5064 (79.7) 92 (79.3)*

Absence of depression, n (%) 5717 (90.0) 96 (85.0)*

Absence of diabetes, n (%) 5301 (83.5) 38 (82.6)*

Regular physical activity, n (%) 3598 (56.6) 1 (7.7)*

Absence of social isolation, n (%) 4508 (71.0) 79 (66.9)*

Healthy diet score, n (%) 749 (11.8) 136 (17.2)*

Abbreviations: N=number of people at risk, SD=standard deviation, IQR=interquartile range. Data are shown for non-
imputed data. * Percentages shown for available, non-missing data.

Table 3. Composition of risk factor profiles

Unfavorable
N=648

Intermediate
N=1551

Favorable
N=4153

Abstaining from smoking 267 (41.2) 1010 (65.1) 3816 (91.9)

Absence of depression 378 (58.3) 1324 (85.4) 4015 (96.7)

Absence of diabetes 390 (60.2) 1279 (82.5) 3949 (95.1)

Regular physical activity 20 (3.1) 216 (13.9) 2426 (58.4)

Avoiding social isolation 118 (18.2) 767 (49.5) 3641 (87.7)

Adherence to a healthy dietary pattern 9 (1.4) 57 (3.7) 886 (21.3)

Data presented as frequency (percent). Abbreviations: N= number of people at risk.



345

Table 4. Absolute 15-year anticipated risk of dementia according to modifiable risk factor profiles, across 
different levels of genetically determined risk based on APOE carrier status

N/n Low genetic risk
Mean (95% CI)

N/n Intermediate
genetic risk
Mean (95% CI)

N/n High genetic risk
Mean (95% CI)

Overall Overall 887/85 15.8% (4.6;32.0) 3718/456 16.1% (10.0;19.2) 1747/374 18.6% (12.8;23.8)

Modifiable
risk factor
profile

Favorable 568/44 12.6% (4.5;26.8) 2453/253 13.5% (8.9;15.6) 1132/241 18.2% (12.7;22.2)

Intermediate 224/23 16.7% (8.0;36.5) 884/139 20.6% (12.6;22.1) 443/97 19.2% (12.6;21.7)

Unfavorable 95/18 32.1% (0.0;59.9) 381/64 22.0% (8.3;39.2) 172/36 19.5% (2.5;27.3)

Based on age, sex, education, lifestyle category. Confidence intervals computed based on 1000 bootstrap samples.
Abbreviations: N=number of people at risk, n=number of cases.

Table 5. Risk of incident dementia stratified by modifiable risk factor profiles and genetic risk, separately for 
participants below and above the median age (68.2 years)

Genetic risk Low Intermediate High

N/n HR (95% CI) N/n HR (95% CI) N/n HR (95% CI)

<68.2 years Favorable 311/7 Ref. 1421/110 Ref. 641/79 Ref.

Intermediate 84/2 1.21 (0.24;6.19) 371/19 1.71 (1.00;2.93) 207/27 1.23 (0.80;1.92)

Unfavorable 33/3 7.50 (1.73;32.4) 133/10 2.69 (1.33;5.44) 64/6 0.96 (0.42;2.23)

≥68.2 years Favorable 257/37 Ref. 1319/46 Ref. 491/162 Ref.

Intermediate 140/21 1.14 (0.96;1.36) 513/120 1.26 (1.00;1.60) 236/70 0.97 (0.73;1.30)

Unfavorable 62/15 1.31 (1.04;1.63) 248/54 1.33 (0.97;1.82) 118/30 1.05 (0.70;1.57)

Adjusted for: age, sex and education
Abbreviations: n=number of cases, N=number of people at risk, HR=hazard ratio, CI=confidence interval.

Table 6. Risk of incident dementia stratified by modifiable risk factor profiles and genetic risk, separately for 
participants below and above age of 70 years

Genetic risk Low Intermediate High

N/n HR (95% CI) N/n HR (95% CI) N/n HR (95% CI)

<70.0 years Favorable 351/10 Ref. 1515/65 Ref. 716/90 Ref.

Intermediate 98/3 1.29 (0.35;4.81) 423/25 1.68 (1.06;2.68) 239/3 1.19 (0.79;1.78)

Unfavorable 39/4 3.93 (1.19;12.94) 157/10 1.80 (0.92;3.53) 73/11 1.65 (0.87;3.13)

≥70.0 years Favorable 217/34 Ref. 938/188 Ref. 416/151 Ref.

Intermediate 126/20 1.14 (0.63;2.05) 462/114 1.25 (0.98;1.59) 204/64 0.95 (0.70;1.29)

Unfavorable 56/14 2.18 (1.12;4.24) 224/54 1.38 (1.00;1.89) 99/25 0.85 (0.55;1.31)

Adjusted for: age, sex and education
Abbreviations: n=number of cases, N=number of people at risk, HR=hazard ratio, CI=confidence interval.
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Table 7. Risk of incident dementia stratified by modifiable risk factor profiles and genetic risk, separately 
for men and women

Genetic risk Low Intermediate High

N/n HR (95% CI) N/n HR (95% CI) N/n HR (95% CI)

Men Favorable 252/15 Ref. 1185/110 Ref. 557/108 Ref.

Intermediate 74/3 0.88 (0.25;3.09) 350/41 1.39 (0.96;2.00) 175/22 0.84 (0.52;1.33)

Unfavorable 32/5 3.72 (1.24;11.1) 109/8 1.04 (0.50;2.17) 45/5 0.67 (0.27;1.68)

Women Favorable 316/29 Ref. 1268/143 Ref. 575/133 Ref.

Intermediate 150/20 1.28 (0.70;2.34) 534/98 1.24 (0.95;1.63) 268/75 1.09 (0.82;1.47)

Unfavorable 62/13 2.33 (1.17;4.62) 272/56 1.48 (1.07;2.04) 127/31 1.15 (0.77;1.71)

Adjusted for: age, sex and education
Abbreviations: n=number of cases, N=number of people at risk, HR=hazard ratio, CI=confidence interval.

Table 8. Risk of incident Alzheimer’s disease according to tertiles of the polygenic risk score

Polygenic risk score tertiles N/n Model 1
HR (95% CI)

Model 2
HR (95% CI)

Low risk (first tertile) 1864/189 Reference Reference

Intermediate risk (second tertile) 1885/213 1.16 (0.96;1.42) 1.15 (0.95;1.40)

High risk (third tertile) 1811//251 1.53 (1.27;1.85) 1.54 (1.27;1.86)

P for trend <0.0001 <0.0001

Model 1 - adjusted for: age, sex and education
Model 2 - additionally adjusted for: parental history of dementia, history of stroke, systolic blood pressure, total and 
high-density lipoprotein cholesterol
Abbreviations: N=number of individuals at risk, n=number of Alzheimer’s disease cases during follow-up, HR=hazard 
ratio, CI=confidence interval.

Table 9. Risk of incident Alzheimer’s disease while stratifying participants both on tertiles of a polygenic risk 
score and different modifiable risk factor profiles

Polygenic risk score Risk factor profile N/n HR (95% CI)

Low (Lowest tertile) Favorable 1191/99 Reference

Intermediate 478/60 1.11 (0.79;1.56)

Unfavorable 195/30 1.46 (0.95;2.25)

P for trend 0.0547

Intermediate (Middle) Favorable 1230/125 Reference

Intermediate 454/63 1.22 (0.89;1.68)

Unfavorable 201/25 1.08 (0.69;1.67)

P for trend 0.3974

High (Highest tertile) Favorable 1204/159 Reference

Intermediate 429/60 0.97 (0.71;1.31)

Unfavorable 178/32 1.27 (0.85;1.89)

P for trend 0.9574

Adjusted for: age, sex and education
Abbreviations: n=number of cases, N=number of people at risk, HR=hazard ratio, CI=confidence interval.
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Table 10. Risk of incident dementia while stratifying participants both on APOE and on levels of modifiable 
risk based on the Ideal Cardiovascular Health metric

APOE-related risk Risk factor profile N/n HR (95% CI)

Low (ε2ε2/ε2ε3) Favorable 18/1 Reference

Intermediate 426/30 1.31 (0.18;9.70)

Unfavorable 443/54 1.93 (2.64;14.11)

P for trend 0.0942

Intermediate (ε3ε3) Favorable 35/4 Reference

Intermediate 1871/199 0.80 (0.28;2.13)

Unfavorable 1812/253 0.85 (0.31;2.33)

P for trend 0.2944

High (ε2ε4/ε3ε4/ ε4ε4) Favorable 20/5 Reference

Intermediate 849/189 0.72 (0.30;1.77)

Unfavorable 778/180 0.55 (0.23;1.36)

P for trend 0.0085

Adjusted for: age, sex and education
Abbreviations: n=number of cases, N=number of people at risk, HR=hazard ratio, CI=confidence interval.

Table 11. Risk of incident dementia while stratifying participants both on APOE and on their 10-year pre-
dicted risk of fatal cardiovascular diseases

APOE-related risk Risk factor profile N/n HR (95% CI)

Low (ε2ε2/ε2ε3) Favorable 386/15 Reference

Intermediate 225/20 1.22 (0.58;2.55)

Unfavorable 256/45 1.73 (0.73;4.06)

P for trend 0.1866

Intermediate (ε3ε3) Favorable 1539/83 Reference

Intermediate 991/123 1.34 (0.98;1.83)

Unfavorable 1061/237 1.66 (1.16;2.38)

P for trend 0.0061

High (ε2ε4/ε3ε4/ ε4ε4) Favorable 734/108 Reference

Intermediate 480/109 1.01 (0.58;1.28)

Unfavorable 469/139 0.86 (0.74;1.37)

P for trend 0.4528

Adjusted for: age, sex and education
Abbreviations: n=number of cases, N=number of people at risk, HR=hazard ratio, CI=confidence interval.
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Table 12. Health and lifestyle-specific associations with dementia risk

Model 1
HR (95% CI)

Model 2
HR (95% CI)

Abstaining from smoking 0.97 (0.80;1.17) 0.97 (0.84;1.18)

Absence of depression 0.65 (0.54;0.79) 0.66 (0.54;0.80)

Absence of diabetes 0.74 (0.61;0.90) 0.74 (0.61;0.91)

Regular physical activity 0.90 (0.78;1.05) 0.91 (0.78;1.06)

Avoiding social isolation 1.04 (0.89;1.21) 1.05 (0.90;1.22)

Adherence to a healthy dietary pattern 1.09 (0.92;1.29) 1.10 (0.93;1.30)

Model 1 - adjusted for: age, sex and education.
Model 2 - additionally adjusted for: parental history of dementia, history of stroke, systolic blood pressure, total and 
high-density lipoprotein cholesterol
Abbreviations: HR=hazard ratio, CI=confidence interval.

Table 13. Associations of individual Ideal Cardiovascular Health components with the risk of dementia

Model 1
HR (95% CI)

Model 2
HR (95% CI)

1. Abstaining from smoking 0.97 (0.80;1.17) 0.97 (0.84;1.18)

2. Ideal body mass index 1.09 (0.95;1.26) 1.08 (0.94;1.24)

3. Ideal physical activity 0.74 (0.61;0.90) 0.74 (0.61;0.91)

4. Adherence to a healthy dietary pattern 1.09 (0.92;1.29) 1.10 (0.93;1.30)

5. Untreated total cholesterol <5.2 mmol/L 0.97 (0.83;1.14) 1.04 (0.88;1.22)

6. Untreated systolic blood pressure <120 
mmHg & diastolic blood pressure <80 mmHg

1.10 (0.90;1.37) 1.09 (0.88;1.35)

7. Fasting plasma glucose <5.5 mmol/L 1.00 (0.88;1.14) 1.01 (0.89;1.15)

Model 1 - adjusted for: age, sex and education.
Model 2 - additionally adjusted for: parental history of dementia and history of stroke.
Abbreviations: HR=hazard ratio, CI=confidence interval

Table 14. Associations of the individual SCORE risk equation components with the risk of dementia

Model 1
HR (95% CI)

Model 2
HR (95% CI)

Age, per year 1.13 (1.12;1.14) 1.13 (1.12;1.14)

Current smoking 1.00 (0.81;1.24) 0.99 (0.80;1.23)

Systolic blood pressure, per 10 mmHg 1.01 (0.98;1.04) 1.01 (0.98;1.04)

Total cholesterol, per mmol/L 1.04 (0.97;1.11) 1.04 (0.97;1.12)

Model 1 - adjusted for: sex.
Model 2 - additionally adjusted for: parental history of dementia and history of stroke.
Abbreviations: HR=hazard ratio, CI=confidence interval.
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The overall aim of this thesis was to determine the potential of preventive strategies to 

preserve cognitive health into old age. In my studies, I have shown that population-wide 

preventive approaches have the potential to extend overall disease-free life expectancy with 

6 years, and to subsequently compress time spent after the onset of symptomatic disease 

(i.e. compression of morbidity). Individuals with the most adverse risk factor profiles have 

an approximately doubled risk of developing chronic respiratory disease, diabetes, and 

heart disease as first non-communicable disease compared to individuals with optimal risk 

factor levels. Healthy individuals are more likely to develop chronic disease at older ages, 

yet these significant increases in life-expectancy come at the expense of a 5-fold increased 

risk of developing neurodegenerative disease as the first manifesting chronic disease in a 

lifetime. Beyond population-wide efforts, targeted preventive approaches provide an op-

portunity to also maintain cognitive health into old age for individuals that are at high risk 

of dementia. However, I demonstrate that it remains a major challenge to accurately identify 

these individuals in the population, and to effectively capture the population at risk in whom 

maximum benefit can be achieved. My findings furthermore show the vast majority of older 

adults at risk for dementia already qualifies for preventive interventions based on their high 

risk for cardiovascular disease according to cardiology guidelines. I conclude this thesis with 

future directions that may benefit population-wide and targeted preventive efforts in order 

to maintain cognitive health into old age as long as possible.

In many countries, ongoing increases in life expectancy are driven by a prolonged survival 

among people that are living with chronic health conditions and are at risk for cognitive 

impairment. A central challenge for societies worldwide is to shift the current focus from 

merely extending total life expectancy to prolonging disease-free life-expectancy, i.e. the 

time spent free from disease.(385) In this final Part V, I will first summarize main findings 

of this thesis and subsequently highlight methodological considerations to be taken into 

account when translating population-wide preventive strategies to individualized prevention. 

I will conclude with my views on direction for further research that could benefit the preser-

vation of cognitive health in both populations and persons while maintaining sustainability 

of healthcare in the future.

Advances in diagnostic and interventional options within modern healthcare systems 

have led to a longer life expectancy for people living with chronic diseases. Inevitably, these 

developments lead to new challenges for patients, physicians, policymakers and other stake-

holders to maintain the sustainability of healthcare. Dementia plays a central role in many 

of these challenges. First, the global burden of this complex neurodegenerative disease, 

for which there is still no cure, is rising faster than any other non-communicable diseases.

(231, 362) Second, individuals at risk for dementia are often subject to multiple risk factors 

that predispose to the accrual of other chronic diseases earlier in life. A high burden of 

pre-existing diseases among demented patients complicates adequate dementia prevention 

and care. In fact, the number of people affected by multimorbidity of chronic diseases is 
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growing rapidly, and it is for this reason that the prevention of multimorbidity is considered 

a global health priority.(71, 386) Findings related to population-wide or individualized strate-

gies for dementia prevention are presented in separate yet complementary parts within this 

thesis: Preserving Cognitive Health in Populations (Part II), Appraisal of Population-wide 

and Person-level Preventive approaches (Part III), and finally Preserving Cognitive health in 

Persons (Part IV).

maIn fIndIngs and InterPretatIOn

Insights from the Rotterdam Study participants on the preservation of 
health

Conversations with participants of the Rotterdam Study that are presented throughout this 

thesis, gave me insight into the different approaches people take to preserve their health into 

old age. Clearly, ‘health’ has many different meanings to each of these participants, but one 

particular aspect I have noted that people employ in countering the consequences of aging is 

a sense of humor. Measuring humor is obviously an unresolved issue, but many other, more 

measurable behaviors that were mentioned by these indomitable participants to preserve 

health, have found their way into this thesis. In the following sections, I will describe the 

main findings and implications for each part separately.

Part II. Maintaining Cognitive Health in Populations

Before I dive into preventive strategies to preserve cognitive health, it is essential to un-

derstand the natural course of physical and cognitive function during aging. Visualizing 

population-level trajectories of these functions over time, displayed by key determinants such 

as sex, education and genetics, can help contrast deviations in function that may signal early 

signs of disease in individuals. In Chapter 2.1, I present population-level trajectories of physi-

cal and cognitive function across age among people that were free from neurodegenerative 

diseases and stroke at time of testing. I demonstrate that motor function and cognitive func-

tion generally decline linearly between ages 45 and 65 years, followed by a steeper decline 

after the age of 65 to 70 years. Overall, decline in motor function did not precede decline 

in cognitive abilities. Yet, this study showed a high variation across individual tests with up 

to a 25-year difference between the fastest and slowest declining test. In Chapter 2.2, I 

studied lifetime risk and co-occurrence of diseases in the population that commonly affect 

physical and cognitive function. I focused on six non-communicable diseases that are leading 

causes of morbidity and mortality worldwide: stroke, heart disease, chronic lung disease, 

diabetes, cancer and neurodegenerative diseases.(58) I demonstrate that co-occurrence of 

these chronic diseases in single individuals is high: at least a third of people suffers from more 

than one of these non-communicable diseases in the general population (‘multimorbidity’). 
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Another insight from this study is that it seems inevitable that individuals in the general 

population will face consequences of at least one of these chronic diseases: nine out of ten 

individuals aged 45 years or older develops any of these diseases in their remaining lifetime. 

However, great potential lies in the avoidance of risk factors to prevent the occurrence of 

these diseases. Absence of three common risk factors for chronic disease, namely smoking, 

high blood pressure and overweight, relates to a 9-year delay in the age at onset of any of 

the diseases under study. Life expectancy analyses reveal that people without these three 

risk factors also live longer than those with these risk factors. Absence of these risk factors 

more strongly relates to the onset of any disease than to death. This means that individuals 

without risk factors spend more time of their life free from disease, and after disease onset 

live shorter with disease than those individuals with these three risk factors. It is for this 

reason that a population-wide strategy that prevents these risk factors from occurring is 

therefore more likely to extend the onset of disease than the moment of death. As a result, 

there will be a reduction (‘compression’) in the time spent with chronic illness (‘morbidity’) 

and the moment of death (Figure 1).

Based on findings presented in Chapter 2.2, it is conceivable that a population-wide 

preventive strategy that targets modifiable risk factors leads to the preservation of health 

into old age by compressing morbidity. A particular aim of this thesis was to study whether 

these benefits also extend to preserve cognitive health on a population-level. To do so, I 

investigated the balance of the benefits of a healthy lifestyle to increase life expectancy, 

offset against the exponentially increasing (genetically driven) risk of dementia at older ages 

in Chapters 2.2 and 4.3. Adherence to a healthy lifestyle more strongly related to a lower 

risk of other (competing) diseases at old age, such as stroke, than to dementia. The implica-

tions of these competing risks are shown in more detail for older adults in Figure 2. In 

  

 

Figure 1. Compression of morbidity as observed in the Rotterdam Study. 
The dotted orange line shows that by the time people with none of the three risk factors developed any of these dis-
eases, those with all three risk factors were on average already close to their expected death.
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this figure, a comparison between the cumulative risk for dementia (Panel A) and ischemic 

stroke (Panel B) across different levels of modifiable risk is shown. For dementia, the graph 

displays that people with unfavorable risk categories generally have a higher absolute risk to 

develop dementia at younger ages (<80 years), compared to people with favorable lifestyles. 

However, lines intersect after the age of 80 and patterns flip hereafter: people with favorable 

profiles die less often from other causes than dementia (competing causes of death) than 

those with unfavorable profiles. At old age, people with favorable profiles start to outlive 

those with unfavorable ones – rendering them at higher absolute risk of dementia later in 

life. Figure 2 clearly depicts the substantially higher cumulative dementia incidence at old 

age seen for individuals with favorable risk profiles (green) compared to their peers with 

intermediate or unfavorable profiles. By contrast, these patterns are not seen for ischemic 

stroke (Panel B), where individuals aged 65 and older with unfavorable compared to those 

with favorable profiles remained to have a higher risk of stroke, even beyond the age of 80.

An optimal cardiovascular health contributes to dementia-free survival for older individuals 

(65 years and older), yet also relates to a modest increase in overall life expectancy (Figure 

Figure 2. Cumulative incidence of dementia (Panel A) and ischemic stroke (Panel B), stratified by profiles of 
modifiable risk. 
For dementia, profiles were based on risk factors that were shown to be important for dementia among older adults 
(65≥years) by the Lancet Commission on Dementia Prevention (1), including smoking habits, history of diabetes, physi-
cal activity, depressive symptoms, social isolation and diet .For stroke, risk profiles were based on the American Heart 
Association (AHA) guidelines, that included systolic and diastolic blood pressure, total cholesterol levels, smoking habits 
and history of diabetes.(2) Red depicts unfavorable, orange intermediate and green favorable categories of risk. Similar 
patterns were seen for stroke incidence when stratifying on risk factors included in the Lancet Commission on Dementia 
Prevention, as well for dementia incidence when stratified for risk profiles according to the AHA guidelines.
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2). Indeed, improvements in modifiable risk factors over time have possibly led to a reduction 

in the occurrence of dementia at younger ages, as observed by declining trends in the age-

specific incidence of dementia within industrialized countries.(387) However, the benefits of 

better cardiovascular health in lowering dementia risk at older ages have to sustain during 

life years gained to that extent that it offsets the exponentially increasing risk of dementia 

at older ages.(388) These benefits may counterbalance observed declines in incidence rates 

of dementia and could eventually lead to a paradoxical increase of dementia prevalence on 

a population-level.(389) It is for this reason that we have to realize that improvements in 

population health come at the price that more individuals will less likely spend their last years 

of life with cardiovascular disease, but more often with dementia.(390) Such forecasts on 

absolute numbers are vital for adequate healthcare planning and resource allocation.

Changing one’s lifestyle to prevent these risk factors and diseases from occurring is chal-

lenging, especially for older people, who have built up behavioral day-by-day routines.(272) A 

common substitute to prevent disease among individuals at risk is the initiation of preventive 

(cardiovascular) medication. These medications are highly effective, but guidelines that rec-

ommend physicians when to start or stop such medication have traditionally been developed 

for single diseases separately. Within the new reality of multimorbidity, co-occurrence of 

chronic diseases necessitates frequent and simultaneous use of multiple medications. These 

combinations of medications easily lead to the simultaneous use of ≥5 drugs (‘polyphar-

macy’) or ≥10 drugs (‘hyperpolypharmacy’).(89) However, polypharmacy does not necessarily 

imply overtreatment as co-occurring diseases may warrant treatment by multiple drugs. The 

absence of contemporary real-life data that characterize polypharmacy on a population-level 

informed the study that quantifies the frequency, chronicity and composition of polyphar-

macy described in Chapter 2.3. This chapter showed that up to 9 out of 10 individuals aged 

≥45 years are exposed at least once to polypharmacy in their remaining lifetime. Half of 

the population is already exposed before the age of 65 years and approximately two-thirds 

of people to polypharmacy were chronically recipient of ≥5 drugs. Finally, I showed that 

combinations of (preventive) cardiovascular medication are the backbone of polypharmacy 

on a population-level (Figure 3).

Chapter 2.4 builds upon the findings presented in Chapters 2.2 and 2.3. In Chapter 2.2, 

I positioned the burden of neurodegenerative disease relative to that of other prevailing non-

communicable diseases. Compared to the high burden of neurological disease among the 

elderly as observed in Chapter 2.3, I observed a strikingly low number of disease-modifying 

drugs that were specifically dispensed to treat these diseases. This paradox echoes the 

scarcity of disease-modifying drugs available for one of the main contributors to the popula-

tion burden of neurological disease, namely neurodegenerative disease. In Chapter 2.4, I 

zoomed in on common neurological diseases at old age and learned that dementia is indeed 

the key driver of neurological disease risk, affecting one in three women, and one in five 

men. Even outside the realm of neurology, the steep rise of dementia is remarkable and the 
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number of life years lost due to dementia is projected to rise fastest of all non-communicable 

diseases between 2016 and 2040 – with highest projected increases in developing countries.

(391) The more concerning it is that the vast majority of studies in contemporary dementia 

research (89%) only includes participants from North America or Europe, as shown in Chap-

ter 2.5. Moreover, my review in this chapter revealed that only 1 in 5 studies reported the 

ethnicity of their participants and among those, 90% (interquartile range 79%-97%) were 

of Caucasian descent. The disproportionality of its rising burden compared to the scarcity of 

disease-modifying therapies available, urged policymakers to prioritize preventive strategies 

through for example lifestyle improvements to mitigate the burden of dementia globally.(1, 

362) Beyond these population-wide measures of prevention, we need to better understand 

which, and maybe even more important, when individuals are likely to benefit most from 

preventive strategies to preserve cognitive health into old age. This requires a preventive 

strategy that is tailored to individual persons at high risk for disease. The following section 

reports main findings from Part III that appraised population-wide and person-level preven-

tive approaches.

Part III. From Populations to Persons: Appraisal of Population-wide & 
Person-level preventive approaches

A population-wide preventive strategy that for example facilitates risk factor prevention 

significantly contributes to the overall health of a population. An example of a population-

wide preventive strategy is salt substitution that reduces salt intake in the community to 

lower blood pressure. This strategy leads to only small reductions in blood pressure for single 

individuals, yet generally shifts the blood pressure distribution to lower values. As a conse-

quence, this prevention strategy halves the occurrence of hypertension in the community, 

an important risk factor for non-communicable diseases.(392) However, its effects on an 

individual-level are small and its net benefits strongly diminish with advancing age, limiting 

preventive yield for diseases that peak at older ages - like dementia. Moreover, given the long 

prodromal phase of dementia, these efforts have to be targeted early to a large number of 

people for years if not decades in order to prevent or postpone dementia. It is for this reason 

that researchers increasingly shift to individualized, tailored (secondary) preventive strategies 

that target the delay of cognitive decline in those asymptomatic but at risk, or, alternatively, 

those with cognitive complaints but that do not (yet) qualify for a dementia diagnosis. This 

approach is an example of a preventive strategy that solely focuses on the high-risk part 

of the population. But how to identify these individuals at ‘high risk’ for disease? One of 

these ways is to develop and validate models that can accurately predict this risk for single 

individuals. A continuum of risk in a population then creates opportunities to truncate a 

segment of individuals from the distribution of the population at a certain risk threshold that 

is then deemed at ‘high risk’ of disease.
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Risk functions to predict the occurrence of non-communicable diseases in the community 

originate from the field of cardiovascular disease. This field has shown that prediction models 

can be utilized to reliably and timely identify single individuals at high risk for a disease from 

the broader community.(393) These predictive models have been updated repeatedly, and 

have more recently also been used in combination with polygenic risk scores to maximize 

absolute clinical benefit of preventive and therapeutic strategies within clinical trials.(394) 

Recent evidence even suggests that treatment decisions may be better informed based on 

predicted cardiovascular risks compared to actual risk factor measurements, such as blood 

pressure values.(395)

Over the past two decades, the value of risk prediction scores has also been recognized 

to identify individuals at risk for dementia at asymptomatic or early stages of disease.(177) 

In fact, back in 1997, one of the first theses that was based on data from the Rotterdam 

Study, was concluded as follows: “The development of a risk function for dementia might 

be worthwhile for future intervention studies.”(396) Almost 10 years later, the first mid-life 

risk prediction score for dementia was published, the Cardiovascular Risk Factors, Aging and 

Incidence of Dementia (CAIDE) score. This score has subsequently been used to recruit indi-

viduals at high risk for dementia in the Finnish Geriatric Intervention Study to Prevent Cogni-

tive Impairment and Disability (FINGER) trial.(19) Since then, numerous prediction models 

have been developed for dementia – but none is widely accepted for clinical use for various 

reasons. For example, for most models it is uncertain how these models perform outside the 

data they were developed upon (‘external validity’).(173) In Chapter 3.1, I therefore exter-

nally validated four prediction models for dementia that can be used in community-dwelling 

settings. For all of these models, I found nearly identical discriminative accuracy when I 

compared full model performance with a model that was based on age alone. This means 

that the addition of a wide range social, lifestyle and cardiovascular risk factors that were 

included in these models had limited incremental value above and beyond age. Against that 

background, Chapter 3.2 emphasized the need for updated models, and lists suggestions to 

establish a reliable dementia prediction model. Building upon these suggestions, I develop a 

novel dementia prediction model for the general population in Chapter 3.3. Nevertheless, I 

still only observed small improvements in discriminative accuracy when comparing a simple, 

office-based model that included age, subjective cognitive decline, interference with instru-

mental daily activities and stroke, compared to a model based on age alone. Indeed, when 

including individuals aged 55 to 80 years old, a predictive model for dementia based on age 

alone asymptotically approaches a discriminative ability of 0.85. Such strong discriminative 

capabilities for predictive models are rarely seen for other diseases.(397)

It seems conceivable that different types of predictive models for dementia are warranted, 

depending on the setting of care: simple non-laboratory (‘Basic’) models for primary care 

settings and biomarker-based (‘Extended’) models for clinical care settings. It is for this 

last reason that I developed a more sophisticated model, that is presented in Chapter 3.3, 
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which extends an office-based model by including cognitive tests, imaging and genetics. 

This extended model can be used in settings of specialized clinical care, complementing a 

simple, non-laboratory model that can be used in primary care. To facilitate clinical uptake of 

such predictive models, I discuss methodological options to assess risk of bias and improve 

applicability of predictive models in Chapters 3.4 and 3.5. In exploration to potentially 

further improve discriminative ability of dementia risk prediction models, I investigated five, 

promising blood-based biomarkers (Total-tau, Aβ40, Aβ42, Aβ40/Aβ42 ratio and neurofila-

ment light [NfL]) in relation to dementia in Chapter 3.6. This head-to-head comparison of 

individual biomarkers shows that NfL most strongly relates to dementia, compared to the 

four other individual biomarkers. However, it is the joint association of Ab42 and NfL that is 

even more strongly related to dementia than what would be expected on the basis of their 

individual risk contribution (i.e., interaction). This study sets the stage for further (predictive) 

research to assess the predictive yield of NfL or Ab42, and their combinations, above and 

beyond the performance of currently available dementia risk prediction models. Collectively, 

findings presented in Part III show that the ability to identify individuals at high risk of 

dementia in the general population remains a major challenge.

Part IV. Maintaining Cognitive Health in Persons

In Part IV of this thesis, I applied eligibility criteria of 10 large dementia prevention trials 

to the general population and leveraged that knowledge to employ alternative statistical 

and methodological approaches to further improve dementia prevention strategies for single 

individuals. In Chapter 4.1, I compared eligibility, population characteristics and prognosis 

across 10 large dementia prevention trials (≥500 individuals) within a population-based study. 

This study shows that trial criteria of 10 major dementia prevention trial generalize well to 

the general population. However, the vast majority of individuals already qualified for both 

lifestyle and pharmaceutical interventions (e.g. statins or antihypertensives) based on their 

cardiovascular risk. This means that current dementia prevention trials largely target a popu-

lation that is already under strict preventive control. Findings of this study call for adapted 

recruitment strategies in dementia trials, to adequately capture the population at risk in 

whom maximum benefit can be achieved. Alternatively, these findings suggest that we need 

to target a younger or perhaps a relatively healthier population that is below this threshold 

in order to optimize preventive interventions to preserve cognitive health. In Chapter 4.2, I 

used a statistical approach that aims to provide an understanding of the overall complexity 

of dementia, rather than identifying a single pathophysiological mechanism at the individual 

level. This multi-stage model estimates the number of crucial pathological steps required 

before the disease manifests clinically. I show that as many as fourteen (pathological) steps 

on a cellular-level are needed before Alzheimer’s disease manifests clinically. Interestingly, 

genetically predisposed individuals require fewer steps before disease manifestation, sug-

gesting that those individuals already underwent several critical steps in the pathogenesis 
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of Alzheimer’s disease. In Chapters 4.3 and 4.4, I built upon this observation and aimed to 

identify which individuals may benefit most from interventions within clinical trials to prevent 

or curb the neuropathological process of the disease. Traditionally, the use of amyloid and tau 

biomarkers is advocated for purpose of risk stratification in selected, high-risk populations 

(e.g. memory clinics). Yet, such approaches cannot be easily translated to the general popula-

tion for various reasons. In absence of established predictive models, prevention trials among 

community-dwelling individuals that aim to halt or delay cognitive decline are increasingly 

recruiting older individuals predisposed to dementia based on more easy obtainable demen-

tia risk indicators, such as their motor or cognitive abilities, or genetic profile. In Chapter 

4.3, I combined data on both cognitive and motor functioning and jointly related these to 

the occurrence of dementia. A key observation of this study pertains to the relation of poor 

gait with cognitive decline and incident dementia that is only present among cognitively 

unimpaired individuals at the time of gait assessment. This observation suggests that those 

who did not have objective cognitive dysfunction with poor performance on specific aspects 

of their gait may constitute a currently under-recognized group at high risk of dementia. 

Alternatively, in Chapter 4.4, I used genetics to identify subgroups of older, (genetically) 

predisposed individuals that may be suitable candidates to enrich dementia prevention trials 

that assess the efficacy of multidomain lifestyle strategies. To do so, we investigated whether 

a favorable lifestyle could offset a high genetically predisposed risk for dementia in older 

adults. Protective associations of favorable risk profiles on dementia risk are found for those 

at low and intermediate genetic risk, but not for those at high genetic risk. These findings 

should not alter the general message to the public regarding the importance of a healthy 

lifestyle to preserve (cognitive) health. However, in the context of dementia prevention tri-

als, these findings may inform design of future trials, for example, by targeting preventive 

interventions to genetically predisposed individuals at an even younger age.

methOdOlOgICal COnsIderatIOns

Specific methodological considerations tied to the individual studies presented in this thesis 

are described in the designated chapters. In this part of the discussion, I focus on general 

methodological aspects that are important to consider when interpreting the presented 

work. The reliability of conclusions drawn from any study, depends on prior knowledge and 

two core foundations of research namely validity (i.e., the absence of biases) and preci-

sion (i.e., power). In the following paragraphs, I will discuss several methodological aspects 

related to internal validity and power, external validity of study findings and I shall conclude 

this part by reviewing several methodological considerations that are specifically related to 

predictive research.
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Internal validity

Selection bias

Selection bias pertains to systematic differences between the recruitment population of 

interest and the actual study population which results in a systematic error in an association. 

The probability of selection bias at baseline of the Rotterdam Study was relatively low, with 

baseline participation rates for the initial three study waves (ranging from 64.9% to 78.1% 

of all eligible individuals) that are among the worldwide highest of ongoing observational, 

population-based studies. However, similar to drops in response rates in participation of 

other recently initiated cohort studies, the response rate of the most recent wave of the 

Rotterdam Study is lower (45%). In part, this may be caused by the changing societal land-

scape or the willingness of citizens to contribute to science. At the same time, the current 

demography of Ommoord, the recruitment area of the Rotterdam Study, has changed con-

siderably compared to the initial recruitment waves of the Rotterdam Study. Approximately 

75% of all current inhabitants of Ommoord are from Caucasian descent, compared to over 

95% back in 1990 when the Rotterdam Study started enrollment. Accordingly, the most 

recent study wave of the Rotterdam Study that started in 2016 includes a lower number 

of participating individuals from Caucasians descent (~70%). Whether and to what extent 

this increased ethnic diversity contributed to a lower participation rate in this most recent 

study wave is still to be determined, but adequate adaption of study design and its recruit-

ment strategies to the intended target population (such as translations of questionnaires and 

tests) is crucial to maximize potential response. For example, invitation letters for Rotterdam 

Study participation are currently in Dutch, potentially hampering study understanding or 

even participation among illiterate individuals or those that have difficulty with the Dutch 

language. In response to increasing ethnic diversity, I therefore highlight in Box 1 examples 

of a culture fair dementia screening test that has been implemented in the Rotterdam Study 

since 2016. This Cross Cultural Dementia (CCD) screening test can be used to screen people 

for cognitive impairment that are not familiar with the Dutch language. In addition, this 

neuropsychological screening test leverages questionnaires and examinations that are more 

culturally fair than those that have been used in the traditional CAMDEX examination, a 

validated screening instrument for dementia that has been used in the Rotterdam Study for 

more than 30 years. (398)

When baseline participation rates drop, it becomes more likely that association between 

exposure and outcome among individuals that participated differs from the association 

that would have been observed among those that are eligible (i.e. selection bias). It is for 

instance widely recognized that older and less healthy individuals are less likely to participate 

in (population-based) research. Loss to follow-up occurs when a participant drops out from 

an ongoing study, and as a consequence the outcome status cannot be assessed anymore. 

The participant is then censored. Lost to follow-up is considered differential when the rate 

of drop out differs according to specific characteristics of participants, i.e. when those with 
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adverse levels of the determinant under study are more likely to drop out than those that 

have optimal levels. In my studies, loss to follow-up has been minimized through continuous 

linkage of the study database with medical records from general practitioners, pharmacies 

as well as hospitals. In practice, this means that follow-up on dementia and related clinical 

outcomes was virtually complete (95%) in all of my studies. Nonetheless, alike declines in 

response rates from other population-based studies, repeat participation across the study 

waves of the Rotterdam Study dropped over time and may in part reflect self-selection of 

(healthy) participants that underwent home interviews or attended the research center which 

may have introduced some selection bias over calendar time.(134)

Information bias

Information bias arises from any systematic differences during collection, recall, recording 

or handling of data in a study, leading to non-differential or differential misclassification. 

Misclassification is non-differential when exposures or health outcomes are equally misclas-

sified between cases and non-cases, or those that are exposed and unexposed, respectively. 

To minimize non-differential misclassification of study determinants, confounders and out-

comes, study devices are well calibrated and study home interviews have been kept as 

A

B

Box 1. A comparison of items that are used in immediate and delayed recognition tasks in the CCD (Panel A), and 
the CAMDEX as provided in the Rotterdam Study (Panel B). The CCD presents pictures of everyday objects, such 
as household items, tools food and clothing, that are considered culturally fair. In contrast, the CAMDEX relies 
on objects that are more sensitive to differences in culture or literacy, and for example includes a stapler, remote 
control and a computer.
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stable as possible over time (12, 30, 33). Furthermore, the majority of participants undergo 

reexaminations within 3-4 years, partly limiting potential recall bias. That is when participants 

do not remember previous events or experiences accurately or omit details. Differential mis-

classification occurs when for example the degree of recall bias differs between cases and 

non-cases, which is likely given that cases may have a greater incentive to recall exposures 

due to health concerns. Similarly, participants that are exposed may be more concerned 

than those that are unexposed and subsequently over-report or more accurately report out-

comes. To further mitigate recall bias, home-interviews are conducted by trained interview 

personnel using neutrally posed questions across a wide range of health topics. This means 

that participants are also inquired about measures of symptoms or health that are unlikely 

to be related to the exposure. MMSE tests results that have been obtained during these 

structured home-interviews, are subsequently used to screen individuals for potential further 

cognitive examination (CAMDEX) by research physicians. This two-tier cognitive screening 

protocol limits ascertainment bias, since all participants undergo a MMSE, regardless of their 

demographics or previous cognitive assessment. MMSE scores are subsequently left out from 

any formal analyses on cognition or dementia to further limit differential misclassification. 

In addition, trained personnel is blinded as much as possible to determinants and (clinical) 

outcomes during data collection and outcome adjudication in order to minimize differential 

misclassification. For instance, an automated linkage between the study database and medi-

cal records provides a stream of information that is independent from the continuous flow 

of data that are collected during home interviews and study center visits. In this way, system-

atically collected neuropsychological tests or work-up on other non-communicable diseases 

(notably diabetes, cardiovascular disease) are defined and adjudicated in consensus without 

knowledge of subsequent dementia events (and vice versa) to ensure that adjudicated of 

outcome events are not systematically informed by study determinants.

Confounding

Confounding is a third form of bias that is specifically tied to studies that address causal 

questions. In Chapter 4.3, I for example studied the association between cognitive and 

motor abilities in relation to dementia. Although I thoroughly adjusted for a large set of po-

tential confounders, I cannot exclude any residual confounding (i.e. additional confounding 

that could not be [sufficiently] adjusted for) in parts of these analyses that were of etiological 

origin, such as cardiovascular risk factors and arthritis. A specific form of confounding that 

is frequently observed in dementia research, relates to its long prodromal phase of neuro-

pathological changes before disease manifests clinically. This phenomenon that is referred 

to as reverse causality occurs when the likelihood of the outcome is related to the exposure 

that is being investigated. For example, in Chapter 4.4, I studied the interaction of genetic 

and environmental risk factors for dementia. Reverse causation may partly underpin findings 

of this chapter since the risk of dementia was not meaningfully different when comparing a 
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favorable lifestyle pattern with a more unfavorable lifestyle pattern among older, genetically 

predisposed individuals. I hypothesize that the prodromal phase of dementia (the outcome 

of this study) may have already affected lifestyle patterns (determinant) in these older, geneti-

cally predisposed individuals. Indeed, even though genetically predisposed individuals were 

younger than those at low genetic risk, they for example already had a lower body mass 

index, potentially hallmarking a prodromal phase of dementia.(399)

Power

Most of the studies in this thesis draw data from the large, population-based Rotterdam 

Study. The large size of this study provides greater chance (i.e. power) to detect true ef-

fects. Sample sizes of population-based cohort studies alike the Rotterdam Study are in stark 

contrast with the average sample size that I observed in an overview of contemporary studies 

with dementia patients presented in Chapter 2.5. Over 40% of studies include less than 

50 patients with dementia. This triggers caution about the precision of findings in much of 

contemporary dementia evidence. Insufficient samples sizes are also related a lower chance 

of detecting true effects in the first place. Still, even under a high prior probability of these 

findings being true and perfect internal validity – small sample sizes like these lead to a 

low posterior predictive value of findings being actually true. In addition, underpowered 

studies may give rise to publication bias due to selective reporting of statistically significant 

results. When dementia research hopefully soon expands to and matures in developing 

countries, design of large, deeply phenotyped cohort studies should be prioritized to ensure 

sufficient statistical power. Alternatively, collaborative efforts between smaller studies should 

be encouraged that for example pool individual-patient data as is currently done within the 

UNITED consortium.

External validity

The vast majority of participating individuals within the Rotterdam Study are of Caucasian 

descent (over 90%).(29) The homogeneity in descent of these participants limits potential 

confounding due to ethnicity, but, in part, may be traded-off with a limited generalizability 

of findings to other ethnicities and healthcare systems. Nevertheless, recent evidence from 

national health insurance data shows that estimates on the burden of disease from the Rot-

terdam Study extrapolate well outside the study area, to at least the rest of the Netherlands.

(400) Of note, improving ethnic or geographical diversity may not necessarily lead to higher 

external validity as it collaterally introduces heterogeneity (i.e. potential confounding by eth-

nicity and additional residual confounding) which in turn may limit internal (and eventually 

external) validity of study findings. These arguments show that it is not the stage of study 

design where external validity has to be sought, but rather necessitates scientific debate and 

expert consensus to establish external validity of findings. For this reason, it is much more 

important to increase ethnic and geographical diversity by initiating and fueling ongoing 
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dementia research in continents where the largest increases in dementia burden are to be 

expected, such as Asia, Africa and South-America.(8) In fact, in Chapter 2.5 I showed that 

9 out of every 10 contemporary dementia studies includes patients from North America 

or Europe, and among those well over 90% is of Caucasian descent. These findings imply 

that current dementia research efforts are far from representative for the global burden of 

dementia across diverse populations. This likely hampers external validity of much of contem-

porary dementia research. Greater inclusivity as well as deeper phenotyping in unselected 

cohorts is therefore urgently warranted to improve prevention, diagnosis and development 

of treatments for dementia globally. However, such treatments will only be effective when 

they are targeted in time to asymptomatic but high risk individuals, or those that are at very 

early stages of the disease. Part III and Part IV of this thesis specifically focus on the early 

identification of high risk individuals in the general population. In the following graphs, I will 

therefore direct attention to specific methodological considerations that have to be taken 

into account in predictive analyses like these.

Specific methodological considerations in predictive research

Competing risks

An important but at times complicated first step is to determine whether the work is of 

descriptive, causal or predictive origin. Mixing goals of causal inference with those of pre-

diction is unfortunately common and for example happens when parameters for general 

health are leveraged to study the biology (etiology) of disease. The important differentiation 

between these approaches generally boils down to which framework is used, including the 

conditioning on events in analyses and incorporation of competing events. For example, the 

occurrence of ‘non-dementia death’ could preclude the onset of dementia like ‘receiving a 

transplant’ could preclude development of organ failure in analyses. From a causal inference 

or etiological perspective, we may be interested in the question whether a certain exposure 

increases the risk of a certain disease, if we could prevent all other (competing) causes of 

deaths from occurring. This tell us more about a specific part of the pathophysiology of 

disease. For predictive or public health purposes, we may be more interested in the question 

whether a certain exposure increases the risk of disease, while taking into account these 

competing causes of death. Deciding whether to take competing risks into account or not has 

also important consequences for the communication and interpretation of research findings. 

Consider the following example. In Chapter 4.4, I showed that better overall cardiovascular 

health, as defined by a 7-item health metric (‘Life’s Simple 7’) proposed by the American 

Heart Association, is associated with a lower relative risk of dementia using traditional Cox 

proportion hazard models. From a public-health perspective, such pragmatic metrics are 

attractive and represents a framework for population-wide interventions. However, from an 

etiological perspective, these are generally uninformative especially when attempting to de-

lineate causes of disease. Better cardiovascular health relates to a lower risk of dementia, but 
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at fi rst sight it remains unclear which specifi c components included in the composite metric 

drive this association. In fact, herein lies the most valuable information, as data on these 

component-specifi c associations could facilitate future studies with targeted interventions 

aimed at reducing future dementia risk. Therefore, from an etiological perspective, it would 

be informative to assess and report the component-specifi c associations as main fi ndings. 

It remains to be determined whether such fi ndings translate into relevancy for dementia 

prevention from a public-health perspective. To this end, it would be more illustrative to 

study the effects of better cardiovascular health on absolute dementia risk in a lifetime per-

spective, as I for example demonstrate in Chapter 2.2 with use of competing risk adjusted 

cumulative incidences. These analyses take into account competing risks for cardiovascular 

death as well as other deaths such as smoking-related cancers.(401) Taking these competing 

risks into account is important given that better cardiovascular health is modestly related to 

a lower dementia relative risk, while it more strongly lowers risks of competing diseases and 

death.(402, 403) As a consequence, individuals free of cardiovascular risk factors live longer 

and will likely spend most of these life years gained in a timeframe with high age-specifi c 

incidences for dementia.(65) Potentially leading to a paradoxically higher ‘lifetime risk’ of de-

mentia among those people that in fact could be regarded healthy as shown in Chapter 2.2. 

Following this reasoning, a population-wide preventive strategy that improves cardiovascular 

health could paradoxically lead to a higher absolute number of people that spend their lives 

with dementia at the end of their lives.
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Figure 4. Relation between age range and C-statistic.
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Calibration and discrimination

Taking into account competing risks in analyses among middle-aged and older individuals is 

not only important to reliably inform population-health, but is of equal importance to accu-

rately communicate absolute risks to individual patients. A predictive model is well calibrated 

when observed risks are perfectly in line with expected risks that are estimated by the model. 

Absolute risks guide preventive treatment decisions, and can benefit risk communication 

as well as shared decision making around harms and benefits of (preventive) interventions. 

Reliable dementia risk estimation provides an opportunity for targeted preventive efforts, but 

given current recruitment strategies does not meaningfully inform contemporary treatment 

decisions around dementia prevention: I demonstrated in Chapter 4.1 that older adults 

eligible for trial inclusion and at high 10-year risk for dementia are at even higher 10-year 

risk for cardiovascular disease. Even with perfect model calibration, this means that absolute 

dementia risk communication to individual patients has no direct consequences for preven-

tive interventions: most older individuals at risk for dementia already qualify for stringent 

preventive interventions based on their cardiovascular risk according to cardiology guidelines. 

Indeed, use of dementia prediction models among older adults has so far been limited to 

enrich clinical and community-based trial design. For this purpose, the ability of a model 

to discriminate between individuals at risk is much more important: is an individual with a 

higher predicted risk more likely to develop the outcome compared to another person with a 

lower predicted risk? Typically, a model with high discriminative abilities is able to accurately 

identify high risk individuals, that is - a population at risk in whom maximum benefit can 

be achieved. Throughout Part III, I demonstrate that discriminative accuracy of dementia 

prediction models is generally high, but largely driven by age. The strong relation between 

age and discriminative accuracy is modelled in Figure 4. On the x-axis, the maximum age of 

the included study population is depicted with a minimum study entry age of 45 years. On 

the y-axis, we can depict the discriminative accuracy of the model in terms of the C-statistic, 

ranging from 0.5 (risk stratification no better than chance) to 1.0 (correctly positioning all 

individuals with a higher risk score at a higher likelihood of developing dementia compared 

to those with lower risk scores). When moving to the right on the x-axis, the limits of the 

maximum study age range are increased. With this transition, discriminative ability of a 

prediction model increases steeply. For example, when including individuals aged 55 to 80 

years old (35-year age range difference), a predictive model for dementia based on age 

alone asymptotically approaches a discriminative ability of 0.85. Such strong discriminative 

capabilities for predictive models are rarely seen for other diseases.(397) As shown in Chap-

ters 3.1 and 3.3, high baseline discriminative accuracies of dementia prediction models 

that are driven by age currently blur potential additive predictive yield of current and novel 

biomarkers. This means that absolute benefit of targeted dementia preventive interventions 

is currently limited given that these are directed to those at highest predicted risk in the 

population: the oldest-old or those that already under strict preventive control. Alternative 
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methods that have been proposed to early identify individuals with preclinical dementia or at 

high risk of dementia are discussed in the next paragraphs.

Biomarker framework

In clinical care, people at highest risk for dementia are increasingly identified on the basis 

of biomarker values that are measured in cerebral spinal fluid (CSF) at specialized memory 

clinics. A framework that classifies the results of these biomarkers has been proposed: the 

amyloid-tau-neurodegeneration framework (‘ATN’).(264) The idea of this framework is 

that it establishes a continuum for the severity of Alzheimer’s disease in which biomarker 

combinations depict different stages of disease.(349) Labelling individuals accordingly allows 

for example for early enrollment in clinical trials. However, following this framework, an 

individual without clinical symptoms, but with a combination of abnormal levels of both 

amyloid and tau could be diagnosed with (preclinical) Alzheimer’s disease.(404) It is for the 

following three reasons that I believe we should refrain from biomarker based dementia 

diagnoses. First, carrying a preclinical disease conceivably has more personal impact on 

patients and caregivers, let alone societal consequences (e.g., insurance), than the mere 

communication to an individual that he or she is at high predicted risk of dementia. Second, 

promising biomarker associations with dementia that have been reported among individuals 

in memory clinics are in isolation not strong enough for reliable individualized predictions.

(192) (405) Risk estimates from these selective samples of relatively young people in tertiary 

memory clinics poorly generalize to older individuals at risk for mixed forms of dementia in 

the community.(251, 349) This heterogeneous pathology of late-life dementia complicates 

prediction in the community since many risk factors only modestly relate to its onset, (12) 

with many biomarkers that have been deemed specific to dementia in memory clinics, also 

strongly associate with multiple sclerosis, cardiovascular disease and cancer in the general 

population.(406, 407) Third, biomarkers have repeatedly been utilized to inform subsequent 

diagnoses and subtyping of that same clinical entity – leading to differential misclassification 

(this particular phenomenon is also referred to as circularity bias). This for example happens 

when MRI and CSF biomarkers are included in models to predict the risk of dementia or 

Alzheimer’s disease, but were at the same time leveraged earlier in time to inform about de-

mentia subtype diagnoses. Circularity may significantly inflate (discriminative) performance 

of a risk prediction model.(408) It is therefore also important from a methodological point of 

view to refrain from these biomarker-based diagnoses as the outcome of interest.

Multistep framework

In Chapter 4.1, I employ an alternative statistical model, the multistep model, to estimate the 

number of underlying biological steps that are required before Alzheimer’s disease manifests 

clinically. These steps could subsequently be used to better understand the importance and 

order of the different biological concepts underlying dementia. Alternatively, multistep mod-
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els have been proposed to aid in the identification of certain risk groups that require fewer 

steps before disease manifestation. Under a multistep model, it is assumed that disease 

manifests clinically after a certain threshold number has been reached composed of n rate 

limiting steps (i.e. mutations) within one cell. Within this framework, the basic entity that 

is being modelled is: t = the moment (time-point) the nth change or rate limiting step takes 

place. Of the required steps, (n-1) steps have independently taken place at a certain point 

during the lifespan. For each of these steps, a certain probability per time unit (e.g., year) 

exists that a rate limiting step will occur. When a cell is primed, such that it has undergone 

all of these necessary preceding steps, the final step (nth step) leads to clinical manifestation 

of disease. Subsequently, this final nth step has to occur after all of these steps and can for 

example not occur in between preceding steps. In this Chapter 4.1, I show that Alzheimer’s 

disease complies with a multistage model characterized by 14 steps that have to be in place 

before AD becomes clinically apparent. The number of steps was modified by the level of 

genetic predisposition, translating into fewer steps for individuals at high genetic risk for AD. 

APOE-ε4 carriers required four fewer steps compared to ε4 non-carriers - tapping into the 

observation that APOE is strongly involved in cholesterol transport, hematopoietic cell lineage, 

clathrin/AP2 adaptor complex, and protein folding pathways. An advantage of multistep 

models is that they allow for the identification of different ‘sufficient’ component causes that 

contribute to the complex ‘causal pie’ of dementia. However, modelling multistep models 

requires several unverifiable assumptions, including the biologically implausible assumption 

that occurrences of rate-limiting steps within one cell are independent. Additionally, the 

models provide an overall number of required steps, but do not tell us the exact underlying 

biological concepts - limiting targeted intervention. Finally, the model assumes that a certain 

number of steps, all with a similar exposure time, have to occur before the specific disease 

manifests clinically. In most instances, this means that the exposure under study must be 

present at birth or during an individual’s early life, such as their genes, ethnicity, sex or envi-

ronmental factors present from birth onwards. This leaves little room for the incorporation 

of modifiable factors during later life, limiting applicability to older adults or those in which 

dementia risk is driven by environmental factors.

This discussion of methodological considerations in dementia prediction highlights the 

limited clinical applicability of currently available methods to effectively direct individualized 

dementia prevention efforts. At the end of the following section, I will present future direc-

tions that could benefit individualized prediction of dementia and subsequent development 

of personalized preventive interventions against dementia in the general population.
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future PersPeCtIves

Preventing wisely: balancing dementia preventive efforts population-wide 
and at an individual-level

I believe that population-wide preventive strategies targeted at for example lifestyle improve-

ments to preserve cognitive health should be prioritized over individualized strategies that 

focus on a high-risk segment of the population for the following five reasons. First, it has 

been estimated that the preventive yield of screening of individuals at very high risk of disease 

is limited. Consider an example from the field of cardiovascular disease. Even if all individuals 

at very high risk would be identified perfectly, i.e. those with a 10 year risk of ≥30% (which is 

approximately 6% of the population), and all of those would be treated perfectly, incidence 

of major cardiovascular disease would (only) be reduced by 11%, compared to a 25% to 

50% incidence reduction through population-wide prevention.(409, 410) This seems to hold 

even stronger for the preservation of cognitive health. A relatively low background 10-year 

risk to develop dementia leads to insufficient implementation of contemporary screening 

instruments in an at risk population: 4 out of 5 people aged 65 to 74 years with positive 

screening test result will not develop dementia in the near future.(411) Cognitive screening 

in the population may even lead to harm, when fear for disease is introduced for which there 

is no established disease-modifying treatment. Second, prediction models that are currently 

available for dementia, are largely developed and calibrated for older individuals. This leaves 

younger individuals with adverse risk factors falsely reassured about their low risk of disease. 

For example, a 40-year old woman with many adverse risk factors is at low 10-year predicted 

risk of disease since risk prediction calculations are primarily driven by age and sex.(412) 

However, this same individual is at high predicted lifetime risk for disease, which calls for early 

and sustained preventive intervention. This risk discrepancy could moreover withhold these 

individuals from beneficially changing their lifestyle in time. The magnitude of such false 

reassurance has been shown to be substantial. For example, 75% of deaths due to coronary 

heart disease occur in those that are considered in the ‘low-risk’ segment of the population.

(413) Conversely, I showed in Chapter 4.1 that older adults at high risk of dementia that are 

eligible for any dementia prevention trial, are at even higher risk of cardiovascular disease. 

This means that these older adults already should already receive optimal preventive control 

following cardiovascular risk guidelines, regardless of their risk of dementia. Third, the binary 

thinking about high or low risk not only pertains to citizens or clinicians, but may also mislead 

policymakers into thinking that they have solved the problem of primary prevention by only 

focusing on individuals at high risk of disease.(414) Finally, many modifiable risk factors that 

for example have been identified for cardiovascular disease, are also strongly related to other 

prevailing diseases such dementia and cancer. These factors are generally well established 

and should be under adequate control, especially in the older segment of the population that 

is at high of disease. Considering these arguments, I believe a higher reallocation of public 
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funds to population-wide preventive strategies is warranted, with equal if not higher priority 

to target young individuals. However, this does not at all mean that we should stop studying 

the potential of a high-risk strategy for (primary) prevention of dementia, but I foresee an 

ancillary role for a high-risk strategy in relation to the population strategy. In fact, we are still 

far away from accurately identifying those individuals that are still relatively young, but at 

high (lifetime) risk for late-life dementia.(411)

In the following paragraphs, I will first discuss two avenues to enrich future dementia trials 

with individuals that could benefit most from individualized prevention, along with a brief 

review of potential ethical concerns that are involved in dementia prediction. In the final part 

of this future perspectives section, I will zoom out from dementia prevention to conclude 

with my perspectives on the potential of precision prevention to improve population health 

in general.

1. Improving prediction of dementia in older adults

From midlife onwards, plasma biomarkers for dementia increase long before clinical symp-

toms are present.(415) However, alike cholesterol levels for cardiovascular disease, yielding 

plasma biomarkers alone is insufficient to screen individuals for dementia.(413) Adding 

biomarkers to existing predictive models will likely increase positive predictive values, given 

strong associations of NfL as well as combinations of NfL and Aβ42/40 ratio with dementia 

as observed in Chapter 3.6. Indeed, associations with such magnitude are warranted to 

meaningfully increase positive predictive value given the low a-priori chance of about 5% 

to develop dementia within 10 years in an at-risk segment of general population (e.g. those 

that are ≥65 years).(416) This low a-priori chance has been partly hampering adequate and 

enriched preventive trial design in the community. This is aptly demonstrated by the fact that 

with a reasonable level of screening (92% sensitivity at a 5% risk threshold), an unfeasible 

high number of people (false positives) have to be referred to specialized clinical settings 

to rule out dementia (Table 1). The other side of this medal is that the accompanying high 

negative predictive value of this model is able to reassure older individuals that are afraid of 

dementia but at low predicted risk in primary care settings (negative predictive values >97%).

Table 1. Dementia risk classification using different 10-year risk cut-offs to identify high risk individuals in 
the general population using the Basic Rotterdam Study prediction model presented in Chapter 3.3

Cutoff for high risk Sensitivity Specificity Positive
predictive value

Negative
predictive value

5% 92% 42% 7% 99%

10% 73% 66% 10% 98%

15% 49% 80% 11% 97%
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In Chapter 3.3, I indeed showed that only those who are aged 75 years and older or those 

with comorbidity (stroke or those with difficulty managing finance or medications) have an 

estimated 10-year risk of dementia of over 10%. A community-based trial of long duration 

with moderate but worthwhile treatment effects (e.g. 15% relative risk reduction), would at 

least require 8342 of these older (potentially frail) individuals whom already qualify for strict 

preventive interventions under cardiovascular risk guidelines.(417) These numbers highlight 

the urgent need to update available dementia prediction models by incorporating continuous 

biomarkers.(192) Incorporating repeated measurements of cognitive performance may fur-

ther improve dementia prediction. Since repeated testing introduces learning effects leading 

to highly correlated test results, a standard survival model (even with time-varying covariates) 

is not fit for purpose. Unbiased hazards can be obtained with a joint model, that combines 

survival methods as well as linear mixed models for correlated data. These hazards can be 

used to compute dynamic dementia-free survival curves that can be updated after each newly 

obtained measurement So far, incorporation of repeated measurements of blood pressure 

or cholesterol within cardiovascular prediction models only showed modest improvements 

in model discriminative ability.(418, 419) In contrast, repeated measurements of cognitive 

function may yield significant value to improve the prediction of dementia. First, people that 

decline fast on cognitive tests between visits are at highest risk of dementia.(420) Second, 

measurements on for example the MMSE or visual association test (VAT) are non-invasive, 

easy obtainable and at lower cost compared to for example laboratory measures that are 

more often used in cardiovascular predictions.(192) Third, these sophisticated models can 

be specifically used to increase power and to shorten the duration of dementia prevention 

trials.(421) By estimating risks of dementia through repeated cognitive testing in treatment 

arms, intervention effects can be evaluated based on predictions of cognitive decline, such 

that they can serve as surrogate outcome measure for late-life dementia.(422) A limitation of 

repeated cognitive testing is that it is innate to learning effects.(423) To overcome this issue, 

computerized tests can be considered which facilitate alternating versions to minimize learn-

ing effects, and provide options to implement other aspects of cognitive ability such as speed 

of detection.(424) Not only do these computerized tests hold promise for the refinement 

of dementia prediction, they can also serve as a surrogate outcome measure for dementia 

prevention trials among older adults. Participants can do the required testing at home with 

tablets or other user-friendly devices, which may reduce selection bias at trial baseline and 

during follow-up (attrition). This may help increase power to reliably assess long-term ef-

ficacy of the intervention, which has been a challenging task for trialists so far.(417)

2. Lifetime perspectives on dementia risk reduction - reconsidering the 
target population

The general concept of past and ongoing dementia prevention trials is to recruit older indi-

viduals in the community at high (short-term) risk of dementia based on suboptimal cardio-
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vascular risk factors.(274) However, most of these older adults are at even higher short-term 

risk for cardiovascular disease, which most likely already warranted stringent intervention 

according to cardiovascular preventive treatment thresholds.(23) A central challenge in de-

mentia prevention is therefore to target individuals that do not (yet) qualify for preventative 

treatment allocation, but are likely to benefit from early preventative interventions to lower 

late-life dementia incidence (Table 2). These individuals are presumably younger than those 

that have currently been recruited for dementia prevention trials. A lifetime perspective on 

dementia risk reduction may thus benefit the identification of individuals that are currently 

untargeted, but at high lifetime risk of dementia. These are for example older individuals with 

one or two adverse risk factors, but do not (yet) meet the preventive treatment threshold for 

cardiovascular disease.

Ethical considerations around the identification of individuals at high risk or 

with ‘preclinical’ dementia

The two aforementioned recommendations to optimize dementia prevention are aimed to 

identify individuals as reliably or early as possible in the disease progress in order to enrich 

preventive dementia trials and strategies. This is important for progress in research, but I 

believe we should be very careful when communicating dementia risk estimates to single 

individuals. A lot of uncertainty still remains in the field of what should be coined ‘high risk’, 

to for example assess eligibility for (preventive) trials, in both clinical and community-based 

settings. In all fields of medicine, there is a general tendency to shift the boundaries of 

what we term disease. This is no exception within the field of dementia research. People 

Table 2. A lifetime perspective on the risk of dementia in relation to the occurrence of cardiovascular disease

Dementia

Cardiovascular 
disease

Lifetime risk Low Intermediate High

Low

People with (rare) diseases 
or those who suffer from 
accidents or suicide leading 
to death at younger ages, 
or, alternatively, those with a 
protective genetic make-up

Individuals, 
without or 
only minor 
cardiovascular 
risk factors

Genetically predisposed 
individuals, or those with 
(dementia) risk factors, 
not specifically tied to 
cardiovascular disease

Intermediate

Individuals with only a few 
cardiovascular risk factors 
that however unexpectedly 
die from overt cardiovascular 
disease

Individuals 
with a few 
suboptimal 
cardiovascular 
risk factors

individuals with suboptimal 
cardiovascular risk factors

High

Individuals with several major 
cardiovascular risk factors

Individuals with 
cardiovascular 
risk factors

Individuals resilient to 
cardiovascular disease, yet 
with cardiovascular risk 
factors

Color legend: Green - Cardiovascular guidelines recommend lifestyle interventions only; Orange - Cardiovascular guide-
lines recommend cardiovascular preventive medication; Red - people at risk of dementia, but that currently do not 
qualify for preventive interventions based on their risk of cardiovascular disease.
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are increasingly labelled with ‘preclinical’ stages of (clinical) Alzheimer’s disease.(240, 425) 

These efforts are triggered by the long preclinical phase of dementia that when intervened 

on too late leads to irreversible neuronal cell loss and clinical deterioration. In most cases, 

people at highest risk for dementia are identified on the basis of biomarker values that 

are measured in cerebral spinal fluid (CSF) at specialized memory clinics. A framework that 

classifies the results of these biomarkers has been proposed and is now recently recognized 

as the amyloid-tau-neurodegeneration framework (‘ATN’).(264) The idea of this framework 

is that it establishes a continuum for the severity of Alzheimer’s disease in which biomarker 

combinations depict different stages of disease.(349) Labelling individuals accordingly allows 

for example for early enrollment in clinical trials. However, following this framework, an 

individual without clinical symptoms, but with a combination of abnormal levels of both 

amyloid and tau should be diagnosed with (preclinical) Alzheimer’s disease.(404) Defining 

neurodegenerative diseases based on biomarkers instead of symptoms leads to confusion 

among patients, caregivers and physicians, especially in the absence of symptoms.(426)

Beyond population-wide and individualized prevention strategies: 
‘Precision Prevention’

As maintained by the epidemiologist Geoffrey Rose, population-wide and individualized 

preventive strategies are not mutually exclusive but rather complementary approaches. Still, I 

believe that primary prevention of common risk factors population-wide through for example 

tax increases on tobacco and unhealthy foods is undoubtedly the most powerful strategy to 

[1] timely attain the Sustainable Development Goals (SDGs) that are set out by the United 

Nations and the WHO, and [2] to maintain the affordability of our healthcare systems for the 

future. Finland has been pioneering in population-wide preventive strategies to improve its 

country’s health behavior and environment. Over the past four decades, implementation of 

these strategies resulted in a 80% decline of cardiovascular disease.(427) However, these po-

tential benefits for public health have unfortunately long been overlooked by policy makers 

and other stakeholders.(15-17) A reason for this limited uptake is that the effects of primary 

prevention, by definition, go unseen by individuals and may not always cause the same level 

of public excitement as compared to novel treatments for cancer.

Rather, much more attention is directed to the concept of ‘Precision Medicine’ that aims 

to individualize healthcare by mostly focusing on high-risk individuals. Precision medicine has 

been developing rapidly during the 21st century, fueled by advances in the field of genetics 

and the availability of data that facilitate accurate investigation of an individual’s lifestyle and 

environment. Precision medicine brings forward individualized treatments that are becoming 

available for a myriad of diseases, but these are still centered around single diseases instead 

of the patient. At present, there are wide-spread calls to reform this traditional, disease-based 

model of care within the new reality of multimorbidity.(428) The ancient pillars of preven-

tion, diagnosis and treatment that constitute this disease-based system most likely require 
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adaptation for the modern patient with multiple diseases and comorbidities. A contemporary 

challenge for medical care is therefore whether and how it can shift from a model of care 

that is centered around the prevention and treatment for individual diseases to a model 

that is predicated on the attainment of individual patient goals. While efforts in precision 

medicine have been undertaken for diagnosing and treating diseases, advances in ‘precision 

prevention’ lag behind.(429) For prevention, precision clinical decision making takes into 

consideration population characteristics (for example ethnicity, socio-economic status and 

geographical disease burden) and individual patient beliefs regarding treatments, risks and 

prognosis (‘Precision Health’). Voices of individual patients can be captured in the form of 

patient experiences and patient-centered outcomes using patient reported outcome mea-

sures (PROMs) and patient reported experience measures (PREMs). These can subsequently 

be used to establish whether patient preferences and values inform clinical decision-making. 

Evidently, meeting the attainment of individual patient goals is challenging. However, within 

such a framework, precision prevention has great potential to bridge the gap in healths-

pan between affluent and less affluent people.(430, 431) Developing and implementing a 

framework of precision preventive approaches to prevent (multiple) chronic diseases requires 

further investigation. The following section addresses three potential avenues to improve 

development and implementation of (primary) prevention within the framework of ‘Precision 

Prevention’.

1. Linkage of cohort data with information from healthcare insurances

Characterizing differences in healthcare utilization across individuals with and without 

risk factors benefits the implementation of precision prevention in clinical practice. Link-

ing deeply phenotyped cohorts and national healthcare insurance data can accurately 

characterize social disparities in healthcare utilization and expenditure. This can for example 

uncover what determinants predispose to healthcare utilization, and whether differences 

in healthcare seeking behavior are a cause or consequence of disease of disability. Such 

linkage of data also provides a unique opportunity to accurately quantify total healthcare 

expenditure related to single diseases and to map differences in expenditure across the entire 

chain of care, ranging from prevention to palliative care. These findings can subsequently 

inform whether certain preventive or treatment strategies are (more) cost-effective in cer-

tain populations or specific persons, by taking into account demographics, risk factors and 

perhaps even genetic predisposition. Direct linkage between these two data sources can 

also learn us more about geographical hotspots of comorbidity. Such findings benefit the 

design of group-level preventive precision strategies, with for instance different shapes for 

rural areas compared to urban neighborhoods. Such research is urgently required, since it 

can accurately inform the design of bundled payment schemes as mandated by the Dutch 

National Healthcare Authority (NZA) to replace current healthcare payment systems.(432) It is 

important to characterize geographical differences in healthcare utilization, since differences 
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in social economic status may explain up to 10-year differences in life-expectancy between 

affl uent and less affl uent populations, even within single cities.(433, 434) This broad term, 

socio-economic status, serves as a proxy for clusters of key risk factors, whilst these factors 

themselves, such as smoking, overweight and hypertension, also independently contribute 

to the risk of disease.(433, 435) Similarly, the distribution of risk factors and diseases are not 

equally divided across levels of socio-economic status and the joint effects of such clustering 

often outweighs the effects that could be expected from their individual risk contribution.

(428, 436, 437) By taking into account both risk factor information as well as data on health-

care utilization behavior, the infl uence of social, gender and medical determinants on health 

can be further differentiated – leading to new possibilities to optimize prevention. Another 

way to better understand this ‘concentration of morbidity’ in risk groups or individuals, is 

by quantifying explained variance that comes from shared genetic variants. A genome-wide 

association study (GWAS) on healthspan would facilitate the identifi cation of these variants 

that predispose to a healthy lifespan, or conversely, to an increased risk of multimorbidity.

(438) Finally, linkage of prospective cohorts with health insurance data fi nally also facilitates 

a better understanding of the different cascades of disease events that sequentially occur 

over a life-course.(435) In this regard, the duration from fi rst events to subsequent events 

can be modeled, and the underlying sequence of events can be appreciated (Figure 5). The 

identifi cation of these common multi-system disease clusters across risk groups can further 

inform strategies to jointly prevent or treat multiple diseases simultaneously. 

Figure 5. Schematic population-level overview of the transitions from disease-free states (left pillar) to 
states of single disease (fi rst pillar) and multimorbidity (pillar three and four). Colors display individual 
transitions between these individual health states.
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2. Broadening the scope of prediction

A disappointingly low discriminative ability of predictive models beyond age to predict disease 

in later life calls for new individualized approaches to preserve (cognitive) health into old age 

for those at high risk of disease.(221, 235) Lifetime predictions for disease are particularly 

able to timely identify and treat young individuals at high (genetically determined) risk.(439) 

Another, relatively unexplored avenue for prediction, is to identify people at high risk for any 

non-communicable disease for risk factor optimization to improve their (cognitive) health. 

This means that we expand our focus by identifying individuals that are not only at high risk 

for dementia or cardiovascular disease, but also for diabetes or chronic lung disease. This 

facilitates joint prevention of leading non-communicable diseases. Against this background, 

broadening the horizon of disease prediction from disease-specifi c models to a more general 

model seems a plausible next step. This could be a model that predicts the risk of any chronic 

disease based on a set of shared risk factors that yield predictive value, regardless of the 

specifi c type of disease as output.(412) Such an effort can raise awareness or even increase 

responsibility among individuals to change their modifi able risk factors early in life, or can 

inform timely treatment allocation of preventive medication. Indeed, the common coexis-

tence of cardiometabolic risk factors offers a great potential to postpone or prevent multiple 

chronic diseases simultaneously by jointly targeting these risk factors (Figure 6).

Such an approach also holds promise to postpone the onset of individual late-life diseases, 

particularly dementia, in three different ways. First, individuals at risk for dementia often 

carry multiple adverse cardiometabolic risk factors.(12) Optimizing multiple risk factors 

simultaneously seems important since clustering of risk factors within an individual may have 

even greater consequences on degenerative brain changes than what would be expected on 

the basis of their individual risk contribution (i.e., interaction).(440, 441). Second, chronic 

diseases themselves, such as cardiovascular disease and diabetes, also enhance the hazards 

 

.  

Figure 6. Venn diagram depicting coexisting cardio-
metabolic risk factors among participants from the 
Rotterdam Study.
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of dementia later in life - beyond the contribution of these individual risk factors - providing 

even greater potential to postpone dementia.(12) Third, it has been increasingly shown that 

the greatest potential for dementia postponement can be achieved through the avoidance 

of these risk factors during mid- rather than later life.(13, 14) A life course approach seems 

in this regard warranted since cumulative blood pressure exposure during young adulthood 

is already related to worse gait and cognitive performance in midlife.(442) Still, for most 

individuals certain life-events (‘teachable moments’) or more short term incentives have 

greater potential to change their lifestyle than the long-term prospect of developing demen-

tia.(443) However, not all individuals are equally equipped about the potential of risk factor 

optimization through lifestyle changes to improve healthspan. For example, most individuals 

(56%) are unaware of the relationship between certain lifestyle factors and dementia.(444) 

Adequate and comprehensible risk communication therefore plays a central role to improve 

health awareness at an individual-level.

3. Risk communication: perspectives on lifetime risks and life years gained

Probabilities derived from prediction models can be hard to interpret for individuals that are 

not convenient with risk interpretation on a daily basis. Combining long-term predictions 

with expected effects from (lifestyle) interventions from (currently ongoing) randomized 

controlled trials translate results into expected gains in life years for single individuals. These 

metrics can benefit communication to convey the benefits of a healthy lifestyle to individual 

patients. These approaches have been successfully undertaken to address potential gains 

in life expectancy from novel therapies for cardiovascular disease.(445, 446) An example is 

shown below in Figure 7, with observational data derived from the Rotterdam Study. Please 

note that this figure serves for illustrative purposes, and these calculations are generally 

not possible without long-term data from randomized trials with intention-to-treat analyses. 

More specifically, these calculations mix goals for etiology with those of prediction - violating 

for example the exchangeability assumption: a current smoker in these observational data 

is not directly exchangeable for a never smoker. Applying treatment or lifestyle intervention 

effects to the predicted risk of developing disease and death results in a lower predicted risk 

for these two clinical endpoints. For example, the estimated relative risk (hazard ratio) for 

smoking cessation is 0.60 for cardiovascular deaths, and 0.73 on non-cardiovascular death.

(447, 448) These effect sizes can be plugged into the risk equations, providing data to life-

table to calculate life expectancy measures, while optimistically assuming lifelong treatment 

or adherence to a designated lifestyle. In turn, these lifetable results can be leveraged to 

visualize differences in individualized life expectancy – which can be used to inform individual 

patients about the potential of lifestyle changes to gain life years. Communicating gains 

in expected lifetime is advantageous over (relative) risks, since patients are better able to 

appreciate potential gains in life years than to translate reductions in their predicted risk. 

Finally, such methods may be particularly useful for late-life chronic diseases (like dementia) 
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for which perseverance is required to maintain a healthy behavior for years, with the more 

realistic goal of the intervention to delay its symptoms, rather than to entirely prevent its 

onset.(449)

COnCludIng remarks: frOm PersOns baCk tO PeOPle

In this thesis, I examined determinants of cognitive and physical function and studied the 

potential of preventive strategies to avoid neurodegenerative disease and disability. It is 

the addition of an active engagement with life that completes the triad of what could be 

considered ‘successful’ aging (Figure 8). Of course, a definition of ‘engagement with life’ is 

highly variable for individual persons, ranging from a sense of humor for some to spirituality 

for others.(450) For this reason, it is essential that we keep engaging people in our research 

such that we can better understand what unanswered questions people consider important. 

From these questions, we can jointly distill priorities for further research. With exponentially 

increasing gains in scientific knowledge, this helps to align our contemporary understand-

ings of disease and prioritization of preventive and therapeutic options with those of the 

lay public. This is important since misunderstandings about the diagnosis, treatment and 

prognosis of (preclinical) diseases are common, which can have serious consequences as 

shown by a recent example within the field of dementia.(451) It is vital to agree on priorities 

for future research together with patients, caregivers and clinicians such that we can effec-

tively improve prevention and treatment of complex and co-morbid diseases. The James Lind 

Alliance aimed to do just that, and has been publishing top 10 lists of priorities for research 

   

  

Figure 7. Individualized prediction of non-communicable free survival curve. This curve compares two men, 
aged 45 years old, both with a systolic blood pressure of 120 mmHg and a body mass index of 25, one who 
currently smokes compared to the other who has never smoked. By the age of 75, both can anticipate to 
suffer from an NCD, however, the men who has never smoked is expected to live on average less years 
without NCDs.
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for different health outcomes, ranging from acne to womb cancer.(452) More importantly, 

these multidisciplinary discussions between patients and clinicians help to jointly identify and 

accept when health situations are beyond those that are still open for prevention or curation.

These discussions may also help to jointly shape strategies to preserve the ‘engagement 

with life’ for patients and their caregivers, also when encountered with chronic illnesses. 

Together with its other pillars - avoidance of disease and high physical functioning – this 

engagement completes the triad of ‘successful aging’ that ultimately benefits preservation 

of both physical and cognitive health as long as possible.

 

 

Figure 8. Model of ‘successful’ aging. Adapted from John W. Rowe and Robert L. Kahn
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Great progress has been made in extending life expectancy over the past two centuries. In 

the twentieth century, mortality from these communicable diseases has been reduced by 

more than 99%, and the burden of disease has shifted to non-communicable diseases such 

as cancer and heart disease. In the 21st century, survival has continued to rise and the burden 

of disease in the aging population has started to shift again: from the patient with a single, 

often curable disease to the aging patient in 2021 who is at risk of concomitant diseases 

(‘multimorbidity’) and untreatable neurodegenerative disorders, such as dementia. Dementia 

is often involved in multimorbidity, as it is an ‘end-stage’ disease at old age. Alternatively, 

many chronic diseases predate dementia share risk factors with late-life dementia or are risk 

factors for the neurodegenerative themselves. The main objective of this thesis is to deter-

mine the potential of population-wide and personalized preventive strategies to maintain 

cognitive health into old age.

Part II: maIntaInIng COgnItIve health In POPulatIOns

In Chapter 2.1, I demonstrate that the natural course of cognitive and motor skills between 

the ages of 45 and 65 deteriorate equally and gradually, with a faster decline observed after 

the age of 65. In Chapter 2.2, I demonstrate that this natural aging is often influenced by 

the occurrence of neurological disease, with 1 in 2 middle-aged women and 1 in 3 men that 

will be diagnosed with stroke, parkinsonism or dementia in their lifetime. Although certain 

strokes are now treatable, neurodegenerative disorders such as parkinsonism and dementia 

remain largely untreatable, and it is Chapter 2.3 that clearly depicts this paradoxical relation-

ship between the burden of neurodegenerative disease and the scarce availability of disease-

modifying drugs. In Chapter 2.4, I subsequently position the burden of neurodegenerative 

disorders (such as dementia) in relation to other chronic conditions, and I demonstrate that 

at least 1 in 3 people is affected by multiple chronic conditions in a lifetime. Chapter 2.5 

concludes this Part II with the observation that many study populations poorly generalize 

to the wider patient population with dementia. Only 1 in 5 studies reported on participants’ 

ethnicity, including almost exclusively participants of Caucasian descent residing in North-

America and Europe. Furthermore, age at diagnosis of dementia was on average nine years 

lower in clinical compared to population-based studies.

Part III: frOm POPulatIOns tO PersOns – aPPraIsal Of 
POPulatIOn-wIde and PersOnalIzed PreventIve aPPrOaChes

In this part, I shift from a population-wide perspective to zoom in on the opportunities 

and challenges of personalized preventive strategies to postpone or prevent dementia. By 
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validating predictive performance of available dementia prediction models in Chapter 3.1, 

I demonstrate that it remains difficult to predict dementia based on traditional risk factors 

in the general population more accurately beyond the use of age alone. In Chapter 3.2, I 

provide specific methodological suggestions to improve the prediction of dementia. I subse-

quently apply these suggestions in Chapter 3.3, where I present two prediction models for 

dementia in the community. In Chapter 3.4 and Chapter 3.5, I highlight opportunities to 

facilitate transportation of these models to clinical practice. To refine the accuracy of these 

models even further, I demonstrate in Chapter 3.6 that certain blood-based biomarkers have 

great potential to improve the prediction of dementia in a relatively accessible way.

Part Iv: maIntaInIng COgnItIve health In PersOns

In Part IV, I investigate how we can subsequently approach the previously identified persons 

at high risk of dementia in the most targeted and efficient way to postpone or prevent the 

disease. I start this part with Chapter 4.1, demonstrating that study participants currently 

included in large dementia prevention trials are often already eligible for preventive interven-

tions based on their risk for cardiovascular disease, regardless of their risk for dementia. In 

subsequent chapters, I investigate new approaches to most efficiently select patients who 

could benefit most from targeted preventive strategies. For example, I use genetic factors 

in Chapter 4.2 and Chapter 4.4 to identify individuals at high risk for dementia. As an 

alternative, I show in Chapter 4.3 that people in whom decline in motor skills precedes 

cognitive decline, are particularly at risk of dementia and thus form a potentially untargeted 

group at high-risk of dementia.

Part v: general dIsCussIOn

In Part V, I look back on my findings, discuss the limitations and strengths of my research 

and shed my light on the future role of (precision) prevention in healthcare in a rapidly 

changing society. In particular, I focus on how we can further improve the prediction of 

dementia among older adults. In addition, I present a life-course perspective on the preven-

tion of dementia - which groups of people can we best approach when to optimize dementia 

prevention. I demonstrate why it is important that we realize that most (older) patients not 

only have dementia, but simultaneously deal with multiple comorbidities. I conclude with 

recommendations on how we strengthen the role of prevention in society, and with sugges-

tions for co-creating science with patients and jointly shaping the research agenda for the 

future.
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Deel I: Algemene Introductie en Thesishoofdlijnen

Over de afgelopen twee eeuwen is er grote vooruitgang geboekt in de verlenging van de 

levensverwachting. In de twintigste eeuw is de mortaliteit van infectie ziekten teruggebracht 

met meer dan 99%, en de ziektelast verplaatste zich naar niet-overdraagbare ziekten zoals 

kanker en hartziekten. Geleidelijk verschuift de ziektelast in de verouderende populatie 

momenteel opnieuw: van de patiënt met een enkelvoudige, behandelbare ziekte naar de 

verouderende patiënt anno 2021 die vooral risico loopt op bijkomende ziekten (‘multimorbi-

diteit’) en vooralsnog onbehandelbare cognitieve aandoeningen, zoals dementie. Zo zal het 

aantal mensen met multimorbiditeit verdubbelen in de komende twintig jaar, deels gedreven 

door een verdrievoudiging van het aantal mensen met dementie in 2050. Dementie is vaak 

als ‘onderdeel’ betrokken bij multimorbiditeit, aangezien het dikwijls een ‘eindstadium’ 

ziekte is bij het bereiken van hoge leeftijd. Daarnaast zijn veel chronische ziekten die men 

eerder oploopt in het leven op hun beurt een risicofactor voor het krijgen van dementie op 

latere leeftijd. De hoofddoelstelling van dit proefschrift is het bepalen van de potentie van 

populatie-brede en gepersonaliseerde preventieve strategieën om onze cognitieve gezond-

heid tot op hoge leeftijd te behouden.

Deel II: Behoud van Cognitieve Gezondheid in Populaties

In Hoofdstuk 2.1 laat ik zien dat de natuurlijke veroudering van cognitieve en motorische 

vaardigheden tussen de leeftijd van 45 en 65 jaar gelijkwaardig en geleidelijk achteruitgaan, 

met een snellere daling na de leeftijd van 65 jaar. In Hoofdstuk 2.2 laat ik zien dat deze 

natuurlijke veroudering vaak wordt aangetast door neurologische aandoeningen waarbij 1 

op de 2 vrouwen en 1 op de 3 mannen te maken krijgt met een beroerte, parkinsonisme of 

dementie. Alhoewel sommige beroertes tegenwoordig behandelbaar zijn, blijven neurode-

generatieve aandoeningen zoals parkinsonisme en dementie grotendeels onbehandelbaar, 

zoals is terug te zien in de paradoxale verhouding tussen de ziektelast en het schaarse aanbod 

van medicamenten in de populatie in Hoofdstuk 2.3. In Hoofdstuk 2.4 positioneer ik de 

ziektelast van neurodegeneratieve aandoeningen (zoals dementie) ten opzichte van andere 

chronische aandoeningen, en laat ik zien dat minstens 1 op de 3 mensen getroffen wordt 

door meerdere chronische aandoeningen in het leven. Hoofdstuk 2.5 sluit dit deel af met 

de observatie dat veel klinische onderzoeken met dementie patiënten onvoldoende genera-

liseren naar de bredere patiëntenpopulatie met dementie. Slechts 1 op de 5 onderzoeken 

rapporteert over de etniciteit van de deelnemers, waaronder bijna uitsluitend deelnemers 

van blanke afkomst die in Noord-Amerika en Europa wonen. Bovendien is de leeftijd bij de 

diagnose van dementie gemiddeld negen jaar lager in klinische onderzoeken in vergelijking 

met populatiestudies.
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Deel III: Van Populaties naar Personen - Vertaling van Populatie-brede naar 
Gepersonaliseerde Preventieve Strategieën

In Deel III verschuif ik van een populatie-breed perspectief naar de kansen en uitdagingen 

van gepersonaliseerde strategieën om dementie uit te stellen of te voorkomen. Zo laat ik in 

Hoofdstuk 3.1 zien aan de hand van beschikbare dementie voorspellingsmodellen dat het 

lastig is om dementie accurater te voorspellen in de algemene bevolking dan dat lukt op 

basis van leeftijd alleen. In Hoofdstuk 3.2 doe ik specifieke methodologische suggesties om 

de voorspelling van dementie te verbeteren. Deze suggesties pas ik vervolgens toe in Hoofd-

stuk 3.3, waar ik twee voorspellingsmodellen voor dementie presenteer. In Hoofdstuk 3.4 

en Hoofdstuk 3.5 licht ik opties uit die het gebruik van deze modellen in de praktijk nog 

eenvoudiger zouden kunnen maken. Om de accuratesse van deze modellen te verfijnen, 

laat ik in Hoofdstuk 3.6 zien dat bepaalde signaaleiwitten gemeten in bloed grote potentie 

hebben om de voorspelling van dementie op een relatief laagdrempelige wijze te verbeteren.

Deel IV: Behoud van Cognitieve Gezondheid in Personen

In Deel IV onderzoek ik hoe wij de eerder geïdentificeerde personen met een hoog-risico 

op dementie vervolgens zo gericht en efficiënt mogelijk kunnen benaderen om de ziekte 

uit te stellen of te voorkomen. Ik begin dit deel met Hoofdstuk 4.1 waarin ik laat zien 

dat de populatie die meedoet in recente grote gerandomiseerde onderzoeken voor demen-

tie preventie vaak al in aanmerking komt voor preventieve interventies voor hartziekten. 

In vervolghoofdstukken binnen dit deel bestudeer ik nieuwe aanpakken om patiënten te 

vinden die het meest baat zouden kunnen hebben voor gerichte preventieve strategieën. 

Zo gebruik ik genetische factoren in Hoofdstuk 4.2 en Hoofdstuk 4.4 om individuen te 

identificeren die hoog risico lopen op dementie. Als alternatief laat ik in Hoofdstuk 4.3 

zien dat mensen waarin motorische vaardigheden eerder teruglopen dan hun cognitie, een 

hoog risico lopen op dementie in toekomst en daarmee een hoog-risico populatie vormen 

op cognitieve achteruitgang.

Deel V: Algemene Discussie

In Deel V kijk ik terug op mijn bevindingen, bediscussieer ik de beperkingen en sterke punten 

van mijn onderzoek en laat ik mijn licht schijnen op de toekomstige rol van (precisie) preven-

tie binnen de gezondheidszorg in een snel veranderende maatschappij. In het bijzonder richt 

ik hier mijn aandacht op hoe wij de voorspelling van dementie onder ouderen verder kun-

nen verbeteren. Daarnaast presenteer ik een levensloop perspectief op het voorkomen van 

dementie – welke groepen mensen kunnen wij het beste wanneer benaderen voor optimale 

preventieve resultaten. Ik laat zien waarom het belangrijk is dat wij realiseren dat veel patiën-

ten niet alleen dementie hebben, maar ook van te maken hebben met andere ziektebeelden. 

Ik sluit af met aanbevelingen om hoe wij de rol van preventie in de maatschappij naar een 
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hoger niveau kunnen tillen, en met suggesties om wetenschap meer samen met patiënten 

vorm te geven.





 References
 





401

 1. Livingston G, Sommerlad A, Orgeta V, Costafreda SG, Huntley J, Ames D, et al. Dementia preven-

tion, intervention, and care. Lancet. 2017;390(10113):2673-734.

 2. Lloyd-Jones DM, Leip EP, Larson MG, D’Agostino RB, Beiser A, Wilson PW, et al. Prediction of 

lifetime risk for cardiovascular disease by risk factor burden at 50 years of age. Circulation. 

2006;113(6):791-8.

 3. Riley JC. Estimates of Regional and Global Life Expectancy, 1800-2001. Population and Develop-

ment Review. 2005;31(3):537-43.

 4. Roser M. Changes in life expectancy: World in Data; 2019 [Available from: https://ourworldin-

data.org/life-expectancy#changes-in-life-expectancy.

 5. Jones DS, Podolsky SH, Greene JA. The burden of disease and the changing task of medicine. N 

Engl J Med. 2012;366(25):2333-8.

 6. FDA approved drugs in 2019: Centerwatch; 2019 [Available from: https://www.centerwatch.

com/drug-information/fda-approved-drugs/year/2019.

 7. Cooperman T. Trends in FDA approval of Specialty Drugs 1990 through 2017: RJ Health; 2017 

[Available from: http://www.rjhealth.com/2017/12/15/trends-fda-approval-specialty-drugs-

1990-q3-2017/.

 8. Collaborators GBDD. Global, regional, and national burden of Alzheimer’s disease and other 

dementias, 1990-2016: a systematic analysis for the Global Burden of Disease Study 2016. 

Lancet Neurol. 2019;18(1):88-106.

 9. Interactive H. What America Thinks MetLife Foundation Alzheimer’s Survey. 2011.

 10. Cummings J, Lee G, Ritter A, Zhong K. Alzheimer’s disease drug development pipeline: 2018. 

Alzheimers Dement (N Y). 2018;4:195-214.

 11. Norton S, Matthews FE, Barnes DE, Yaffe K, Brayne C. Potential for primary prevention of Al-

zheimer’s disease: an analysis of population-based data. Lancet Neurol. 2014;13(8):788-94.

 12. de Bruijn RF, Bos MJ, Portegies ML, Hofman A, Franco OH, Koudstaal PJ, et al. The potential for 

prevention of dementia across two decades: the prospective, population-based Rotterdam Study. 

BMC Med. 2015;13:132.

 13. Sabia S, Fayosse A, Dumurgier J, Schnitzler A, Empana JP, Ebmeier KP, et al. Association of ideal 

cardiovascular health at age 50 with incidence of dementia: 25 year follow-up of Whitehall II 

cohort study. BMJ. 2019;366:l4414.

 14. Samieri C, Perier MC, Gaye B, Proust-Lima C, Helmer C, Dartigues JF, et al. Association of Car-

diovascular Health Level in Older Age With Cognitive Decline and Incident Dementia. JAMA. 

2018;320(7):657-64.

 15. Labarthe DR. From cardiovascular disease to cardiovascular health: a quiet revolution? Circ 

Cardiovasc Qual Outcomes. 2012;5(6):e86-92.

 16. Levi J, Segal JM, C. J. Prevention for a Healthier America: Investments in Disease Prevention Yield 

Significant Savings, Stronger Communities. Washington, DC: 2008.

 17. Rose G. Strategy of prevention: lessons from cardiovascular disease. Br Med J (Clin Res Ed). 

1981;282(6279):1847-51.

 18. Livingston G, Huntley J, Sommerlad A, Ames D, Ballard C, Banerjee S, et al. Dementia prevention, 

intervention, and care: 2020 report of the Lancet Commission. Lancet. 2020;396(10248):413-

46.

 19. Ngandu T, Lehtisalo J, Solomon A, Levalahti E, Ahtiluoto S, Antikainen R, et al. A 2 year mul-

tidomain intervention of diet, exercise, cognitive training, and vascular risk monitoring versus 

control to prevent cognitive decline in at-risk elderly people (FINGER): a randomised controlled 

trial. Lancet. 2015;385(9984):2255-63.



References |  

402

 20. Andrieu S, Guyonnet S, Coley N, Cantet C, Bonnefoy M, Bordes S, et al. Effect of long-term 

omega 3 polyunsaturated fatty acid supplementation with or without multidomain intervention 

on cognitive function in elderly adults with memory complaints (MAPT): a randomised, placebo-

controlled trial. Lancet Neurol. 2017;16(5):377-89.

 21. Soininen H, Solomon A, Visser PJ, Hendrix SB, Blennow K, Kivipelto M, et al. 24-month interven-

tion with a specific multinutrient in people with prodromal Alzheimer’s disease (LipiDiDiet): a 

randomised, double-blind, controlled trial. Lancet Neurol. 2017;16(12):965-75.

 22. Group SMIftSR, Williamson JD, Pajewski NM, Auchus AP, Bryan RN, Chelune G, et al. Effect of 

Intensive vs Standard Blood Pressure Control on Probable Dementia: A Randomized Clinical Trial. 

JAMA. 2019;321(6):553-61.

 23. Moll van Charante EP, Richard E, Eurelings LS, van Dalen JW, Ligthart SA, van Bussel EF, et al. 

Effectiveness of a 6-year multidomain vascular care intervention to prevent dementia (preDIVA): 

a cluster-randomised controlled trial. Lancet. 2016;388(10046):797-805.

 24. White WB, Wakefield DB, Moscufo N, Guttmann CRG, Kaplan RF, Bohannon RW, et al. Effects of 

Intensive Versus Standard Ambulatory Blood Pressure Control on Cerebrovascular Outcomes in 

Older People (INFINITY). Circulation. 2019.

 25. Darweesh SKL, Wolters FJ, Postuma RB, Stricker BH, Hofman A, Koudstaal PJ, et al. Association 

Between Poor Cognitive Functioning and Risk of Incident Parkinsonism: The Rotterdam Study. 

JAMA Neurol. 2017;74(12):1431-8.

 26. Ferrucci L, Guralnik JM, Salive ME, Pahor M, Corti MC, Baroni A, et al. Cognitive impairment and 

risk of stroke in the older population. J Am Geriatr Soc. 1996;44(3):237-41.

 27. Darweesh SKL, Licher S, Wolters FJ, Koudstaal PJ, Ikram MK, Ikram MA. Quantitative gait, cogni-

tive decline, and incident dementia: The Rotterdam Study. Alzheimers Dement. 2019.

 28. Vinke EJ, de Groot M, Venkatraghavan V, Klein S, Niessen WJ, Ikram MA, et al. Trajectories of 

imaging markers in brain aging: the Rotterdam Study. Neurobiol Aging. 2018;71:32-40.

 29. Hofman A, Grobbee DE, de Jong PT, van den Ouweland FA. Determinants of disease and dis-

ability in the elderly: the Rotterdam Elderly Study. Eur J Epidemiol. 1991;7(4):403-22.

 30. Leening MJ, Kavousi M, Heeringa J, van Rooij FJ, Verkroost-van Heemst J, Deckers JW, et al. 

Methods of data collection and definitions of cardiac outcomes in the Rotterdam Study. Eur J 

Epidemiol. 2012;27(3):173-85.

 31. Wilik van der KD, Ruikter R, Rooij van JA, Verkroost-van Heemst J, Hogewoning SJ, Timmermans 

K, et al. Ascertainment of cancer in longitudinal research: the concordance between the Rot-

terdam Study and the Netherlands Cancer Registry. Int J Cancer. 2020(In Press).

 32. Ikram MA, Brusselle G, Ghanbari M, Goedegebure A, Ikram MK, Kavousi M, et al. Objectives, 

design and main findings until 2020 from the Rotterdam Study. Eur J Epidemiol. 2020;35(5):483-

517.

 33. Licher S, Darweesh SKL, Wolters FJ, Fani L, Heshmatollah A, Mutlu U, et al. Lifetime risk of 

common neurological diseases in the elderly population. J Neurol Neurosurg Psychiatry. 

2019;90(2):148-56.

 34. Hoogendam YY, Hofman A, van der Geest JN, van der Lugt A, Ikram MA. Patterns of cognitive 

function in aging: the Rotterdam Study. European journal of epidemiology. 2014;29(2):133-40.

 35. Hoogendam YY, van der Lijn F, Vernooij MW, Hofman A, Niessen WJ, van der Lugt A, et al. Older 

age relates to worsening of fine motor skills: a population-based study of middle-aged and 

elderly persons. Front Aging Neurosci. 2014;6:259.

 36. Welsh EA, Ikeda S, Peluso AM, Bonifas JM, Bare JW, Woodley DT, et al. Hailey-Hailey disease is 

not allelic to Darier’s disease. J Invest Dermatol. 1994;102(6):992-3.



403

 37. Smith A. The Symbol Digit Modalities Test: A neuropsychological test for economic screening of 

learning and other cerebral disorders. Learning Disorders. 1968;3:83-91.

 38. Stroop JR. Studies of interference in serial verbal reactions. Journal of Experimental Psychology. 

1935;18:643-62.

 39. Brand N, Jolles J. Learning and retrieval rate of words presented auditorily and visually. J Gen 

Psychol. 1985;112(2):201-10.

 40. Killgore WD, Glahn DC, Casasanto DJ. Development and Validation of the Design Organization 

Test (DOT): a rapid screening instrument for assessing visuospatial ability. J Clin Exp Neuropsychol. 

2005;27(4):449-59.

 41. Desrosiers J, Hebert R, Bravo G, Dutil E. The Purdue Pegboard Test: normative data for people 

aged 60 and over. Disabil Rehabil. 1995;17(5):217-24.

 42. Verlinden VJ, van der Geest JN, Hofman A, Ikram MA. Cognition and gait show a distinct pattern 

of association in the general population. Alzheimers Dement. 2014;10(3):328-35.

 43. Verlinden VJ, van der Geest JN, Hoogendam YY, Hofman A, Breteler MM, Ikram MA. Gait patterns 

in a community-dwelling population aged 50 years and older. Gait & posture. 2013;37(4):500-5.

 44. Mielke MM, Roberts RO, Savica R, Cha R, Drubach DI, Christianson T, et al. Assessing the tem-

poral relationship between cognition and gait: slow gait predicts cognitive decline in the Mayo 

Clinic Study of Aging. J Gerontol A Biol Sci Med Sci. 2013;68(8):929-37.

 45. Atkinson HH, Rapp SR, Williamson JD, Lovato J, Absher JR, Gass M, et al. The relationship be-

tween cognitive function and physical performance in older women: results from the women’s 

health initiative memory study. J Gerontol A Biol Sci Med Sci. 2010;65(3):300-6.

 46. Camicioli R, Howieson D, Oken B, Sexton G, Kaye J. Motor slowing precedes cognitive impair-

ment in the oldest old. Neurology. 1998;50(5):1496-8.

 47. Tabbarah M, Crimmins EM, Seeman TE. The relationship between cognitive and physical perfor-

mance: MacArthur Studies of Successful Aging. J Gerontol A Biol Sci Med Sci. 2002;57(4):M228-

35.

 48. Soumare A, Tavernier B, Alperovitch A, Tzourio C, Elbaz A. A cross-sectional and longitudinal 

study of the relationship between walking speed and cognitive function in community-dwelling 

elderly people. J Gerontol A Biol Sci Med Sci. 2009;64(10):1058-65.

 49. Watson NL, Rosano C, Boudreau RM, Simonsick EM, Ferrucci L, Sutton-Tyrrell K, et al. Executive 

function, memory, and gait speed decline in well-functioning older adults. J Gerontol A Biol Sci 

Med Sci. 2010;65(10):1093-100.

 50. Inzitari M, Newman AB, Yaffe K, Boudreau R, de Rekeneire N, Shorr R, et al. Gait speed predicts 

decline in attention and psychomotor speed in older adults: the health aging and body composi-

tion study. Neuroepidemiology. 2007;29(3-4):156-62.

 51. Cremers LG, de Groot M, Hofman A, Krestin GP, van der Lugt A, Niessen WJ, et al. Altered tract-

specific white matter microstructure is related to poorer cognitive performance: The Rotterdam 

Study. Neurobiol Aging. 2016;39:108-17.

 52. Ikram MA, Vrooman HA, Vernooij MW, den Heijer T, Hofman A, Niessen WJ, et al. Brain tissue 

volumes in relation to cognitive function and risk of dementia. Neurobiol Aging. 2010;31(3):378-

86.

 53. Scherer SA, Bainbridge JS, Hiatt WR, Regensteiner JG. Gait characteristics of patients with clau-

dication. Arch Phys Med Rehabil. 1998;79(5):529-31.

 54. Stern Y, Gurland B, Tatemichi TK, Tang MX, Wilder D, Mayeux R. Influence of education and 

occupation on the incidence of Alzheimer’s disease. JAMA. 1994;271(13):1004-10.



References |  

404

 55. Euser SM, Schram MT, Hofman A, Westendorp RG, Breteler MM. Measuring cognitive function 

with age: the influence of selection by health and survival. Epidemiology. 2008;19(3):440-7.

 56. Marrero SL, Bloom DE, Adashi EY. Noncommunicable diseases: a global health crisis in a new 

world order. JAMA. 2012;307(19):2037-8.

 57. Bollyky TJ, Templin T, Cohen M, Dieleman JL. Lower-Income Countries That Face The Most Rapid 

Shift In Noncommunicable Disease Burden Are Also The Least Prepared. Health Aff (Millwood). 

2017;36(11):1866-75.

 58. Collaborators. GCoD. Global, regional, and national age-sex specific mortality for 264 causes of 

death, 1980-2016: a systematic analysis for the Global Burden of Disease Study 2016. Lancet. 

2017;390(10100):1151-210.

 59. Di Cesare M, Bennett JE, Best N, Stevens GA, Danaei G, Ezzati M. The contributions of risk 

factor trends to cardiometabolic mortality decline in 26 industrialized countries. Int J Epidemiol. 

2013;42(3):838-48.

 60. Torre LA, Siegel RL, Ward EM, Jemal A. Global Cancer Incidence and Mortality Rates and Trends-

-An Update. Cancer Epidemiol Biomarkers Prev. 2016;25(1):16-27.

 61. Bertram MY, Sweeny K, Lauer JA, Chisholm D, Sheehan P, Rasmussen B, et al. Investing in non-

communicable diseases: an estimation of the return on investment for prevention and treatment 

services. Lancet. 2018;391(10134):2071-8.

 62. Gawron A, Hou L, Ning H, Berry JD, Lloyd-Jones DM. Lifetime risk for cancer death by sex and 

smoking status: the lifetime risk pooling project. Cancer Causes Control. 2012;23(10):1729-37.

 63. van Durme Y, Verhamme KMC, Stijnen T, van Rooij FJA, Van Pottelberge GR, Hofman A, et al. 

Prevalence, incidence, and lifetime risk for the development of COPD in the elderly: the Rot-

terdam Study. Chest. 2009;135(2):368-77.

 64. Ligthart S, van Herpt TT, Leening MJ, Kavousi M, Hofman A, Stricker BH, et al. Lifetime risk of 

developing impaired glucose metabolism and eventual progression from prediabetes to type 2 

diabetes: a prospective cohort study. Lancet Diabetes Endocrinol. 2016;4(1):44-51.

 65. Wilkins JT, Ning H, Berry J, Zhao L, Dyer AR, Lloyd-Jones DM. Lifetime risk and years lived free of 

total cardiovascular disease. JAMA. 2012;308(17):1795-801.

 66. Gillman MW. Primordial prevention of cardiovascular disease. Circulation. 2015;131(7):599-601.

 67. Yach D, Calitz C. New opportunities in the changing landscape of prevention. JAMA. 

2014;312(8):791-2.

 68. Beaglehole R, Bonita R, Horton R, Adams C, Alleyne G, Asaria P, et al. Priority actions for the 

non-communicable disease crisis. Lancet. 2011;377(9775):1438-47.

 69. Collaborators. GRF. Global, regional, and national comparative risk assessment of 84 behavioural, 

environmental and occupational, and metabolic risks or clusters of risks, 1990-2016: a systematic 

analysis for the Global Burden of Disease Study 2016. Lancet. 2017;390(10100):1345-422.

 70. Barnett K, Mercer SW, Norbury M, Watt G, Wyke S, Guthrie B. Epidemiology of multimorbidity 

and implications for health care, research, and medical education: a cross-sectional study. Lancet. 

2012;380(9836):37-43.

 71. Sciences TAoM. Multimorbidity: a priority for global health research. London: 2018.

 72. Kontis V, Mathers CD, Rehm J, Stevens GA, Shield KD, Bonita R, et al. Contribution of six risk fac-

tors to achieving the 25x25 non-communicable disease mortality reduction target: a modelling 

study. Lancet. 2014;384(9941):427-37.

 73. Lim SS, Vos T, Flaxman AD, Danaei G, Shibuya K, Adair-Rohani H, et al. A comparative risk 

assessment of burden of disease and injury attributable to 67 risk factors and risk factor clusters 



405

in 21 regions, 1990-2010: a systematic analysis for the Global Burden of Disease Study 2010. 

Lancet. 2012;380(9859):2224-60.

 74. The L. Making more of multimorbidity: an emerging priority. Lancet. 2018;391(10131):1637.

 75. UN. HLPF Thematic Review of SDG3: Ensure healthy lives and promote well-being for all at all 

ages. New York, US: United Nations; 2017.

 76. Wieberdink RG, Ikram MA, Hofman A, Koudstaal PJ, Breteler MM. Trends in stroke incidence 

rates and stroke risk factors in Rotterdam, the Netherlands from 1990 to 2008. Eur J Epidemiol. 

2012;27(4):287-95.

 77. Darweesh SK, Koudstaal PJ, Stricker BH, Hofman A, Ikram MA. Trends in the Incidence of Parkinson 

Disease in the General Population: The Rotterdam Study. Am J Epidemiol. 2016;183(11):1018-

26.

 78. de Roos EW, Lahousse L, Verhamme KMC, Braunstahl GJ, Ikram MA, In ‘t Veen J, et al. 

Asthma and its comorbidities in middle-aged and older adults; the Rotterdam Study. Respir Med. 

2018;139:6-12.

 79. Satagopan JM, Ben-Porat L, Berwick M, Robson M, Kutler D, Auerbach AD. A note on competing 

risks in survival data analysis. Br J Cancer. 2004;91(7):1229-35.

 80. Lex A, Gehlenborg N. Sets and intersections. Nature Methods. 2014;11:779.

 81. Seshadri S, Beiser A, Kelly-Hayes M, Kase CS, Au R, Kannel WB, et al. The lifetime risk of stroke: 

estimates from the Framingham Study. Stroke. 2006;37(2):345-50.

 82. Licher S, Darweesh SKL, Wolters FJ, Fani L, Heshmatollah A, Mutlu U, et al. Lifetime risk of 

common neurological diseases in the elderly population. J Neurol Neurosurg Psychiatry. 2018.

 83. Leening MJ, Ferket BS, Steyerberg EW, Kavousi M, Deckers JW, Nieboer D, et al. Sex differences 

in lifetime risk and first manifestation of cardiovascular disease: prospective population based 

cohort study. BMJ. 2014;349:g5992.

 84. To T, Wang C, Guan J, McLimont S, Gershon AS. What is the lifetime risk of physician-diagnosed 

asthma in Ontario, Canada? Am J Respir Crit Care Med. 2010;181(4):337-43.

 85. Nabel EG, Braunwald E. A tale of coronary artery disease and myocardial infarction. N Engl J Med. 

2012;366(1):54-63.

 86. Fries JF. Aging, natural death, and the compression of morbidity. N Engl J Med. 1980;303(3):130-

5.

 87. Licher S, Heshmatollah A, van der Willik KD, Stricker BHC, Ruiter R, de Roos EW, et al. Lifetime 

risk and multimorbidity of non-communicable diseases and disease-free life expectancy in the 

general population: A population-based cohort study. PLoS Med. 2019;16(2):e1002741.

 88. Wastesson JW, Morin L, Tan ECK, Johnell K. An update on the clinical consequences of polyphar-

macy in older adults: a narrative review. Expert Opin Drug Saf. 2018;17(12):1185-96.

 89. Palmer K, Villani ER, Vetrano DL, Cherubini A. Association of polypharmacy and hyperpolyphar-

macy with frailty states: a systematic review and meta-analysis. European Geriatric Medicine. 

2018;10:9-36.

 90. Bjerrum L, Rosholm JU, Hallas J, Kragstrup J. Methods for estimating the occurrence of polyphar-

macy by means of a prescription database. Eur J Clin Pharmacol. 1997;53(1):7-11.

 91. Veehof L, Stewart R, Haaijer-Ruskamp F, Jong BM. The development of polypharmacy. A longitu-

dinal study. Fam Pract. 2000;17(3):261-7.

 92. Franchi C, Marcucci M, Mannucci PM, Tettamanti M, Pasina L, Fortino I, et al. Changes in clinical 

outcomes for community-dwelling older people exposed to incident chronic polypharmacy: a 

comparison between 2001 and 2009. Pharmacoepidemiol Drug Saf. 2016;25(2):204-11.



References |  

406

 93. O’Mahony D, O’Sullivan D, Byrne S, O’Connor MN, Ryan C, Gallagher P. STOPP/START criteria for 

potentially inappropriate prescribing in older people: version 2. Age Ageing. 2015;44(2):213-8.

 94. American Geriatrics Society Beers Criteria Update Expert P. American Geriatrics Society updated 

Beers Criteria for potentially inappropriate medication use in older adults. J Am Geriatr Soc. 

2012;60(4):616-31.

 95. Mahony DO, Sullivan DO, Byrne S, Connor MNO, Ryan C, Gallagher P. Corrigendum: STOPP/

START criteria for potentially inappropriate prescribing in older people: version 2. Age Ageing. 

2018;47(3):489.

 96. Group GBDNDC. Global, regional, and national burden of neurological disorders during 

1990-2015: a systematic analysis for the Global Burden of Disease Study 2015. Lancet Neurol. 

2017;16(11):877-97.

 97. Pendlebury ST, Rothwell PM. Prevalence, incidence, and factors associated with pre-stroke and 

post-stroke dementia: a systematic review and meta-analysis. Lancet Neurol. 2009;8(11):1006-

18.

 98. de Lau LM, Schipper CM, Hofman A, Koudstaal PJ, Breteler MM. Prognosis of Parkinson disease: 

risk of dementia and mortality: the Rotterdam Study. Arch Neurol. 2005;62(8):1265-9.

 99. Wimo A, Guerchet M, Ali GC, Wu YT, Prina AM, Winblad B, et al. The worldwide costs of 

dementia 2015 and comparisons with 2010. Alzheimers Dement. 2017;13(1):1-7.

 100. Feigin VL, Norrving B, Mensah GA. Global Burden of Stroke. Circ Res. 2017;120(3):439-48.

 101. Kowal SL, Dall TM, Chakrabarti R, Storm MV, Jain A. The current and projected economic burden 

of Parkinson’s disease in the United States. Mov Disord. 2013;28(3):311-8.

 102. Hankey GJ. Secondary stroke prevention. Lancet Neurol. 2014;13(2):178-94.

 103. Brainin M, Feigin V, Martins S, Matz K, Roy J, Sandercock P, et al. Cut stroke in half: Polypill for 

primary prevention in stroke. Int J Stroke. 2018:1747493018761190.

 104. Brayne C, Davis D. Making Alzheimer’s and dementia research fit for populations. Lancet. 

2012;380(9851):1441-3.

 105. Rothwell PM. Funding for practice-oriented clinical research. Lancet. 2006;368(9532):262-6.

 106. Luengo-Fernandez R, Leal J, Gray A. UK research spend in 2008 and 2012: comparing stroke, 

cancer, coronary heart disease and dementia. BMJ Open. 2015;5(4):e006648.

 107. NIH Research Portfolio Online Reporting Tools (RePORT): NIH; 2018 [Available from: https://

report.nih.gov/categorical_spending.aspx.

 108. Breast Cancer Campaign (BCA) 2017 [Available from: http://www.bcacampaign.com/.

 109. Break Away from Heart Disease Campaign 2018 [Available from: https://www.breakawayfrom-

heartdisease.com/.

 110. Wenham PR, Price WH, Blandell G. Apolipoprotein E genotyping by one-stage PCR. Lancet. 

1991;337(8750):1158-9.

 111. Woodward J. Bi-allelic SNP genotyping using the TaqMan(R) assay. Methods Mol Biol. 

2014;1145:67-74.

 112. Driver JA, Logroscino G, Gaziano JM, Kurth T. Incidence and remaining lifetime risk of Parkinson 

disease in advanced age. Neurology. 2009;72(5):432-8.

 113. Elbaz A, Bower JH, Maraganore DM, McDonnell SK, Peterson BJ, Ahlskog JE, et al. Risk tables for 

parkinsonism and Parkinson’s disease. J Clin Epidemiol. 2002;55(1):25-31.

 114. Seshadri S, Wolf PA. Lifetime risk of stroke and dementia: current concepts, and estimates from 

the Framingham Study. Lancet Neurol. 2007;6(12):1106-14.



407

 115. Seshadri S, Wolf PA, Beiser A, Au R, McNulty K, White R, et al. Lifetime risk of dementia and 

Alzheimer’s disease. The impact of mortality on risk estimates in the Framingham Study. Neurol-

ogy. 1997;49(6):1498-504.

 116. Chene G, Beiser A, Au R, Preis SR, Wolf PA, Dufouil C, et al. Gender and incidence of dementia 

in the Framingham Heart Study from mid-adult life. Alzheimers Dement. 2015;11(3):310-20.

 117. Data Worldbank: WorldBank; 2017 [Available from: https://data.worldbank.org/indicator/

SP.DYN.LE00.IN.

 118. George MG, Tong X, Bowman BA. Prevalence of Cardiovascular Risk Factors and Strokes in 

Younger Adults. JAMA Neurol. 2017;74(6):695-703.

 119. Hernan MA, Zhang SM, Rueda-deCastro AM, Colditz GA, Speizer FE, Ascherio A. Cigarette 

smoking and the incidence of Parkinson’s disease in two prospective studies. Ann Neurol. 

2001;50(6):780-6.

 120. Fortin JM, Hirota LK, Bond BE, O’Connor AM, Col NF. Identifying patient preferences for com-

municating risk estimates: a descriptive pilot study. BMC Med Inform Decis Mak. 2001;1:2.

 121. Fuller R, Dudley N, Blacktop J. Older people’s understanding of cumulative risks when provided 

with annual stroke risk information. Postgrad Med J. 2004;80(949):677-8.

 122. Board JBS. Joint British Societies’ consensus recommendations for the prevention of cardiovascu-

lar disease (JBS3). Heart. 2014;100 Suppl 2:ii1-ii67.

 123. Freedman B, Potpara TS, Lip GY. Stroke prevention in atrial fibrillation. Lancet. 

2016;388(10046):806-17.

 124. Dufouil C, Beiser A, Chene G, Seshadri S. Are Trends in Dementia Incidence Associated With 

Compression in Morbidity? Evidence From The Framingham Heart Study. J Gerontol B Psychol Sci 

Soc Sci. 2018;73(suppl_1):S65-S72.

 125. WHO. First WHO Ministerial Conference On: Global Action Against Dementia. 2015.

 126. Livingston G SA, Orgeta V, et al. Dementia prevention, intervention, and care. Lancet. 2017.

 127. National Academies of Sciences E, Medicine, Health, Medicine D, Board on Health Sciences P, 

Committee on Preventing D, et al. 2017.

 128. Zhang Y, Kivipelto M, Solomon A, Wimo A. Cost-effectiveness of a health intervention program 

with risk reductions for getting demented: results of a Markov model in a Swedish/Finnish set-

ting. J Alzheimers Dis. 2011;26(4):735-44.

 129. Meschia JF, Bushnell C, Boden-Albala B, Braun LT, Bravata DM, Chaturvedi S, et al. Guidelines 

for the primary prevention of stroke: a statement for healthcare professionals from the American 

Heart Association/American Stroke Association. Stroke. 2014;45(12):3754-832.

 130. Rocca WA. Time, Sex, Gender, History, and Dementia. Alzheimer Dis Assoc Disord. 2017;31(1):76-

9.

 131. Schrijvers EM, Verhaaren BF, Koudstaal PJ, Hofman A, Ikram MA, Breteler MM. Is dementia inci-

dence declining?: Trends in dementia incidence since 1990 in the Rotterdam Study. Neurology. 

2012;78(19):1456-63.

 132. Wu YT, Beiser AS, Breteler MMB, Fratiglioni L, Helmer C, Hendrie HC, et al. The changing preva-

lence and incidence of dementia over time - current evidence. Nat Rev Neurol. 2017;13(6):327-

39.

 133. Bos MJ, Koudstaal PJ, Hofman A, Ikram MA. Modifiable etiological factors and the burden of stroke 

from the Rotterdam study: a population-based cohort study. PLoS Med. 2014;11(4):e1001634.

 134. Leening MJ, Heeringa J, Deckers JW, Franco OH, Hofman A, Witteman JC, et al. Healthy volun-

teer effect and cardiovascular risk. Epidemiology. 2014;25(3):470-1.



References |  

408

 135. Reeves M, Khoury J, Alwell K, Moomaw C, Flaherty M, Woo D, et al. Distribution of National 

Institutes of Health stroke scale in the Cincinnati/Northern Kentucky Stroke Study. Stroke. 

2013;44(11):3211-3.

 136. Rothwell PM. External validity of randomised controlled trials: “To whom do the results of this 

trial apply?”. The Lancet. 2005;365(9453):82-93.

 137. Canevelli M, Trebbastoni A, Quarata F, D’Antonio F, Cesari M, de Lena C, et al. External Validity of 

Randomized Controlled Trials on Alzheimer’s Disease: The Biases of Frailty and Biological Aging. 

Front Neurol. 2017;8:628.

 138. Leinonen A, Koponen M, Hartikainen S. Systematic Review: Representativeness of Participants in 

RCTs of Acetylcholinesterase Inhibitors. PLoS One. 2015;10(5):e0124500.

 139. Banzi R, Camaioni P, Tettamanti M, Bertele V, Lucca U. Older patients are still under-represented 

in clinical trials of Alzheimer’s disease. Alzheimers Res Ther. 2016;8:32.

 140. Brayne C, Davis D. Making Alzheimer’s and dementia research fit for populations. Lancet. 

2012;380(9851):1441-3.

 141. Schoenmaker N, Van Gool WA. The age gap between patients in clinical studies and in the 

general population: a pitfall for dementia research. Lancet Neurol. 2004;3(10):627-30.

 142. (UK) NIfHaCE. Dementia: Assessment, management and support for people living with dementia 

and their carers. London: National Institute for Health and Care Excellence (UK); 2018 Jun.

 143. Dyer SM, Laver K, Pond CD, Cumming RG, Whitehead C, Crotty M. Clinical practice guidelines and 

principles of care for people with dementia in Australia. Aust Fam Physician. 2016;45(12):884-9.

 144. McKhann GM, Knopman DS, Chertkow H, Hyman BT, Jack CR, Jr., Kawas CH, et al. The diagnosis 

of dementia due to Alzheimer’s disease: recommendations from the National Institute on Aging-

Alzheimer’s Association workgroups on diagnostic guidelines for Alzheimer’s disease. Alzheimers 

Dement. 2011;7(3):263-9.

 145. Sorbi S, Hort J, Erkinjuntti T, Fladby T, Gainotti G, Gurvit H, et al. EFNS-ENS Guidelines on the di-

agnosis and management of disorders associated with dementia. Eur J Neurol. 2012;19(9):1159-

79.

 146. Boyle PA, Yu L, Leurgans SE, Wilson RS, Brookmeyer R, Schneider JA, et al. Attributable risk of 

Alzheimer’s dementia attributed to age-related neuropathologies. Ann Neurol. 2019;85(1):114-

24.

 147. Boyle PA, Yu L, Wilson RS, Leurgans SE, Schneider JA, Bennett DA. Person-specific contribution 

of neuropathologies to cognitive loss in old age. Ann Neurol. 2018;83(1):74-83.

 148. Prince M WA, Guerchet M, Ali Gemma-Claire, Wu YT, Prina M. World Alzheimer Report 2015: 

the global impact of dementia: an analysis of prevalence, incidence, cost and trends: Alzheimer’s 

Disease International; 2015.

 149. Prince M, Bryce R, Albanese E, Wimo A, Ribeiro W, Ferri CP. The global prevalence of dementia: 

a systematic review and meta-analysis. Alzheimers Dement. 2013;9(1):63-75 e2.

 150. Brayne C, Miller B. Dementia and aging populations-A global priority for contextualized research 

and health policy. PLoS Med. 2017;14(3):e1002275.

 151. Qian J, Wolters FJ, Beiser A, Haan M, Ikram MA, Karlawish J, et al. APOE-related risk of mild 

cognitive impairment and dementia for prevention trials: An analysis of four cohorts. PLoS Med. 

2017;14(3):e1002254.

 152. Wolters FJ, Ikram MA. Epidemiology of Vascular Dementia. Arterioscler Thromb Vasc Biol. 

2019;39(8):1542-9.



409

 153. Gauthier S, Albert M, Fox N, Goedert M, Kivipelto M, Mestre-Ferrandiz J, et al. Why has 

therapy development for dementia failed in the last two decades? Alzheimer’s & Dementia. 

2016;12(1):60-4.

 154. Smith AD, Mangialasche F, Kivipelto M. Dementia research priorities-2. The Lancet Neurology. 

2017;16(3):181-2.

 155. Savva GM, Wharton SB, Ince PG, Forster G, Matthews FE, Brayne C. Age, Neuropathology, and 

Dementia. New England Journal of Medicine. 2009;360(22):2302-9.

 156. James BD, Bennett DA, Boyle PA, Leurgans S, Schneider JA. Dementia from Alzheimer disease 

and mixed pathologies in the oldest old. JAMA. 2012;307(17):1798-800.

 157. Hedden T, Oh H, Younger AP, Patel TA. Meta-analysis of amyloid-cognition relations in cognitively 

normal older adults. Neurology. 2013;80(14):1341-8.

 158. Lawrence E, Vegvari C, Ower A, Hadjichrysanthou C, De Wolf F, Anderson RM. A Systematic 

Review of Longitudinal Studies Which Measure Alzheimer’s Disease Biomarkers. J Alzheimers Dis. 

2017;59(4):1359-79.

 159. Gianattasio KZ, Bennett EE, Wei J, Mehrotra ML, Mosley T, Gottesman RF, et al. Generalizability 

of findings from a clinical sample to a community-based sample: A comparison of ADNI and 

ARIC. Alzheimer’s & Dementia.n/a(n/a).

 160. Prince M, Ali GC, Guerchet M, Prina AM, Albanese E, Wu YT. Recent global trends in the preva-

lence and incidence of dementia, and survival with dementia. Alzheimers Res Ther. 2016;8(1):23.

 161. Chin AL, Negash S, Hamilton R. Diversity and disparity in dementia: the impact of ethnoracial 

differences in Alzheimer disease. Alzheimer Dis Assoc Disord. 2011;25(3):187-95.

 162. Guerchet M, Mbelesso P, Ndamba-Bandzouzi B, Pilleron S, Desormais I, Lacroix P, et al. Epidemiol-

ogy of dementia in Central Africa (EPIDEMCA): protocol for a multicentre population-based study 

in rural and urban areas of the Central African Republic and the Republic of Congo. Springerplus. 

2014;3(1):338.

 163. Prina AM, Mayston R, Wu Y-T, Prince M. A review of the 10/66 dementia research group. Soc 

Psychiatry Psychiatr Epidemiol. 2019;54(1):1-10.

 164. Ioannidis JP. Why most published research findings are false. PLoS Med. 2005;2(8):e124.

 165. Alzheimer’s A. 2017 Alzheimer’s disease facts and figures. Alzheimers Dement. 2017;13:325-73.

 166. Winblad B, Amouyel P, Andrieu S, Ballard C, Brayne C, Brodaty H, et al. Defeating Alzheimer’s 

disease and other dementias: a priority for European science and society. Lancet Neurol. 

2016;15(5):455-532.

 167. Barnes DE, Yaffe K. Predicting dementia: role of dementia risk indices. Future Neurol. 

2009;4(5):555-60.

 168. Shah H, Albanese E, Duggan C, Rudan I, Langa KM, Carrillo MC, et al. Research priorities to 

reduce the global burden of dementia by 2025. Lancet Neurol. 2016;15(12):1285-94.

 169. Andrieu S, Guyonnet S, Coley N, Cantet C, Bonnefoy M, Bordes S, et al. Effect of long-term 

omega 3 polyunsaturated fatty acid supplementation with or without multidomain intervention 

on cognitive function in elderly adults with memory complaints (MAPT): a randomised, placebo-

controlled trial. Lancet Neurol. 2017.

 170. Solomon A, Soininen H. Dementia: Risk prediction models in dementia prevention. Nat Rev 

Neurol. 2015;11(7):375-7.

 171. Mangialasche F, Kivipelto M, Solomon A, Fratiglioni L. Dementia prevention: current epidemio-

logical evidence and future perspective. Alzheimers Res Ther. 2012;4(1):6.

 172. Stephan BC, Tang E, Muniz-Terrera G. Composite risk scores for predicting dementia. Curr Opin 

Psychiatry. 2016;29(2):174-80.



References |  

410

 173. Tang EY, Harrison SL, Errington L, Gordon MF, Visser PJ, Novak G, et al. Current Develop-

ments in Dementia Risk Prediction Modelling: An Updated Systematic Review. PLoS One. 

2015;10(9):e0136181.

 174. Stephan BC, Kurth T, Matthews FE, Brayne C, Dufouil C. Dementia risk prediction in the popula-

tion: are screening models accurate? Nat Rev Neurol. 2010;6(6):318-26.

 175. Collins GS, Moons KG. Comparing risk prediction models. BMJ. 2012;344:e3186.

 176. Altman DG, Vergouwe Y, Royston P, Moons KG. Prognosis and prognostic research: validating a 

prognostic model. BMJ. 2009;338:b605.

 177. Kivipelto M, Ngandu T, Laatikainen T, Winblad B, Soininen H, Tuomilehto J. Risk score for the 

prediction of dementia risk in 20 years among middle aged people: a longitudinal, population-

based study. Lancet Neurol. 2006;5(9):735-41.

 178. Exalto LG, Biessels GJ, Karter AJ, Huang ES, Katon WJ, Minkoff JR, et al. Risk score for prediction 

of 10 year dementia risk in individuals with type 2 diabetes: a cohort study. Lancet Diabetes 

Endocrinol. 2013;1(3):183-90.

 179. Barnes DE, Beiser AS, Lee A, Langa KM, Koyama A, Preis SR, et al. Development and validation 

of a brief dementia screening indicator for primary care. Alzheimers Dement. 2014;10(6):656-65 

e1.

 180. Anstey KJ, Cherbuin N, Herath PM, Qiu C, Kuller LH, Lopez OL, et al. A self-report risk index to 

predict occurrence of dementia in three independent cohorts of older adults: the ANU-ADRI. 

PLoS One. 2014;9(1):e86141.

 181. Walters K, Hardoon S, Petersen I, Iliffe S, Omar RZ, Nazareth I, et al. Predicting dementia risk in 

primary care: development and validation of the Dementia Risk Score using routinely collected 

data. BMC Med. 2016;14:6.

 182. Anstey KJ, Cherbuin N, Herath PM. Development of a new method for assessing global risk 

of Alzheimer’s disease for use in population health approaches to prevention. Prev Sci. 

2013;14(4):411-21.

 183. Clark TG, Altman DG, De Stavola BL. Quantification of the completeness of follow-up. Lancet. 

2002;359(9314):1309-10.

 184. Caspersen CJ, Bloemberg BP, Saris WH, Merritt RK, Kromhout D. The prevalence of selected 

physical activities and their relation with coronary heart disease risk factors in elderly men: the 

Zutphen Study, 1985. Am J Epidemiol. 1991;133(11):1078-92.

 185. Messer LC, Laraia BA, Kaufman JS, Eyster J, Holzman C, Culhane J, et al. The development of a 

standardized neighborhood deprivation index. J Urban Health. 2006;83(6):1041-62.

 186. Steyerberg EW, Vickers AJ, Cook NR, Gerds T, Gonen M, Obuchowski N, et al. Assessing the 

performance of prediction models: a framework for traditional and novel measures. Epidemiol-

ogy. 2010;21(1):128-38.

 187. Janssen KJ, Vergouwe Y, Kalkman CJ, Grobbee DE, Moons KG. A simple method to adjust clinical 

prediction models to local circumstances. Can J Anaesth. 2009;56(3):194-201.

 188. Royston P, Altman DG. External validation of a Cox prognostic model: principles and methods. 

BMC Med Res Methodol. 2013;13:33.

 189. Exalto LG, Quesenberry CP, Barnes D, Kivipelto M, Biessels GJ, Whitmer RA. Midlife risk score for 

the prediction of dementia four decades later. Alzheimers Dement. 2014;10(5):562-70.

 190. Tolppanen AM, Ngandu T, Kareholt I, Laatikainen T, Rusanen M, Soininen H, et al. Midlife and 

late-life body mass index and late-life dementia: results from a prospective population-based 

cohort. J Alzheimers Dis. 2014;38(1):201-9.



411

 191. Mielke MM, Zandi PP, Sjogren M, Gustafson D, Ostling S, Steen B, et al. High total cholesterol 

levels in late life associated with a reduced risk of dementia. Neurology. 2005;64(10):1689-95.

 192. Wald NJ, Hackshaw AK, Frost CD. When can a risk factor be used as a worthwhile screening test? 

BMJ. 1999;319(7224):1562-5.

 193. Williams JW, Plassman BL, Burke J, Benjamin S. Preventing Alzheimer’s disease and cognitive 

decline. Evid Rep Technol Assess (Full Rep). 2010(193):1-727.

 194. Ruitenberg A, Ott A, van Swieten JC, Hofman A, Breteler MM. Incidence of dementia: does 

gender make a difference? Neurobiol Aging. 2001;22(4):575-80.

 195. Stephan BC, Tzourio C, Auriacombe S, Amieva H, Dufouil C, Alperovitch A, et al. Usefulness of 

data from magnetic resonance imaging to improve prediction of dementia: population based 

cohort study. BMJ. 2015;350:h2863.

 196. Koller MT, Raatz H, Steyerberg EW, Wolbers M. Competing risks and the clinical community: 

irrelevance or ignorance? Stat Med. 2012;31(11-12):1089-97.

 197. Hou XH, Feng L, Zhang C, Cao XP, Tan L, Yu JT. Models for predicting risk of dementia: a system-

atic review. J Neurol Neurosurg Psychiatry. 2018.

 198. Licher S, Yilmaz P, Leening MJG, Wolters FJ, Vernooij MW, Stephan BCM, et al. External validation 

of four dementia prediction models for use in the general community-dwelling population: a 

comparative analysis from the Rotterdam Study. Eur J Epidemiol. 2018;33(7):645-55.

 199. Collins GS, Reitsma JB, Altman DG, Moons KG. Transparent Reporting of a multivariable predic-

tion model for Individual Prognosis or Diagnosis (TRIPOD): the TRIPOD statement. Ann Intern 

Med. 2015;162(1):55-63.

 200. Soininen H, Solomon A, Visser PJ, Hendrix SB, Blennow K, Kivipelto M, et al. 24-month interven-

tion with a specific multinutrient in people with prodromal Alzheimer’s disease (LipiDiDiet): a 

randomised, double-blind, controlled trial. Lancet Neurol. 2017.

 201. Kivipelto MM, F.; Ngandu, T. Can lifestyle changes prevent cognitive impairment? Lancet Neurol. 

2017;16(5):339-.

 202. Yassine HN. Targeting prodromal Alzheimer’s disease: too late for prevention? Lancet Neurol. 

2017.

 203. Sommerlad A, Livingston G. Preventing Alzheimer’s dementia. BMJ. 2017;359:j5667.

 204. Licher S, Yilmaz P, Leening MJG, Wolters FJ, Vernooij MW, Stephan BCM, et al. External validation 

of four dementia prediction models for use in the general community-dwelling population: a 

comparative analysis from the Rotterdam Study. Eur J Epidemiol. 2018.

 205. Verlinden VJA, van der Geest JN, de Bruijn R, Hofman A, Koudstaal PJ, Ikram MA. Trajecto-

ries of decline in cognition and daily functioning in preclinical dementia. Alzheimers Dement. 

2016;12(2):144-53.

 206. Jessen F, Wiese B, Bachmann C, Eifflaender-Gorfer S, Haller F, Kolsch H, et al. Prediction of 

dementia by subjective memory impairment: effects of severity and temporal association with 

cognitive impairment. Arch Gen Psychiatry. 2010;67(4):414-22.

 207. Desikan RS, Fan CC, Wang Y, Schork AJ, Cabral HJ, Cupples LA, et al. Genetic assessment of 

age-associated Alzheimer disease risk: Development and validation of a polygenic hazard score. 

PLoS Med. 2017;14(3):e1002258.

 208. Ikram MA, van der Lugt A, Niessen WJ, Koudstaal PJ, Krestin GP, Hofman A, et al. The Rotterdam 

Scan Study: design update 2016 and main findings. Eur J Epidemiol. 2015;30(12):1299-315.

 209. van Saase JL, Vandenbroucke JP, van Romunde LK, Valkenburg HA. Osteoarthritis and obesity in 

the general population. A relationship calling for an explanation. J Rheumatol. 1988;15(7):1152-

8.



References |  

412

 210. Mueller SG, Weiner MW, Thal LJ, Petersen RC, Jack C, Jagust W, et al. The Alzheimer’s disease 

neuroimaging initiative. Neuroimaging Clin N Am. 2005;15(4):869-77, xi-xii.

 211. Fine JP GR. A proportional hazards model for the subdistribution of a competing risk. J Am Stat 

Assoc. 1999;94:496-509.

 212. Tibshirani R. Regression shrinkage and selection via the lasso. J Roy Statist Soc Ser B. 1994;58:267-

88.

 213. Fu Z, Parikh CR, Zhou B. Penalized variable selection in competing risks regression. Lifetime Data 

Anal. 2016.

 214. Pavlou M, Ambler G, Seaman SR, Guttmann O, Elliott P, King M, et al. How to develop a more 

accurate risk prediction model when there are few events. BMJ. 2015;351:h3868.

 215. Steyerberg EW, Bleeker SE, Moll HA, Grobbee DE, Moons KG. Internal and external validation 

of predictive models: a simulation study of bias and precision in small samples. J Clin Epidemiol. 

2003;56(5):441-7.

 216. Wolbers M, Koller MT, Witteman JC, Steyerberg EW. Prognostic models with competing risks: 

methods and application to coronary risk prediction. Epidemiology. 2009;20(4):555-61.

 217. Steyerberg EW. Clinical Prediction Models: A Practical Approach to Development, Validation, and 

Updating. New York, NY 10013, USA: Springer; 2008. 500 p.

 218. Gray R. A class of K-sample tests for comparing the cumulative incidence of a competing risk. 

Annals of Statistics. 1988;16:1141-54.

 219. DeLong ER, DeLong DM, Clarke-Pearson DL. Comparing the areas under two or more correlated 

receiver operating characteristic curves: a nonparametric approach. Biometrics. 1988;44(3):837-

45.

 220. Wolters FJ, van der Lee SJ, Koudstaal PJ, van Duijn CM, Hofman A, Ikram MK, et al. Parental 

family history of dementia in relation to subclinical brain disease and dementia risk. Neurology. 

2017;88(17):1642-9.

 221. Koller MT, Leening MJ, Wolbers M, Steyerberg EW, Hunink MG, Schoop R, et al. Development 

and validation of a coronary risk prediction model for older U.S. and European persons in the 

Cardiovascular Health Study and the Rotterdam Study. Ann Intern Med. 2012;157(6):389-97.

 222. Nakamura A, Kaneko N, Villemagne VL, Kato T, Doecke J, Dore V, et al. High performance plasma 

amyloid-beta biomarkers for Alzheimer’s disease. Nature. 2018;554(7691):249-54.

 223. Jongstra S, van Gool WA, Moll van Charante EP, van Dalen JW, Eurelings LSM, Richard E, et al. 

Improving Prediction of Dementia in Primary Care. Ann Fam Med. 2018;16(3):206-10.

 224. Mungas D, Jagust WJ, Reed BR, Kramer JH, Weiner MW, Schuff N, et al. MRI predictors of cognition 

in subcortical ischemic vascular disease and Alzheimer’s disease. Neurology. 2001;57(12):2229-

35.

 225. Zeestraten EA, Lawrence AJ, Lambert C, Benjamin P, Brookes RL, Mackinnon AD, et al. Change 

in multimodal MRI markers predicts dementia risk in cerebral small vessel disease. Neurology. 

2017;89(18):1869-76.

 226. Staals J, Booth T, Morris Z, Bastin ME, Gow AJ, Corley J, et al. Total MRI load of cerebral small 

vessel disease and cognitive ability in older people. Neurobiol Aging. 2015;36(10):2806-11.

 227. Naparstek S, Linkovski O, O’Hara R. The Future of Dementia Biomarkers Needs Better Neuropsy-

chology. Am J Psychiatry. 2019;176(12):1050.

 228. Parliament E. General Data Protection Regulation: European Union law (EUR-Lex); 2018 [updated 

4 May 2016. Available from: http://data.europa.eu/eli/reg/2016/679/2016-05-04.

 229. Roshchupkin GV, Adams HH, Vernooij MW, Hofman A, Van Duijn CM, Ikram MA, et al. HASE: 

Framework for efficient high-dimensional association analyses. Sci Rep. 2016;6:36076.



413

 230. Goudsmit M, Uysal-Bozkir O, Parlevliet JL, van Campen JP, de Rooij SE, Schmand B. The Cross-

Cultural Dementia Screening (CCD): A new neuropsychological screening instrument for demen-

tia in elderly immigrants. J Clin Exp Neuropsychol. 2017;39(2):163-72.

 231. International AD. World Alzheimer report 2018 [internet]: Alzheimer’s Disease International; 

2018 [Available from: Available at: https://www.alz.co.uk/research/WorldAlzheimerReport2018.

pdf.

 232. Wolff RF, Moons KGM, Riley RD, Whiting PF, Westwood M, Collins GS, et al. PROBAST: A 

Tool to Assess the Risk of Bias and Applicability of Prediction Model Studies. Ann Intern Med. 

2019;170(1):51-8.

 233. Hou XH, Feng L, Zhang C, Cao XP, Tan L, Yu JT. Models for predicting risk of dementia: a system-

atic review. J Neurol Neurosurg Psychiatry. 2019;90(4):373-9.

 234. Licher S, Yilmaz P, Leening MJG, Wolters FJ, Vernooij MW, Stephan BC, et al. External validation 

of four dementia prediction models for use in the general community-dwelling population: a 

comparative analysis from the Rotterdam Study. Eur J Epidemiol. 2018;In Press:DOI: 10.1007/

s10654-018-0403-y.

 235. Licher S, Leening MJG, Yilmaz P, Wolters FJ, Heeringa J, Bindels PJE, et al. Development and 

Validation of a Dementia Risk Prediction Model in the General Population: An Analysis of Three 

Longitudinal Studies. Am J Psychiatry. 2019;176(7):543-51.

 236. Goedert M. NEURODEGENERATION. Alzheimer’s and Parkinson’s diseases: The prion concept in 

relation to assembled Abeta, tau, and alpha-synuclein. Science. 2015;349(6248):1255555.

 237. Braak H, Alafuzoff I, Arzberger T, Kretzschmar H, Del Tredici K. Staging of Alzheimer disease-

associated neurofibrillary pathology using paraffin sections and immunocytochemistry. Acta 

Neuropathol. 2006;112(4):389-404.

 238. Serrano-Pozo A, Frosch MP, Masliah E, Hyman BT. Neuropathological alterations in Alzheimer 

disease. Cold Spring Harb Perspect Med. 2011;1(1):a006189.

 239. Nisbet RM, Polanco JC, Ittner LM, Gotz J. Tau aggregation and its interplay with amyloid-beta. 

Acta Neuropathol. 2015;129(2):207-20.

 240. Albert MS, DeKosky ST, Dickson D, Dubois B, Feldman HH, Fox NC, et al. The diagnosis of mild 

cognitive impairment due to Alzheimer’s disease: recommendations from the National Institute 

on Aging-Alzheimer’s Association workgroups on diagnostic guidelines for Alzheimer’s disease. 

Alzheimers Dement. 2011;7(3):270-9.

 241. Dubois B, Feldman HH, Jacova C, Hampel H, Molinuevo JL, Blennow K, et al. Advancing 

research diagnostic criteria for Alzheimer’s disease: the IWG-2 criteria. The Lancet Neurology. 

2014;13(6):614-29.

 242. Goudsmit J. The incubation period of Alzheimer’s disease and the timing of tau versus amyloid 

misfolding and spreading within the brain. Eur J Epidemiol. 2016;31(2):99-105.

 243. Villemagne VL, Burnham S, Bourgeat P, Brown B, Ellis KA, Salvado O, et al. Amyloid beta deposi-

tion, neurodegeneration, and cognitive decline in sporadic Alzheimer’s disease: a prospective 

cohort study. The Lancet Neurology. 2013;12(4):357-67.

 244. Olsson B, Lautner R, Andreasson U, Ohrfelt A, Portelius E, Bjerke M, et al. CSF and blood bio-

markers for the diagnosis of Alzheimer’s disease: a systematic review and meta-analysis. The 

Lancet Neurology. 2016;15(7):673-84.

 245. Preische O, Schultz SA, Apel A, Kuhle J, Kaeser SA, Barro C, et al. Serum neurofilament dynamics 

predicts neurodegeneration and clinical progression in presymptomatic Alzheimer’s disease. Nat 

Med. 2019;25(2):277-83.



References |  

414

 246. Bacioglu M, Maia LF, Preische O, Schelle J, Apel A, Kaeser SA, et al. Neurofilament Light Chain 

in Blood and CSF as Marker of Disease Progression in Mouse Models and in Neurodegenerative 

Diseases. Neuron. 2016;91(1):56-66.

 247. Mattsson N, Insel PS, Palmqvist S, Portelius E, Zetterberg H, Weiner M, et al. Cerebrospinal 

fluid tau, neurogranin, and neurofilament light in Alzheimer’s disease. EMBO Mol Med. 

2016;8(10):1184-96.

 248. Hilal S, Wolters FJ, Verbeek MM, Vanderstichele H, Ikram MK, Stoops E, et al. Plasma amyloid-

beta levels, cerebral atrophy and risk of dementia: a population-based study. Alzheimer’s research 

& therapy. 2018;10(1):63.

 249. Zetterberg H. Neurofilament Light: A Dynamic Cross-Disease Fluid Biomarker for Neurodegenera-

tion. Neuron. 2016;91(1):1-3.

 250. Zhou W, Zhang J, Ye F, Xu G, Su H, Su Y, et al. Plasma neurofilament light chain levels in Al-

zheimer’s disease. Neurosci Lett. 2017;650:60-4.

 251. Mattsson N, Zetterberg H, Janelidze S, Insel PS, Andreasson U, Stomrud E, et al. Plasma tau in 

Alzheimer disease. Neurology. 2016;87(17):1827-35.

 252. Rissin DM, Fournier DR, Piech T, Kan CW, Campbell TG, Song L, et al. Simultaneous detection 

of single molecules and singulated ensembles of molecules enables immunoassays with broad 

dynamic range. Analytical chemistry. 2011;83(6):2279-85.

 253. Zetterberg H, Blennow K. From Cerebrospinal Fluid to Blood: The Third Wave of Fluid Biomarkers 

for Alzheimer’s Disease. Journal of Alzheimer’s disease : JAD. 2018;64(s1):S271-S9.

 254. Mattsson N, Andreasson U, Zetterberg H, Blennow K, Alzheimer’s Disease Neuroimaging I. As-

sociation of Plasma Neurofilament Light With Neurodegeneration in Patients With Alzheimer 

Disease. JAMA Neurol. 2017;74(5):557-66.

 255. Weston PSJ, Poole T, Ryan NS, Nair A, Liang Y, Macpherson K, et al. Serum neurofilament light in 

familial Alzheimer disease: A marker of early neurodegeneration. Neurology. 2017;89(21):2167-

75.

 256. Pase MP, Beiser AS, Himali JJ, Satizabal CL, Aparicio HJ, DeCarli C, et al. Assessment of Plasma 

Total Tau Level as a Predictive Biomarker for Dementia and Related Endophenotypes. JAMA 

Neurol. 2019.

 257. Rohrer JD, Woollacott IO, Dick KM, Brotherhood E, Gordon E, Fellows A, et al. Serum neurofila-

ment light chain protein is a measure of disease intensity in frontotemporal dementia. Neurology. 

2016;87(13):1329-36.

 258. Klein JP, Moeschberger ML. Survivall Analysis Techniques for Censored and Truncated Data. New 

York: Springer-Verlag New York; 2003. 538 p.

 259. Thiebaut AC, Benichou J. Choice of time-scale in Cox’s model analysis of epidemiologic cohort 

data: a simulation study. Stat Med. 2004;23(24):3803-20.

 260. Fine JP, Gray RJ. A Proportional Hazards Model for the Subdistribution of a Competing Risk. 

Journal of the American Statistical Association. 1999;94(446):13.

 261. Blennow K. A Review of Fluid Biomarkers for Alzheimer’s Disease: Moving from CSF to Blood. 

Neurol Ther. 2017;6(Suppl 1):15-24.

 262. van Oijen M, Hofman A, Soares HD, Koudstaal PJ, Breteler MMB. Plasma Aβ1–40 and Aβ1–42 

and the risk of dementia: a prospective case-cohort study. The Lancet Neurology. 2006;5(8):655-

60.

 263. Verberk IMW, Slot RE, Verfaillie SCJ, Heijst H, Prins ND, van Berckel BNM, et al. Plasma Amyloid 

as Prescreener for the Earliest Alzheimer Pathological Changes. Ann Neurol. 2018.



415

 264. Jack CR, Jr., Bennett DA, Blennow K, Carrillo MC, Dunn B, Haeberlein SB, et al. NIA-AA Re-

search Framework: Toward a biological definition of Alzheimer’s disease. Alzheimers Dement. 

2018;14(4):535-62.

 265. Deters KD, Risacher SL, Kim S, Nho K, West JD, Blennow K, et al. Plasma Tau Association 

with Brain Atrophy in Mild Cognitive Impairment and Alzheimer’s Disease. J Alzheimers Dis. 

2017;58(4):1245-54.

 266. Teunissen CE, Khalil M. Neurofilaments as biomarkers in multiple sclerosis. Multiple sclerosis. 

2012;18(5):552-6.

 267. Mattsson N, Cullen NC, Andreasson U, Zetterberg H, Blennow K. Association Between Longi-

tudinal Plasma Neurofilament Light and Neurodegeneration in Patients With Alzheimer Disease. 

JAMA Neurol. 2019.

 268. Tijms BM, Vermunt L, Zwan MD, van Harten AC, van der Flier WM, Teunissen CE, et al. Pre-

amyloid stage of Alzheimer’s disease in cognitively normal individuals. Ann Clin Transl Neurol. 

2018;5(9):1037-47.

 269. Seppala TT, Herukka SK, Hanninen T, Tervo S, Hallikainen M, Soininen H, et al. Plasma Abeta42 

and Abeta40 as markers of cognitive change in follow-up: a prospective, longitudinal, popula-

tion-based cohort study. J Neurol Neurosurg Psychiatry. 2010;81(10):1123-7.

 270. Ower AK, Hadjichrysanthou C, Gras L, Goudsmit J, Anderson RM, de Wolf F, et al. Temporal as-

sociation patterns and dynamics of amyloid-beta and tau in Alzheimer’s disease. Eur J Epidemiol. 

2018;33(7):657-66.

 271. FDA. Early Alzheimer’s Disease: Developing Drugs for Treatment Guidance for Industry 2018. 

Available from: https://www.fda.gov/downloads/Drugs/GuidanceComplianceRegulatoryInforma-

tion/Guidances/UCM596728.pdf.

 272. Richard E, Jongstra S, Soininen H, Brayne C, Moll van Charante EP, Meiller Y, et al. Healthy Age-

ing Through Internet Counselling in the Elderly: the HATICE randomised controlled trial for the 

prevention of cardiovascular disease and cognitive impairment. BMJ Open. 2016;6(6):e010806.

 273. Rosenberg A, Mangialasche F, Ngandu T, Solomon A, Kivipelto M. Multidomain Interventions to 

Prevent Cognitive Impairment, Alzheimer’s Disease, and Dementia: From FINGER to World-Wide 

FINGERS. J Prev Alzheimers Dis. 2020;7(1):29-36.

 274. Kivipelto M, Mangialasche F, Snyder HM, Allegri R, Andrieu S, Arai H, et al. World-Wide FINGERS 

Network: A global approach to risk reduction and prevention of dementia. Alzheimers Dement. 

2020;16(7):1078-94.

 275. Stephan BCM, Pakpahan E, Siervo M, Licher S, Muniz-Terrera G, Mohan D, et al. Prediction of 

dementia risk in low-income and middle-income countries (the 10/66 Study): an independent 

external validation of existing models. Lancet Glob Health. 2020;8(4):e524-e35.

 276. Arnett DK, Blumenthal RS, Albert MA, Buroker AB, Goldberger ZD, Hahn EJ, et al. 2019 ACC/

AHA Guideline on the Primary Prevention of Cardiovascular Disease: A Report of the American 

College of Cardiology/American Heart Association Task Force on Clinical Practice Guidelines. J 

Am Coll Cardiol. 2019;74(10):e177-e232.

 277. Piepoli MF, Hoes AW, Agewall S, Albus C, Brotons C, Catapano AL, et al. 2016 European Guide-

lines on cardiovascular disease prevention in clinical practice: The Sixth Joint Task Force of the 

European Society of Cardiology and Other Societies on Cardiovascular Disease Prevention in 

Clinical Practice (constituted by representatives of 10 societies and by invited experts)Developed 

with the special contribution of the European Association for Cardiovascular Prevention & Reha-

bilitation (EACPR). Eur Heart J. 2016;37(29):2315-81.



References |  

416

 278. Conroy RM, Pyorala K, Fitzgerald AP, Sans S, Menotti A, De Backer G, et al. Estimation of ten-year 

risk of fatal cardiovascular disease in Europe: the SCORE project. Eur Heart J. 2003;24(11):987-

1003.

 279. Williams B, Mancia G, Spiering W, Agabiti Rosei E, Azizi M, Burnier M, et al. 2018 ESC/ESH 

Guidelines for the management of arterial hypertension. Eur Heart J. 2018;39(33):3021-104.

 280. Whelton PK, Carey RM, Aronow WS, Casey DE, Jr., Collins KJ, Dennison Himmelfarb C, et al. 

2017 ACC/AHA/AAPA/ABC/ACPM/AGS/APhA/ASH/ASPC/NMA/PCNA Guideline for the Preven-

tion, Detection, Evaluation, and Management of High Blood Pressure in Adults: Executive Sum-

mary: A Report of the American College of Cardiology/American Heart Association Task Force on 

Clinical Practice Guidelines. J Am Coll Cardiol. 2018;71(19):2199-269.

 281. Bakris G, Ali W, Parati G. ACC/AHA Versus ESC/ESH on Hypertension Guidelines: JACC Guideline 

Comparison. J Am Coll Cardiol. 2019;73(23):3018-26.

 282. Komulainen P, Kivipelto M, Lakka TA, Savonen K, Hassinen M, Kiviniemi V, et al. Exercise, fitness 

and cognition - A randomised controlled trial in older individuals: The DR’s EXTRA study. Eur 

Geriatr Med. 2010;1(5):266-72.

 283. ClinicalTrials.gov. U.S. Study to Protect Brain Health Through Lifestyle Intervention to Reduce Risk 

(POINTER): ClinicalTrials.gov; 2018 [updated June 11, 2020. Available from: https://clinicaltrials.

gov/ct2/show/NCT03688126.

 284. Registry CCT. Multimodal INtervention to delay Dementia and disability in rural China (MIND-

CHINA): Chinese Clinical Trial Registry; 2018 [updated October 6, 2019. Available from: http://

www.chictr.org.cn/com/25/hvshowproject.aspx?id=42722.

 285. Registry ANZCT. Maintain Your Brain (MYB): a 3-year study of a personalised online program to 

prevent cognitive decline and incident dementia amongst community dwelling 55-77 year olds: 

Astralian New Zealand Clinical Trials Registry; 2018 [updated November 29, 2019. Available 

from: https://www.anzctr.org.au/Trial/Registration/TrialReview.aspx?id=370631.

 286. Trial U-CC. Japan-multimodal intervention Trial for prevention of dementia (J-MINT): UMIN-CTR 

Clinical Trial; 2019 [updated November 24, 2019. Available from: https://upload.umin.ac.jp/cgi-

open-bin/ctr_e/ctr_view.cgi?recptno=R000044075.

 287. Zulke A, Luck T, Pabst A, Hoffmann W, Thyrian JR, Gensichen J, et al. AgeWell.de - study protocol 

of a pragmatic multi-center cluster-randomized controlled prevention trial against cognitive 

decline in older primary care patients. BMC Geriatr. 2019;19(1):203.

 288. Rosenberg A, Ngandu T, Rusanen M, Antikainen R, Backman L, Havulinna S, et al. Multidomain 

lifestyle intervention benefits a large elderly population at risk for cognitive decline and dementia 

regardless of baseline characteristics: The FINGER trial. Alzheimers Dement. 2018;14(3):263-70.

 289. van der Lee SJ, Wolters FJ, Ikram MK, Hofman A, Ikram MA, Amin N, et al. The effect of APOE 

and other common genetic variants on the onset of Alzheimer’s disease and dementia: a 

community-based cohort study. Lancet Neurol. 2018;17(5):434-44.

 290. Van Cauwenberghe C, Van Broeckhoven C, Sleegers K. The genetic landscape of Alzheimer 

disease: clinical implications and perspectives. Genet Med. 2016;18(5):421-30.

 291. Gatz M, Reynolds CA, Fratiglioni L, Johansson B, Mortimer JA, Berg S, et al. Role of genes and 

environments for explaining Alzheimer disease. Arch Gen Psychiatry. 2006;63(2):168-74.

 292. Armitage P, Doll R. The age distribution of cancer and a multi-stage theory of carcinogenesis. Br 

J Cancer. 1954;8:1-12.

 293. Feng YA, Cho K, Lindstrom S, Kraft P, Cormack J, Igap Consortium CTS, et al. Investigating the 

genetic relationship between Alzheimer’s disease and cancer using GWAS summary statistics. 

Hum Genet. 2017.



417

 294. Al-Chalabi A, Calvo A, Chio A, Colville S, Ellis CM, Hardiman O, et al. Analysis of amyotrophic 

lateral sclerosis as a multistep process: a population-based modelling study. Lancet Neurol. 

2014;13(11):1108-13.

 295. Harold D, Abraham R, Hollingworth P, Sims R, Gerrish A, Hamshere ML, et al. Genome-wide 

association study identifies variants at CLU and PICALM associated with Alzheimer’s disease. Nat 

Genet. 2009;41(10):1088-93.

 296. Lambert JC, Heath S, Even G, Campion D, Sleegers K, Hiltunen M, et al. Genome-wide associa-

tion study identifies variants at CLU and CR1 associated with Alzheimer’s disease. Nat Genet. 

2009;41(10):1094-9.

 297. Seshadri S, Fitzpatrick AL, Ikram MA, DeStefano AL, Gudnason V, Boada M, et al. Genome-wide 

analysis of genetic loci associated with Alzheimer disease. JAMA. 2010;303(18):1832-40.

 298. Arakawa S, Takahashi A, Ashikawa K, Hosono N, Aoi T, Yasuda M, et al. Genome-wide associa-

tion study identifies two susceptibility loci for exudative age-related macular degeneration in the 

Japanese population. Nat Genet. 2011;43(10):1001-4.

 299. Hollingworth P, Harold D, Sims R, Gerrish A, Lambert JC, Carrasquillo MM, et al. Common vari-

ants at ABCA7, MS4A6A/MS4A4E, EPHA1, CD33 and CD2AP are associated with Alzheimer’s 

disease. Nat Genet. 2011;43(5):429-35.

 300. Naj AC, Jun G, Beecham GW, Wang LS, Vardarajan BN, Buros J, et al. Common variants at 

MS4A4/MS4A6E, CD2AP, CD33 and EPHA1 are associated with late-onset Alzheimer’s disease. 

Nat Genet. 2011;43(5):436-41.

 301. Knol MJ, VanderWeele TJ. Recommendations for presenting analyses of effect modification and 

interaction. Int J Epidemiol. 2012;41(2):514-20.

 302. Fritsche LG, Chen W, Schu M, Yaspan BL, Yu Y, Thorleifsson G, et al. Seven new loci associated 

with age-related macular degeneration. Nat Genet. 2013;45(4):433-9, 9e1-2.

 303. Guerreiro R, Wojtas A, Bras J, Carrasquillo M, Rogaeva E, Majounie E, et al. TREM2 variants in 

Alzheimer’s disease. N Engl J Med. 2013;368(2):117-27.

 304. Jonsson T, Stefansson H, Steinberg S, Jonsdottir I, Jonsson PV, Snaedal J, et al. Variant of TREM2 

associated with the risk of Alzheimer’s disease. N Engl J Med. 2013;368(2):107-16.

 305. Lambert JC, Ibrahim-Verbaas CA, Harold D, Naj AC, Sims R, Bellenguez C, et al. Meta-analysis 

of 74,046 individuals identifies 11 new susceptibility loci for Alzheimer’s disease. Nat Genet. 

2013;45(12):1452-8.

 306. Ruiz A, Dols-Icardo O, Bullido MJ, Pastor P, Rodriguez-Rodriguez E, Lopez de Munain A, et al. 

Assessing the role of the TREM2 p.R47H variant as a risk factor for Alzheimer’s disease and 

frontotemporal dementia. Neurobiol Aging. 2014;35(2):444 e1-4.

 307. Desikan RS, Schork AJ, Wang Y, Thompson WK, Dehghan A, Ridker PM, et al. Polygenic 

Overlap Between C-Reactive Protein, Plasma Lipids, and Alzheimer Disease. Circulation. 

2015;131(23):2061-9.

 308. Fritsche LG, Igl W, Bailey JN, Grassmann F, Sengupta S, Bragg-Gresham JL, et al. A large genome-

wide association study of age-related macular degeneration highlights contributions of rare and 

common variants. Nat Genet. 2016;48(2):134-43.

 309. Jun G, Ibrahim-Verbaas CA, Vronskaya M, Lambert JC, Chung J, Naj AC, et al. A novel Alzheimer 

disease locus located near the gene encoding tau protein. Mol Psychiatry. 2016;21(1):108-17.

 310. de Bruijn RF, Heeringa J, Wolters FJ, Franco OH, Stricker BH, Hofman A, et al. Association Between 

Atrial Fibrillation and Dementia in the General Population. JAMA Neurol. 2015;72(11):1288-94.

 311. Luebeck EG, Moolgavkar SH. Multistage carcinogenesis and the incidence of colorectal cancer. 

Proc Natl Acad Sci U S A. 2002;99(23):15095-100.



References |  

418

 312. Frank SA. Commentary: Mathematical models of cancer progression and epidemiology in the 

age of high throughput genomics. Int J Epidemiol. 2004;33(6):1179-81.

 313. Frank SA. Age-specific acceleration of cancer. Curr Biol. 2004;14(3):242-6.

 314. Nordling CO. A new theory on cancer-inducing mechanism. Br J Cancer. 1953;7(1):68-72.

 315. Turanyi T. Sensitivity analysis of complex kinetic systems: tools and applications. Journal of Math-

ematical Chemistry. 1990;5:203-48.

 316. Frank SA. Age-specific incidence of inherited versus sporadic cancers: a test of the multistage 

theory of carcinogenesis. Proc Natl Acad Sci U S A. 2005;102(4):1071-5.

 317. Hornsby C, Page KM, Tomlinson IP. What can we learn from the population incidence of cancer? 

Armitage and Doll revisited. Lancet Oncol. 2007;8(11):1030-8.

 318. Schollnberger H, Manuguerra M, Bijwaard H, Boshuizen H, Altenburg HP, Rispens SM, et al. 

Analysis of epidemiological cohort data on smoking effects and lung cancer with a multi-stage 

cancer model. Carcinogenesis. 2006;27(7):1432-44.

 319. Zhang X, Simon R. Estimating the number of rate limiting genomic changes for human breast 

cancer. Breast Cancer Res Treat. 2005;91(2):121-4.

 320. Knudson AG, Jr. Mutation and cancer: statistical study of retinoblastoma. Proc Natl Acad Sci U S 

A. 1971;68(4):820-3.

 321. Ahmad S, Bannister C, van der Lee SJ, Vojinovic D, Adams HHH, Ramirez A, et al. Disentangling 

the biological pathways involved in early features of Alzheimer’s disease in the Rotterdam Study. 

Alzheimers Dement. 2018.

 322. Egan MF, Kost J, Tariot PN, Aisen PS, Cummings JL, Vellas B, et al. Randomized Trial of Verubece-

stat for Mild-to-Moderate Alzheimer’s Disease. N Engl J Med. 2018;378(18):1691-703.

 323. Moller B, Weedon-Fekjaer H, Hakulinen T, Tryggvadottir L, Storm HH, Talback M, et al. The influ-

ence of mammographic screening on national trends in breast cancer incidence. Eur J Cancer 

Prev. 2005;14(2):117-28.

 324. Verghese J, Lipton RB, Hall CB, Kuslansky G, Katz MJ, Buschke H. Abnormality of gait as a predic-

tor of non-Alzheimer’s dementia. The New England journal of medicine. 2002;347(22):1761-8.

 325. Cohen JA, Verghese J, Zwerling JL. Cognition and gait in older people. Maturitas. 2016;93:73-7.

 326. Quan M, Xun P, Chen C, Wen J, Wang Y, Wang R, et al. Walking Pace and the Risk of Cognitive 

Decline and Dementia in Elderly Populations: A Meta-analysis of Prospective Cohort Studies. The 

journals of gerontology Series A, Biological sciences and medical sciences. 2017;72(2):266-70.

 327. Savica R, Wennberg AM, Hagen C, Edwards K, Roberts RO, Hollman JH, et al. Comparison of 

Gait Parameters for Predicting Cognitive Decline: The Mayo Clinic Study of Aging. Journal of 

Alzheimer’s disease : JAD. 2017;55(2):559-67.

 328. Verghese J, Wang C, Lipton RB, Holtzer R, Xue X. Quantitative gait dysfunction and risk of 

cognitive decline and dementia. J Neurol Neurosurg Psychiatry. 2007;78(9):929-35.

 329. Darweesh SK, Wolters FJ, Hofman A, Stricker BH, Koudstaal PJ, Ikram MA. Simple Test of Manual 

Dexterity Can Help to Identify Persons at High Risk for Neurodegenerative Diseases in the Com-

munity. J Gerontol A Biol Sci Med Sci. 2017;72(1):75-81.

 330. Vickers AJ, Altman DG. Statistics notes: Analysing controlled trials with baseline and follow up 

measurements. BMJ. 2001;323(7321):1123-4.

 331. Li J, Ji L. Adjusting multiple testing in multilocus analyses using the eigenvalues of a correlation 

matrix. Heredity. 2005;95(3):221-7.

 332. Lord S, Galna B, Verghese J, Coleman S, Burn D, Rochester L. Independent domains of gait in older 

adults and associated motor and nonmotor attributes: validation of a factor analysis approach. 

The journals of gerontology Series A, Biological sciences and medical sciences. 2013;68(7):820-7.



419

 333. Dumurgier J, Artaud F, Touraine C, Rouaud O, Tavernier B, Dufouil C, et al. Gait Speed and 

Decline in Gait Speed as Predictors of Incident Dementia. The journals of gerontology Series A, 

Biological sciences and medical sciences. 2017;72(5):655-61.

 334. Taniguchi Y, Kitamura A, Seino S, Murayama H, Amano H, Nofuji Y, et al. Gait Performance Tra-

jectories and Incident Disabling Dementia Among Community-Dwelling Older Japanese. Journal 

of the American Medical Directors Association. 2017;18(2):192 e13- e20.

 335. Moon Y, Sung J, An R, Hernandez ME, Sosnoff JJ. Gait variability in people with neurological 

disorders: A systematic review and meta-analysis. Human movement science. 2016;47:197-208.

 336. Wennberg AMV, Savica R, Hagen CE, Roberts RO, Knopman DS, Hollman JH, et al. Cerebral Amy-

loid Deposition Is Associated with Gait Parameters in the Mayo Clinic Study of Aging. Journal of 

the American Geriatrics Society. 2017;65(4):792-9.

 337. Del Campo N, Payoux P, Djilali A, Delrieu J, Hoogendijk EO, Rolland Y, et al. Relationship of 

regional brain beta-amyloid to gait speed. Neurology. 2016;86(1):36-43.

 338. Wennberg AMV, Lesnick TG, Schwarz CG, Savica R, Hagen CE, Roberts RO, et al. Longitudinal 

Association Between Brain Amyloid-Beta and Gait in the Mayo Clinic Study of Aging. The jour-

nals of gerontology Series A, Biological sciences and medical sciences. 2018;73(9):1244-50.

 339. Nadkarni NK, Perera S, Snitz BE, Mathis CA, Price J, Williamson JD, et al. Association of Brain 

Amyloid-beta With Slow Gait in Elderly Individuals Without Dementia: Influence of Cognition 

and Apolipoprotein E epsilon4 Genotype. JAMA neurology. 2017;74(1):82-90.

 340. de Laat KF, Tuladhar AM, van Norden AG, Norris DG, Zwiers MP, de Leeuw FE. Loss of white mat-

ter integrity is associated with gait disorders in cerebral small vessel disease. Brain. 2011;134(Pt 

1):73-83.

 341. Verlinden VJ, de Groot M, Cremers LG, van der Geest JN, Hofman A, Niessen WJ, et al. Tract-

specific white matter microstructure and gait in humans. Neurobiol Aging. 2016;43:164-73.

 342. Rosario BL, Rosso AL, Aizenstein HJ, Harris T, Newman AB, Satterfield S, et al. Cerebral White 

Matter and Slow Gait: Contribution of Hyperintensities and Normal-appearing Parenchyma. The 

journals of gerontology Series A, Biological sciences and medical sciences. 2016;71(7):968-73.

 343. Rosso AL, Studenski SA, Longstreth WT, Jr., Brach JS, Boudreau RM, Rosano C. Contributors 

to Poor Mobility in Older Adults: Integrating White Matter Hyperintensities and Conditions Af-

fecting Other Systems. The journals of gerontology Series A, Biological sciences and medical 

sciences. 2017;72(9):1246-51.

 344. Best JR, Liu-Ambrose T, Boudreau RM, Ayonayon HN, Satterfield S, Simonsick EM, et al. An 

Evaluation of the Longitudinal, Bidirectional Associations Between Gait Speed and Cognition in 

Older Women and Men. The journals of gerontology Series A, Biological sciences and medical 

sciences. 2016;71(12):1616-23.

 345. Rosano C, Perera S, Inzitari M, Newman AB, Longstreth WT, Studenski S. Digit Symbol Substitu-

tion test and future clinical and subclinical disorders of cognition, mobility and mood in older 

adults. Age Ageing. 2016;45(5):688-95.

 346. Tian Q, An Y, Resnick SM, Studenski S. The relative temporal sequence of decline in mobility and 

cognition among initially unimpaired older adults: Results from the Baltimore Longitudinal Study 

of Aging. Age Ageing. 2017;46(3):445-51.

 347. Fritz S, Lusardi M. White paper: “walking speed: the sixth vital sign”. Journal of geriatric physical 

therapy. 2009;32(2):46-9.

 348. Mc Ardle R, Morris R, Wilson J, Galna B, Thomas AJ, Rochester L. What Can Quantitative 

Gait Analysis Tell Us about Dementia and Its Subtypes? A Structured Review. J Alzheimers Dis. 

2017;60(4):1295-312.



References |  

420

 349. Schneider JA, Arvanitakis Z, Bang W, Bennett DA. Mixed brain pathologies account for most 

dementia cases in community-dwelling older persons. Neurology. 2007;69(24):2197-204.

 350. White L, Small BJ, Petrovitch H, Ross GW, Masaki K, Abbott RD, et al. Recent clinical-pathologic 

research on the causes of dementia in late life: update from the Honolulu-Asia Aging Study. 

Journal of geriatric psychiatry and neurology. 2005;18(4):224-7.

 351. Schneider JA, Aggarwal NT, Barnes L, Boyle P, Bennett DA. The neuropathology of older persons 

with and without dementia from community versus clinic cohorts. Journal of Alzheimer’s disease 

: JAD. 2009;18(3):691-701.

 352. Neuropathology Group. Medical Research Council Cognitive F, Aging S. Pathological correlates 

of late-onset dementia in a multicentre, community-based population in England and Wales. 

Neuropathology Group of the Medical Research Council Cognitive Function and Ageing Study 

(MRC CFAS). Lancet (London, England). 2001;357(9251):169-75.

 353. Sonnen JA, Larson EB, Crane PK, Haneuse S, Li G, Schellenberg GD, et al. Pathological cor-

relates of dementia in a longitudinal, population-based sample of aging. Annals of neurology. 

2007;62(4):406-13.

 354. Matthews FE, Brayne C, Lowe J, McKeith I, Wharton SB, Ince P. Epidemiological pathology of 

dementia: attributable-risks at death in the Medical Research Council Cognitive Function and 

Ageing Study. PLoS Med. 2009;6(11):e1000180.

 355. Chibnik LB, Wolters FJ, Backman K, Beiser A, Berr C, Bis JC, et al. Trends in the incidence of 

dementia: design and methods in the Alzheimer Cohorts Consortium. European journal of 

epidemiology. 2017;32(10):931-8.

 356. Montero-Odasso MM, Sarquis-Adamson Y, Speechley M, Borrie MJ, Hachinski VC, Wells J, et 

al. Association of Dual-Task Gait With Incident Dementia in Mild Cognitive Impairment: Results 

From the Gait and Brain Study. JAMA Neurol. 2017;74(7):857-65.

 357. Sterne JA, White IR, Carlin JB, Spratt M, Royston P, Kenward MG, et al. Multiple imputation for 

missing data in epidemiological and clinical research: potential and pitfalls. Bmj. 2009;338:b2393.

 358. Guerreiro R, Bras J, Hardy J. SnapShot: genetics of Alzheimer’s disease. Cell. 2013;155(4):968- 

e1.

 359. Solomon A, Turunen H, Ngandu T, Peltonen M, Levalahti E, Helisalmi S, et al. Effect of the 

Apolipoprotein E Genotype on Cognitive Change During a Multidomain Lifestyle Intervention: A 

Subgroup Analysis of a Randomized Clinical Trial. JAMA Neurol. 2018.

 360. Baumgart M, Snyder HM, Carrillo MC, Fazio S, Kim H, Johns H. Summary of the evidence on 

modifiable risk factors for cognitive decline and dementia: A population-based perspective. 

Alzheimers Dement. 2015;11(6):718-26.

 361. Peters R, Booth A, Rockwood K, Peters J, D’Este C, Anstey KJ. Combining modifiable risk factors 

and risk of dementia: a systematic review and meta-analysis. BMJ Open. 2019;9(1):e022846.

 362. Organization WH. Risk reduction of cognitive decline and dementia: WHO guidelines. Geneva: 

WHO, 2019.

 363. Rovio S, Kareholt I, Helkala EL, Viitanen M, Winblad B, Tuomilehto J, et al. Leisure-time 

physical activity at midlife and the risk of dementia and Alzheimer’s disease. Lancet Neurol. 

2005;4(11):705-11.

 364. Anttila T, Helkala EL, Viitanen M, Kareholt I, Fratiglioni L, Winblad B, et al. Alcohol drinking 

in middle age and subsequent risk of mild cognitive impairment and dementia in old age: a 

prospective population based study. BMJ. 2004;329(7465):539.



421

 365. Laitinen MH, Ngandu T, Rovio S, Helkala EL, Uusitalo U, Viitanen M, et al. Fat intake at midlife 

and risk of dementia and Alzheimer’s disease: a population-based study. Dement Geriatr Cogn 

Disord. 2006;22(1):99-107.

 366. Karlsson IK, Bennet AM, Ploner A, Andersson TM, Reynolds CA, Gatz M, et al. Apolipoprotein E 

epsilon4 genotype and the temporal relationship between depression and dementia. Neurobiol 

Aging. 2015;36(4):1751-6.

 367. Podewils LJ, Guallar E, Kuller LH, Fried LP, Lopez OL, Carlson M, et al. Physical activity, APOE 

genotype, and dementia risk: findings from the Cardiovascular Health Cognition Study. Am J 

Epidemiol. 2005;161(7):639-51.

 368. Huang TL, Zandi PP, Tucker KL, Fitzpatrick AL, Kuller LH, Fried LP, et al. Benefits of fatty fish on 

dementia risk are stronger for those without APOE epsilon4. Neurology. 2005;65(9):1409-14.

 369. Barberger-Gateau P, Raffaitin C, Letenneur L, Berr C, Tzourio C, Dartigues JF, et al. Dietary pat-

terns and risk of dementia: the Three-City cohort study. Neurology. 2007;69(20):1921-30.

 370. Luchsinger JA, Tang MX, Siddiqui M, Shea S, Mayeux R. Alcohol intake and risk of dementia. J 

Am Geriatr Soc. 2004;52(4):540-6.

 371. Merchant C, Tang MX, Albert S, Manly J, Stern Y, Mayeux R. The influence of smoking on the risk 

of Alzheimer’s disease. Neurology. 1999;52(7):1408-12.

 372. Ott A, Slooter AJ, Hofman A, van Harskamp F, Witteman JC, Van Broeckhoven C, et al. Smoking 

and risk of dementia and Alzheimer’s disease in a population-based cohort study: the Rotterdam 

Study. Lancet. 1998;351(9119):1840-3.

 373. Lindsay J, Laurin D, Verreault R, Hebert R, Helliwell B, Hill GB, et al. Risk factors for Alzheimer’s 

disease: a prospective analysis from the Canadian Study of Health and Aging. Am J Epidemiol. 

2002;156(5):445-53.

 374. Ritchie K, Carriere I, Ritchie CW, Berr C, Artero S, Ancelin ML. Designing prevention programmes 

to reduce incidence of dementia: prospective cohort study of modifiable risk factors. BMJ. 

2010;341:c3885.

 375. Kivipelto M, Rovio S, Ngandu T, Kareholt I, Eskelinen M, Winblad B, et al. Apolipoprotein E 

epsilon4 magnifies lifestyle risks for dementia: a population-based study. J Cell Mol Med. 

2008;12(6B):2762-71.

 376. Khera AV, Emdin CA, Drake I, Natarajan P, Bick AG, Cook NR, et al. Genetic Risk, Adherence to a 

Healthy Lifestyle, and Coronary Disease. N Engl J Med. 2016;375(24):2349-58.

 377. Rutten-Jacobs LC, Larsson SC, Malik R, Rannikmae K, consortium M, International Stroke Genet-

ics C, et al. Genetic risk, incident stroke, and the benefits of adhering to a healthy lifestyle: cohort 

study of 306 473 UK Biobank participants. BMJ. 2018;363:k4168.

 378. Voortman T, Kiefte-de Jong JC, Ikram MA, Stricker BH, van Rooij FJA, Lahousse L, et al. Adher-

ence to the 2015 Dutch dietary guidelines and risk of non-communicable diseases and mortality 

in the Rotterdam Study. Eur J Epidemiol. 2017;32(11):993-1005.

 379. Craig CL, Marshall AL, Sjostrom M, Bauman AE, Booth ML, Ainsworth BE, et al. Interna-

tional physical activity questionnaire: 12-country reliability and validity. Med Sci Sports Exerc. 

2003;35(8):1381-95.

 380. Chang L, Douet V, Bloss C, Lee K, Pritchett A, Jernigan TL, et al. Gray matter maturation and 

cognition in children with different APOE epsilon genotypes. Neurology. 2016;87(6):585-94.

 381. Kim J, Basak JM, Holtzman DM. The role of apolipoprotein E in Alzheimer’s disease. Neuron. 

2009;63(3):287-303.

 382. Ornish D, Brown SE, Scherwitz LW, Billings JH, Armstrong WT, Ports TA, et al. Can lifestyle changes 

reverse coronary heart disease? The Lifestyle Heart Trial. Lancet. 1990;336(8708):129-33.



References |  

422

 383. Bell RD, Winkler EA, Singh I, Sagare AP, Deane R, Wu Z, et al. Apolipoprotein E controls cerebro-

vascular integrity via cyclophilin A. Nature. 2012;485(7399):512-6.

 384. McGuinness B, Craig D, Bullock R, Passmore P. Statins for the prevention of dementia. Cochrane 

Database Syst Rev. 2016(1):CD003160.

 385. Crimmins EM. Lifespan and Healthspan: Past, Present, and Promise. Gerontologist. 

2015;55(6):901-11.

 386. Organization WH. Multimorbidity. World Health Organization. Technical Series on Safer Primary 

Care ed. Geneve: World Health Organization; 2016.

 387. Stephan BCM, Birdi R, Tang EYH, Cosco TD, Donini LM, Licher S, et al. Secular Trends in Dementia 

Prevalence and Incidence Worldwide: A Systematic Review. J Alzheimers Dis. 2018;66(2):653-80.

 388. Corrada MM, Brookmeyer R, Paganini-Hill A, Berlau D, Kawas CH. Dementia incidence continues 

to increase with age in the oldest old: the 90+ study. Ann Neurol. 2010;67(1):114-21.

 389. DALYs GBD, Collaborators H. Global, regional, and national disability-adjusted life-years (DALYs) 

for 359 diseases and injuries and healthy life expectancy (HALE) for 195 countries and territo-

ries, 1990-2017: a systematic analysis for the Global Burden of Disease Study 2017. Lancet. 

2018;392(10159):1859-922.

 390. Rojas-Saunero LP, Hilal S, Murray EJ, Logan RW, Ikram MA, Swanson SA. Hypothetical blood-

pressure-lowering interventions and risk of stroke and dementia. Eur J Epidemiol. 2020.

 391. Foreman KJ, Marquez N, Dolgert A, Fukutaki K, Fullman N, McGaughey M, et al. Forecasting 

life expectancy, years of life lost, and all-cause and cause-specific mortality for 250 causes of 

death: reference and alternative scenarios for 2016-40 for 195 countries and territories. Lancet. 

2018;392(10159):2052-90.

 392. Cardiology ESo. A population-based salt-substitution strategy slashes hypertension risk ESC; 

2019 [Available from: https://www.escardio.org/Congresses-&-Events/ESC-Congress/Congress-

resources/Congress-news/a-population-based-salt-substitution-strategy-slashes-hypertension-

risk.

 393. Collins GS, Reitsma JB, Altman DG, Moons KG. Transparent reporting of a multivariable 

prediction model for individual prognosis or diagnosis (TRIPOD): the TRIPOD statement. BMJ. 

2015;350:g7594.

 394. Damask A, Steg PG, Schwartz GG, Szarek M, Hagstrom E, Badimon L, et al. Patients with High 

Genome-Wide Polygenic Risk Scores for Coronary Artery Disease May Receive Greater Clinical 

Benefit from Alirocumab Treatment in the Odyssey Outcomes Trial. Circulation. 2019.

 395. Karmali KN, Lloyd-Jones DM, van der Leeuw J, Goff DC, Jr., Yusuf S, Zanchetti A, et al. Blood 

pressure-lowering treatment strategies based on cardiovascular risk versus blood pressure: A 

meta-analysis of individual participant data. PLoS Med. 2018;15(3):e1002538.

 396. Ott A. Risk of dementia: The Rotterdam Study; Thesis. Rotterdam: Erasmus University Rotterdam, 

1997.

 397. Damen JA, Hooft L, Schuit E, Debray TP, Collins GS, Tzoulaki I, et al. Prediction models for 

cardiovascular disease risk in the general population: systematic review. BMJ. 2016;353:i2416.

 398. Parlevliet JL, Uysal-Bozkir O, Goudsmit M, van Campen JP, Kok RM, Ter Riet G, et al. Prevalence 

of mild cognitive impairment and dementia in older non-western immigrants in the Netherlands: 

a cross-sectional study. Int J Geriatr Psychiatry. 2016;31(9):1040-9.

 399. Singh-Manoux A, Dugravot A, Shipley M, Brunner EJ, Elbaz A, Sabia S, et al. Obesity trajecto-

ries and risk of dementia: 28 years of follow-up in the Whitehall II Study. Alzheimers Dement. 

2018;14(2):178-86.



423

 400. Vektis. Factsheet chronische aandoeningen bij 40 plussers: Vektis; 2019 [Available from: https://

www.vektis.nl/intelligence/publicaties/factsheet-chronische-aandoeningen-bij-40-plussers.

 401. Ioannidis JPA. Neglecting Major Health Problems and Broadcasting Minor, Uncertain Issues in 

Lifestyle Science. JAMA. 2019:1-2.

 402. van Oijen M, de Jong FJ, Witteman JC, Hofman A, Koudstaal PJ, Breteler MM. Atherosclerosis 

and risk for dementia. Ann Neurol. 2007;61(5):403-10.

 403. Gaye B, Canonico M, Perier MC, Samieri C, Berr C, Dartigues JF, et al. Ideal Cardiovascular 

Health, Mortality, and Vascular Events in Elderly Subjects: The Three-City Study. J Am Coll Cardiol. 

2017;69(25):3015-26.

 404. Altomare D, de Wilde A, Ossenkoppele R, Pelkmans W, Bouwman F, Groot C, et al. Applying the 

ATN scheme in a memory clinic population: The ABIDE project. Neurology. 2019;93(17):e1635-

e46.

 405. Schindler SE, Bollinger JG, Ovod V, Mawuenyega KG, Li Y, Gordon BA, et al. High-precision 

plasma beta-amyloid 42/40 predicts current and future brain amyloidosis. Neurology. 

2019;93(17):e1647-e59.

 406. F.J. W, Hilal S, M.J.G. L, M.K. I, Kavousi M, Hofman A, et al. Plasma Amyloid-β Monomers and the 

Risk of Clinical Cardiovascular Disease in the General Population: The Rotterdam Study. AAIC; Los 

Angeles, USA: Alzheimer’s Association; 2019.

 407. Gaetani L, Blennow K, Calabresi P, Di Filippo M, Parnetti L, Zetterberg H. Neurofilament light 

chain as a biomarker in neurological disorders. J Neurol Neurosurg Psychiatry. 2019;90(8):870-

81.

 408. van Maurik IS, Zwan MD, Tijms BM, Bouwman FH, Teunissen CE, Scheltens P, et al. Interpret-

ing Biomarker Results in Individual Patients With Mild Cognitive Impairment in the Alzheimer’s 

Biomarkers in Daily Practice (ABIDE) Project. JAMA Neurol. 2017;74(12):1481-91.

 409. Emberson J, Whincup P, Morris R, Walker M, Ebrahim S. Evaluating the impact of population 

and high-risk strategies for the primary prevention of cardiovascular disease. Eur Heart J. 

2004;25(6):484-91.

 410. Xu A, Ma J, Guo X, Wang L, Wu J, Zhang J, et al. Association of a Province-Wide Intervention 

With Salt Intake and Hypertension in Shandong Province, China, 2011-2016. JAMA Intern Med. 

2020;180(6):877-86.

 411. Force USPST, Owens DK, Davidson KW, Krist AH, Barry MJ, Cabana M, et al. Screening for Cogni-

tive Impairment in Older Adults: US Preventive Services Task Force Recommendation Statement. 

JAMA. 2020;323(8):757-63.

 412. Pencina MJ, Navar AM, Wojdyla D, Sanchez RJ, Khan I, Elassal J, et al. Quantifying Importance of 

Major Risk Factors for Coronary Heart Disease. Circulation. 2019;139(13):1603-11.

 413. Wald NJ, Law M, Watt HC, Wu T, Bailey A, Johnson AM, et al. Apolipoproteins and ischaemic 

heart disease: implications for screening. Lancet. 1994;343(8889):75-9.

 414. Capewell S. Will screening individuals at high risk of cardiovascular events deliver large benefits? 

No. BMJ. 2008;337:a1395.

 415. Shah NS, Vidal JS, Masaki K, Petrovitch H, Ross GW, Tilley C, et al. Midlife blood pressure, plasma 

beta-amyloid, and the risk for Alzheimer disease: the Honolulu Asia Aging Study. Hypertension. 

2012;59(4):780-6.

 416. Ware JH. The limitations of risk factors as prognostic tools. N Engl J Med. 2006;355(25):2615-7.

 417. Whiteley WN, Anand S, Bangdiwala SI, Bosch J, Canavan M, Chertkow H, et al. Are large simple 

trials for dementia prevention possible? Age Ageing. 2019.



References |  

424

 418. Paige E, Barrett J, Pennells L, Sweeting M, Willeit P, Di Angelantonio E, et al. Use of Repeated 

Blood Pressure and Cholesterol Measurements to Improve Cardiovascular Disease Risk Prediction: 

An Individual-Participant-Data Meta-Analysis. Am J Epidemiol. 2017;186(8):899-907.

 419. Sweeting MJ, Barrett JK, Thompson SG, Wood AM. The use of repeated blood pressure measures 

for cardiovascular risk prediction: a comparison of statistical models in the ARIC study. Stat Med. 

2017;36(28):4514-28.

 420. Ma Y, Wolters FJ, Chibnik LB, Licher S, Ikram MA, Hofman A, et al. Variation in blood pressure and 

long-term risk of dementia: A population-based cohort study. PLoS Med. 2019;16(11):e1002933.

 421. Xiong C, Luo J, Morris JC, Bateman R. Linear Combinations of Multiple Outcome Measures to 

Improve the Power of Efficacy Analysis ---Application to Clinical Trials on Early Stage Alzheimer 

Disease. Biostat Epidemiol. 2017;1(1):36-58.

 422. Fleming TR, Powers JH. Biomarkers and surrogate endpoints in clinical trials. Stat Med. 

2012;31(25):2973-84.

 423. Jutten RJ, Grandoit E, Foldi NS, Sikkes SAM, Jones RN, Choi SE, et al. Lower practice effects as 

a marker of cognitive performance and dementia risk: A literature review. Alzheimers Dement 

(Amst). 2020;12(1):e12055.

 424. Naparstek S, El-Said D, Eisenberg ML, Jordan JT, O’Hara R, Etkin A. Development of VM-REACT: 

Verbal memory RecAll computerized test. J Psychiatr Res. 2019;114:170-7.

 425. Jack CR, Jr., Therneau TM, Weigand SD, Wiste HJ, Knopman DS, Vemuri P, et al. Prevalence of 

Biologically vs Clinically Defined Alzheimer Spectrum Entities Using the National Institute on 

Aging-Alzheimer’s Association Research Framework. JAMA Neurol. 2019.

 426. Gomez-Isla T, Frosch MP. The Challenge of Defining Alzheimer Disease Based on Biomarkers in 

the Absence of Symptoms. JAMA Neurol. 2019.

 427. Puska P, Vartiainen E, Nissinen A, Laatikainen T, Jousilahti P. Background, Principles, Implementa-

tion, and General Experiences of the North Karelia Project. Glob Heart. 2016;11(2):173-8.

 428. Whitty CJM, MacEwen C, Goddard A, Alderson D, Marshall M, Calderwood C, et al. Rising to the 

challenge of multimorbidity. BMJ. 2020;368:l6964.

 429. Grossman DC, Larson EB, Sox HC. Integrating Personalized Medicine With Population Health 

Management: The Path Forward. JAMA. 2020.

 430. Medicine USNAo. Healthy Longevity Grand Global Challenge: U.S. National Academy of Medi-

cine; 2020 [Available from: https://nam.edu/initiatives/grand-challenge-healthy-longevity/.

 431. consortium P. How to integrate Personalized Medicine into Prevention? 2019.

 432. Nederland Z. Samenwerken aan passende zorg: de toekomst is nú: Zorginstituut Nederland en 

NZA; 2020 [Available from: https://puc.overheid.nl/nza/doc/PUC_624559_22/1/.

 433. Schiotz ML, Stockmarr A, Host D, Glumer C, Frolich A. Social disparities in the prevalence of 

multimorbidity - A register-based population study. BMC Public Health. 2017;17(1):422.

 434. Burdorf L. Rotterdam Lezing: Lang leven in Rotterdam 2014 [Available from: https://www6.

erasmusmc.nl/5663/135857/4437961/4640761/Metrostations_en_levensverwachting2.pdf.

 435. Dugravot A, Fayosse A, Dumurgier J, Bouillon K, Rayana TB, Schnitzler A, et al. Social inequali-

ties in multimorbidity, frailty, disability, and transitions to mortality: a 24-year follow-up of the 

Whitehall II cohort study. Lancet Public Health. 2020;5(1):e42-e50.

 436. Nicholson K, Makovski TT, Griffith LE, Raina P, Stranges S, van den Akker M. Multimorbidity and 

comorbidity revisited: refining the concepts for international health research. J Clin Epidemiol. 

2019;105:142-6.



425

 437. van den Akker M, Buntinx F, Metsemakers JF, Roos S, Knottnerus JA. Multimorbidity in general 

practice: prevalence, incidence, and determinants of co-occurring chronic and recurrent diseases. 

J Clin Epidemiol. 1998;51(5):367-75.

 438. Zenin A, Tsepilov Y, Sharapov S, Getmantsev E, Menshikov LI, Fedichev PO, et al. Identification of 

12 genetic loci associated with human healthspan. Commun Biol. 2019;2:41.

 439. Cavanaugh-Hussey MW, Berry JD, Lloyd-Jones DM. Who exceeds ATP-III risk thresholds? System-

atic examination of the effect of varying age and risk factor levels in the ATP-III risk assessment 

tool. Prev Med. 2008;47(6):619-23.

 440. de Havenon A, Majersik JJ, Tirschwell DL, McNally JS, Stoddard G, Rost NS. Blood pressure, 

glycemic control, and white matter hyperintensity progression in type 2 diabetics. Neurology. 

2019;92(11):e1168-e75.

 441. Giunti S, Cooper M. Management strategies for patients with hypertension and diabetes: why 

combination therapy is critical. J Clin Hypertens (Greenwich). 2006;8(2):108-13.

 442. Mahinrad S, Kurian S, Garner CR, Sedaghat S, Nemeth AJ, Moscufo N, et al. Cumulative Blood 

Pressure Exposure During Young Adulthood and Mobility and Cognitive Function in Midlife. 

Circulation. 2019.

 443. Flocke SA, Clark E, Antognoli E, Mason MJ, Lawson PJ, Smith S, et al. Teachable moments for 

health behavior change and intermediate patient outcomes. Patient Educ Couns. 2014;96(1):43-

9.

 444. Heger I, Deckers K, van Boxtel M, de Vugt M, Hajema K, Verhey F, et al. Dementia awareness 

and risk perception in middle-aged and older individuals: baseline results of the MijnBreincoach 

survey on the association between lifestyle and brain health. BMC Public Health. 2019;19(1):678.

 445. Kaasenbrood L, Bhatt DL, Dorresteijn JAN, Wilson PWF, D’Agostino RB, Sr., Massaro JM, et al. 

Estimated Life Expectancy Without Recurrent Cardiovascular Events in Patients With Vascular 

Disease: The SMART-REACH Model. J Am Heart Assoc. 2018;7(16):e009217.

 446. Kaasenbrood L, Ray KK, Boekholdt SM, Smulders YM, LaRosa JC, Kastelein JJP, et al. Estimated 

individual lifetime benefit from PCSK9 inhibition in statin-treated patients with coronary artery 

disease. Heart. 2018;104(20):1699-705.

 447. Mons U, Muezzinler A, Gellert C, Schottker B, Abnet CC, Bobak M, et al. Impact of smoking and 

smoking cessation on cardiovascular events and mortality among older adults: meta-analysis of 

individual participant data from prospective cohort studies of the CHANCES consortium. BMJ. 

2015;350:h1551.

 448. Gellert C, Schottker B, Brenner H. Smoking and all-cause mortality in older people: systematic 

review and meta-analysis. Arch Intern Med. 2012;172(11):837-44.

 449. Dorresteijn JA, Kaasenbrood L, Cook NR, van Kruijsdijk RC, van der Graaf Y, Visseren FL, et al. 

How to translate clinical trial results into gain in healthy life expectancy for individual patients. 

BMJ. 2016;352:i1548.

 450. Bowling A, Dieppe P. What is successful ageing and who should define it? BMJ. 

2005;331(7531):1548-51.

 451. Frisoni GB, Ritchie C, Carrera E, Nilsson P, Ousset PJ, Molinuevo JL, et al. Re-aligning scientific and 

lay narratives of Alzheimer’s disease. Lancet Neurol. 2019;18(10):918-9.

 452. Alliance TJL. The James Lind Alliance: The James Lind Alliance; 2020 [Available from: http://www.

jla.nihr.ac.uk/.





appendices

PhD Portfolio
List of publications
About the author





429

PHD PORTFOLIO

Name PhD student Silvan Licher

Department Epidemiology, Erasmus MC – University Medical Center Rotterdam

Research school Netherlands Institute for Health Sciences (NIHES)

PhD period 2016-2021

Promotors Prof. dr. M.A, Ikram

Prof. dr. M.K. Ikram

1. PhD Training ECTS* year

MSc in Clinical Epidemiology (cum laude) - NIHES, Erasmus MC, Rotterdam, NL 70 2016-2018

Courses and seminars

Scientific Integrity Course, Erasmus MC 0.3 2017

Systematic Literature Retrieval and Endnote, Erasmus MC 1.0 2017

Prognostic Research Course – Yulius center, Utrecht UMC 0.6 2018

Departmental research seminars 2.0 2016-2021

Journal Club seminars 0.7 2016-2021

Conferences

VasCog, Amsterdam, The Netherlandsa 0.6 2016

Alzheimer Association International Conference, London, United Kingdomb 1.2 2017

Translational Neuroscience Network (TN2), Amsterdam, The Netherlands 0.6 2017

European Conference for General Practice (WONCA Europe), Krakow, Poland b 0.6 2018

European Academy of Neurology (EAN) conference, Lisbon, Portugalb 1.2 2018

Alzheimer Association International Conference, Los Angeles, United Statesb 1.2 2019

European General Practice Research Network (EGPFN) meeting, Tampere, Finland b 0.6 2019

Dutch Conference for Public Health (NCVGZ) Utrecht, The Netherlandsb 0.6 2019

International Symposium on Multimorbidity, Toronto, Canadab 0.6 2019

Dutch Epidemiology Conference (WEON), Groningen, The Netherlandsb 1.2 2019

Alzheimer Association International Conference, Amsterdam, The Netherlands 1.2 2020

European Conference for General Practice (WONCA Europe), Berlin, Germanyb 1.2 2020

HealthRI, Amsterdam, The Netherlandsb 0.6 2021

Dutch Epidemiology Conference (WEON), Amsterdam, The Netherlandsa 1.2 2021



430

Appendices | PhD Portfolio

2. Teaching activities

Statistics in Medical Research (NIHES) 1.0 2016

Principle of Research in Medicine and Epidemiology (NIHES) 0.5 2017

Clinical trials (NIHES) 0.5 2017

Msc student supervision

Sanne S. Mooldijk 1.0 2019

Eugene Tang 0.5 2019

Carla van Aller 0.5 2019

Marije Splinter 2.0 2020 -

Premysl Velek 2.0 2021 -

3. Other activities

Peer review various medical journals 3.0 2017-

PhD representative Rotterdam Study management team 3.0 2017-2020

Scan appraisal for incidental findings in population imaging 2.0 2017-2019

Guest editor Dutch Journal for General Practice 1.0 2019-

Board member Dutch Epidemiological Society 1.0 2020-

Steering committee member ErasmusArts2030, the new MD curriculum of ErasmusMC 2.0 2020-

a. Poster presentation b. Oral presentation. *ECTS (European Credit Transfer System) equals a workload of 28 hours



431

lIst Of PublICatIOns

Licher S, de Bruijn R, Wolters FJ, Zillikens MC, Ikram MA, Ikram MK. Vitamin D and the Risk 

of Dementia: The Rotterdam Study. J Alzheimers Dis. 2017;60(3):989-97.

Licher S, Yilmaz P, Leening MJG, Wolters FJ, Vernooij MW, Stephan BCM, et al. External vali-

dation of four dementia prediction models for use in the general community-dwelling popu-

lation: a comparative analysis from the Rotterdam Study. Eur J Epidemiol. 2018;33(7):645-55.

Licher S, Ahmad S, Karamujic-Comic H, Voortman T, Leening MJG, Ikram MA, et al. Ge-

netic predisposition, modifiable-risk-factor profile and long-term dementia risk in the general 

population. Nat Med. 2019;25(9):1364-9.

Licher S, Darweesh SKL, Wolters FJ, Fani L, Heshmatollah A, Mutlu U, et al. Lifetime risk 

of common neurological diseases in the elderly population. J Neurol Neurosurg Psychiatry. 

2019;90(2):148-56.

Licher S, Heshmatollah A, van der Willik KD, Stricker BHC, Ruiter R, de Roos EW, et al. Lifetime 

risk and multimorbidity of non-communicable diseases and disease-free life expectancy in 

the general population: A population-based cohort study. PLoS Med. 2019;16(2):e1002741.

Licher S, Ikram MK, Ikram MA. Extending Applicability of Risk Prediction Models: Response 

to Naparstek et al. Am J Psychiatry. 2019;176(12):1050-1.

Licher S, Leening MJG, Yilmaz P, Wolters FJ, Heeringa J, Bindels PJE, et al. Development and 

Validation of a Dementia Risk Prediction Model in the General Population: An Analysis of 

Three Longitudinal Studies. Am J Psychiatry. 2019;176(7):543-51.

Licher S, van der Willik KD, Vinke EJ, Yilmaz P, Fani L, Schagen SB, et al. Alzheimer’s disease 

as a multistage process: an analysis from a population-based cohort study. Aging (Albany 

NY). 2019;11(4):1163-76.

Licher S, Kieboom BCT, Visser LE, Ziere G, Ruiter R, Ikram MK, et al. Epidemiology of Poly-

pharmacy in the General Population: 27-Year Prospective Cohort Study. J Am Med Dir Assoc. 

2020;21(8):1177-9.

Kieboom BCT, Licher S, Wolters FJ, Ikram MK, Hoorn EJ, Zietse R, et al. Serum magnesium is 

associated with the risk of dementia. Neurology. 2017;89(16):1716-22.



432

Appendices | List of publications

Evans TE, Adams HHH, Licher S, Wolters FJ, van der Lugt A, Ikram MK, et al. Subregional 

volumes of the hippocampus in relation to cognitive function and risk of dementia. Neuroim-

age. 2018;178:129-35.

Freak-Poli R, Licher S, Ryan J, Ikram MA, Tiemeier H. Cognitive Impairment, Sexual Activity 

and Physical Tenderness in Community-Dwelling Older Adults: A Cross-Sectional Exploration. 

Gerontology. 2018;64(6):589-602.

Mutlu U, Colijn JM, Ikram MA, Bonnemaijer PWM, Licher S, Wolters FJ, et al. Association of 

Retinal Neurodegeneration on Optical Coherence Tomography With Dementia: A Population-

Based Study. JAMA Neurol. 2018;75(10):1256-63.

Stephan BCM, Birdi R, Tang EYH, Cosco TD, Donini LM, Licher S, et al. Secular Trends in 

Dementia Prevalence and Incidence Worldwide: A Systematic Review. J Alzheimers Dis. 

2018;66(2):653-80.

Wolters FJ, Adams HHH, Bos D, Licher S, Ikram MA. Three Decades of Dementia Research: 

Insights from One Small Community of Indomitable Rotterdammers. J Alzheimers Dis. 

2018;64(s1):S145-S59.

Bos D, van der Toorn J, Licher S. Letter by Bos et al Regarding Article, “Intracranial Athero-

sclerotic Disease: Mechanisms and Therapeutic Implications”. Stroke. 2019;50(9):e261.

Darweesh SKL, Licher S, Wolters FJ, Koudstaal PJ, Ikram MK, Ikram MA. Quantitative 

gait, cognitive decline, and incident dementia: The Rotterdam Study. Alzheimers Dement. 

2019;15(10):1264-73.

Koop-Nieuwelink C, Sedaghat S, Mutlu U, Licher S, Franco OH, Ikram MA, et al. Kidney 

Function and the Risk of Stroke and Dementia: The Rotterdam Study. J Alzheimers Dis. 

2019;67(3):821-6.

Ma Y, Wolters FJ, Chibnik LB, Licher S, Ikram MA, Hofman A, et al. Variation in blood 

pressure and long-term risk of dementia: A population-based cohort study. PLoS Med. 

2019;16(11):e1002933.

van der Willik KD, Fani L, Rizopoulos D, Licher S, Fest J, Schagen SB, et al. Balance between 

innate versus adaptive immune system and the risk of dementia: a population-based cohort 

study. J Neuroinflammation. 2019;16(1):68.



433

Wolters FJ, Zonneveld HI, Licher S, Cremers LGM, Heart Brain Connection Collaborative 

Research G, Ikram MK, et al. Hemoglobin and anemia in relation to dementia risk and ac-

companying changes on brain MRI. Neurology. 2019;93(9):e917-e26.

Caniglia EC, Rojas-Saunero LP, Hilal S, Licher S, Logan R, Stricker B, et al. Emulating a target 

trial of statin use and risk of dementia using cohort data. Neurology. 2020;95(10):e1322-e32.

de Wolf F, Ghanbari M, Licher S, McRae-McKee K, Gras L, Weverling GJ, et al. Plasma tau, 

neurofilament light chain and amyloid-beta levels and risk of dementia; a population-based 

cohort study. Brain. 2020;143(4):1220-32.

Fani L, Hilal S, Sedaghat S, Broer L, Licher S, Arp PP, et al. Telomere Length and the Risk of 

Alzheimer’s Disease: The Rotterdam Study. J Alzheimers Dis. 2020;73(2):707-14.

Nicholson K, De Burghgraeve T, Fortin M, Griffith LE, Licher S, Lizotte D, et al. Advancing 

cross-national planning and partnership: Proceedings from the International Multimorbidity 

Symposium 2019. J Comorb. 2020;10:2235042X20953313.

Stephan BCM, Pakpahan E, Siervo M, Licher S, Muniz-Terrera G, Mohan D, et al. Prediction 

of dementia risk in low-income and middle-income countries (the 10/66 Study): an indepen-

dent external validation of existing models. Lancet Glob Health. 2020;8(4):e524-e35.

Chen J, Mooldijk SS, Licher S, Waqas K, Ikram MK, Uitterlinden AG, et al. Assessment of 

Advanced Glycation End Products and Receptors and the Risk of Dementia. JAMA Netw 

Open. 2021;4(1):e2033012.

Croll PH, Vinke EJ, Armstrong NM, Licher S, Vernooij MW, Baatenburg de Jong RJ, et al. 

Hearing loss and cognitive decline in the general population: a prospective cohort study. J 

Neurol. 2021;268(3):860-71.

Galle S, Licher S, Milders M, Deijen JB, Scherder E, Drent M, et al. Plasma Brain-Derived Neu-

rotropic Factor Levels Are Associated with Aging and Smoking But Not with Future Dementia 

in the Rotterdam Study. J Alzheimers Dis. 2021;80(3):1139-49.

Mooldijk SS, Licher S, Vinke EJ, Vernooij MW, Ikram MK, Ikram MA. Season of birth and the 

risk of dementia in the population-based Rotterdam Study. Eur J Epidemiol. 2021.



434

Appendices | List of publications

van der Willik KD, Licher S, Vinke EJ, Knol MJ, Darweesh SKL, van der Geest JN, et al. 

Trajectories of Cognitive and Motor Function Between Ages 45 and 90 Years: A Population-

Based Study. J Gerontol A Biol Sci Med Sci. 2021;76(2):297-306.

Vinke EJ, Yilmaz P, van der Toorn JE, Fakhry R, Frenzen K, Dubost F, Licher S, et al. Intracranial 

arteriosclerosis is related to cerebral small vessel disease: a prospective cohort study. Neuro-

biol Aging. 2021;105:16-24.



435

abOut the authOr

Silvan Licher was born on the 4th of July, 1991 in 

Lelystad, The Netherlands. He graduated from high 

school in 2009 at the CSW Elzenlaan in Middelburg. 

In September of that same year, he started his medical 

studies at the Erasmus MC – University Medical Center 

Rotterdam in Rotterdam.

After obtaining his medical degree in 2016, he started 

the work described in this thesis under supervision of 

prof. dr. M. Arfan Ikram and prof. dr. M. Kamran Ikram 

at the department of Epidemiology of the Erasmus 

Medical Center Rotterdam. During his PhD, he obtained 

his master degree in Clinical Epidemiology (cum laude), and received various awards for 

his work described in this thesis including the Young Publication Award from the Dutch 

Epidemiological Society (VvE) and the prestigious Professor H.W. Lambers Price awarded by 

the Erasmus University Rotterdam.

Over the past years, Silvan received various personal research fellowships and contributed 

to several successful grant applications. He currently leads a nationwide consortium that 

investigates the prevalence, determinants and consequences of healthcare avoidance during 

the COVID-19 pandemic. He is active as board member of the Dutch Epidemiology Society 

(VvE) and holds a position as guest editor at the Dutch Journal for General Practice. From 

May 2021 onwards, he will continue his research at the department of Epidemiology with 

a particular focus on healthcare utilization in the general population, and on the epidemiol-

ogy of co-occurring chronic diseases. In his spare time, Silvan likes to watch and do sports, 

including cycling, running, football and skiing. Silvan lives together with Marieke, and their 

three children: Elias (4), Daniël (3) and Cato (0).

 

 

 


