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AbstrAct

Objective To investigate the association of cerebral white matter microstructural 
integrity with mortality.

Methods We included 4294 individuals, free from stroke and dementia (mean age 63.6 
years, 44% male) from the population-based Rotterdam Study (2006-2011). Diffusion-
MRI was used to assess the microstructural integrity of the white matter, both globally 
and for specific white matter tracts. Fractional anisotropy (FA) and mean diffusivity 
(MD) were the parameters used to quantify white matter integrity. All-cause mortality 
and cause-specific mortality was recorded with a median follow-up time of 5.4 year 
and 4.6 years, respectively. Cox regression models, adjusted for age, sex, APOE-ε4 
allele carriership, cardiovascular risk factors and macrostructural MRI changes, were 
used to estimate hazard ratios.

Results During the follow-up time 216 (5.0%) participants died from all causes, 31 
(0.7%) from cardiovascular causes and 102 (2.4%) individuals died of non-cardiovas-
cular causes. Each standard deviation (SD) decrease in FA and each SD increase in 
MD was associated with a 1.37 fold (95%CI: 1.20, 1.57) and a 1.49 fold (95%CI: 1.28, 
1.75) higher hazard of all-cause mortality, respectively. The associations were more 
prominent with cardiovascular mortality rather than non-cardiovascular mortality. In 
tract-specific analyses, we observed that association tracts were more prominently 
related to mortality.

Conclusions Our findings suggest that impairments in cerebral white matter, even at 
early stages, are not limited to adverse brain outcomes and they are related to mortality 
especially from cardiovascular causes.
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IntroductIon

Brain white matter plays a major role in brain functioning e.g. in cognitive function and 
motor function.1,2 One of the manifestations of white matter damage is the emergence 
of white matter hyperintensities, a common finding on MRI.3 Several studies reported 
a link between presence of white matter hyperintensities and adverse health outcomes, 
as well as shorter survival.4-6 However, it seems that white matter hyperintensities 
could constitute only the “tip of the iceberg” of white matter pathology, and changes in 
the microstructure of white matter develop long before appearance of white matter hy-
perintensities on MRI.7 Diffusion-MRI is a sensitive MRI technique, to quantify subtle 
changes in the white matter microstructure. Fractional anisotropy (FA) and mean dif-
fusivity (MD) are commonly used diffusion-MRI parameters. Generally, lower FA and 
higher MD are associated with poorer white matter microstructural integrity. Given the 
prominent role of white matter hyperintensities not only in development and progres-
sion of brain disorders as dementia and stroke8,9 but also in poor survival10, it is of great 
importance to study early changes in white matter before white matter hyperintensities 
form.11 Therapeutic approaches and life style changes in early phase might help to pre-
vent further progression of impairments in white matter microstructural integrity.11,12

We hypothesized that early stage white matter pathologies are associated with shorter 
survival. We investigated the association of cerebral microstructural integrity with 
mortality. Previous studies showed that different white matter tracts have differences in 
vulnerability to degeneration.13,14 Therefore, we assessed whether regional differences 
in white matter microstructural integrity had differential effects on mortality.

Methods

Population
The present study is embedded within the framework of the Rotterdam Study, an on-
going prospective population-based study, among inhabitants of Ommoord, a district 
of Rotterdam in the Netherlands. The design of the Rotterdam Study has been de-
scribed previously.15,16 Since 2005, brain MRI is implemented into the study protocol 
of the Rotterdam Study. Between 2006 and 2011, out of 5430 non-demented eligible 
participates, 4841 persons underwent a structural and diffusion-MRI of the brain. We 
excluded 53 scans due to incomplete acquisitions, 112 scans due to artifacts hampering 
automated processing, 135 scans due to failed tissue segmentation, and 160 scans due 
to presence of cortical infarcts (MRI-defined). We additionally excluded participants 
with history of clinical stroke (n=87). Persons with cortical infarcts and stroke were 
excluded from all analyses because tissue loss and the gliosis surrounding infarcts may 
influence image registration resulting in unreliable WMH segmentation volumes. This 
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resulted in 4294 participants for both global and tract-specific analyses (age range: 
45.7-100.0).

standard Protocol Approvals, registrations, and Patient consents
The Rotterdam Study has been approved by the medical ethics committee according 
to the Population Study Act Rotterdam Study, executed by the Ministry of Health, 
Welfare and Sports of the Netherlands. A written informed consent was obtained from 
all participants.15

MrI acquisition, processing and inspection
Brain MRI scanning was performed on a 1.5T MRI scanner (GE Signa Excite). Scan 
protocol and sequence details are described extensively elsewhere.16 For the diffu-
sion scan, a single shot, diffusion weighted spin echo echo-planar imaging sequence 
was performed (maximum b-value was 1000 s/mm2 in 25 non-collinear directions, 
three volumes were acquired without diffusion weighting (b-value = 0 s/mm2)).16 The 
T1-weighted, proton, density-weighted and the fluid-attenuated inversion recovery 
scans were used for automated segmentation of grey matter, white matter, white 
matter hyperintensities (WMH), which was extended with a post-processing WMH 
segmentation approach.17-19 All segmentation results were visually inspected and, if 
needed manually corrected. Supratentorial intracranial volume (ICV) was estimated 
by summing grey and white matter, and CSF volumes.17 Cortical infarcts were rated 
on structural sequences, and in case of involvement of cortical grey matter, they were 
classified as cortical infarcts. Lacunes were defined as focal hyperintensities (size ≥3 
and < 15 mm) with the signal intensity of CSF on all sequences, and when located su-
pratentorially with a hyperintense rim on fluid-attenuated inversion recovery (FLAIR) 
sequence. To differentiate lacunar infarcts from dilated perivascular spaces, symmetry 
of the lesions, sharp demarcation and absence of a hyperintense rim on the FLAIR 
sequence supported presence of a dilated perivascular space.20 Cerebral microbleeds 
were rated on a three-dimensional T2*-weighted gradient-recalled echo MRI scan as 
focal areas of very low signal intensity.16

 Diffusion-MRI processing and tractography
All diffusion data were pre-processed using a standardized pipeline (including correc-
tion for motion and eddy currents), obtaining global mean FA and MD in the normal-
appearing white matter (voxels with WMH were excluded from the global analysis). 
White matter tracts were segmented using a probabilistic diffusion tractography ap-
proach described previously.21 In tract-specific analyses voxels with WMH were not 
excluded. We segmented 14 different white matter tracts (11 tracts were present in the 
left and right hemispheres), and obtained participant specific median scores for FA 
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and MD inside each white matter tracts, with subsequent combination of left and right 
measures. The resulting tract-specific means were standardized.21 Tracts were catego-
rized based on anatomy, into brainstem tracts, projection tracts, association tracts, 
limbic system tracts, and callosal tracts.22 The tract segmentations were used to obtain 
tract-specific white matter volumes, and by combining tissue and tract segmentations 
we obtained tract-specific WMH volumes.

Mortality
Deaths (in and out-hospital) were reported on a weekly basis through the automatic 
linkage with General Practitioner (GP) files. In addition, central registry of the mu-
nicipality in Rotterdam was checked bimonthly for information on vital status. For 
participants moved outside the research area, the GPs were the primary source of infor-
mation, complemented by the municipality records in the place of residence. This also 
includes people in nursing homes. For cause-specific mortality, research physicians 
reviewed all available information (from general practitioner and hospital records) and 
coded the events according to the International Classification of Diseases, 10th edition 
(ICD-10). Death due to cardiovascular mortality was classified as ICD-10 codes I00-
I99 and death due to other reasons was recorded as non-cardiovascular mortality. A 
consensus panel, led by a physician with expertise in cardiovascular disease, decided 
the final cause of death according to ICD-10 codes using standardized definitions. 
Follow-up was completed until July 4, 2014 and January 1, 2013 for total mortality and 
cause-specific mortality, respectively.23

cardiovascular risk factors
After a resting period of five minutes, blood pressure was measured twice in a single 
visit using a random-zero sphygmomanometer. Total and high density lipoprotein 
(HDL) cholesterol levels were determined using an automated enzymatic method. In-
formation on smoking and antihypertensive and lipid lowering medication was based 
on home interviews. Smoking was categorized in never, former and current smok-
ing. Cardiovascular disease was considered as a history of myocardial infarction, or 
coronary revascularization procedures.23 Diabetes mellitus was defined by use of blood 
glucose lowering medication or a fasting serum glucose level equal to or greater than 
7.0 mmol/l.7 Apolipoprotein E (APOE) ε4 allele carriership was assessed on coded 
genomic DNA samples.

Statistical analysis
Due to a skewed distribution of volume of WMH, we natural-log transformed WMH 
volumes. Associations of white matter microstructural integrity (global and tract-spe-
cific) with all-cause mortality were evaluated using Cox proportional hazard models. 
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To take into account the competing risk, for cardiovascular and non-cardiovascular 
mortality we used a competing risk approach (R package “riskRegression”).
We performed the analyses in four models. In the first model we adjusted for age, and 
sex. In the second model, analyses were adjusted additionally for cardiovascular risk 
factors including systolic blood pressure, diastolic blood pressure, antihypertensive 
medication, total and HDL cholesterol, lipid-lowering medication, smoking, history 
of coronary heart disease, diabetes mellitus, body mass index, and APOE-ε4 allele 
carriership. In the third model, we adjusted for age, sex, macrostructural white matter 
changes ((tract-specific) white matter volume, and log transformed (tract-specific) vol-
ume of white matter hyperintensities), intracranial volume, presence of microbleeds, 
and presence of lacunar infarcts. In both the global and tract-specific analysis we 
adjusted for WMH volume to control for possible partial volume effects and to single 
out real microstructural changes.7 Model four was adjusted for all covariates from 
first, second and third models. Tract-specific analyses were performed with model 
three.21 Since the cerebellum could not always be fully incorporated in the diffusion 
scan leading to a varying coverage of the brainstem tracts (mainly medial lemniscus), 
we additionally controlled for this factor in the tract-specific analyses of the medial 
lemniscus.22 Linearity and proportionality assumptions were met for all analyses. We 
performed multiple imputation for missing data in the covariates (< 12% for all covari-
ates), using a Markov Chain Monte Carlo method and we used the imputed data for 
all the analyses.
We inspected the mortality rates per 1000 person-years in tertiles of FA and MD, and 
to take into account the differences in age and sex, we made tertiles of FA and MD 
based on the residuals of FA and MD regressed against age and sex. We additionally 
used the Kaplan-Meier method to estimate cumulative mortality curves of all-cause 
mortality associated with the tertiles of FA and MD. To investigate whether damage to 
the microstructural integrity of white matter is associated with mortality due to causes 
other than neurological diseases, we performed a series of sensitivity analyses. First, 
participants with interim dementia or clinically reported stroke were censored to rule 
out the influence of new cases of dementia and stroke during follow-up on the associa-
tion of FA and MD with all-cause mortality.24 Second, we repeated the association of 
FA and MD with cardiovascular mortality after excluding deaths due to stroke.
For the tract-specific analysis we used Šidák correction to correct for multiple com-
parisons, after estimating the number of independent tests,25 resulting in p< 0.0037 
as the significance threshold for an alpha value of 0.05. All analyses were carried out 
using SPSS 20.0.2 for Windows or R version 2.15.0.
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results

Baseline characteristics of the participants are presented in table 1. Comparing eli-
gible and non-eligible participants, we observed that excluded participants were older 
and had higher loads of cardiovascular risk factors (Table e-1).

During the median [interquartile range] follow-up time of 5.4 [3.6-5.9] years, 216 (5%) 
participants died. For cause-specific mortality, during the median [interquartile range] 
follow-up time of 4.6 [3.3-5.7] years, 31 (0.7%) individuals died of cardiovascular causes 

table 1. Baseline characteristics
Baseline characteristics n= 4294

Age, years 63.6 (11.0)

Age of death, years 72.6 (11.9)

Men 1906 (44.4)

Systolic blood pressure, mmHg 139.0 (21.5)

Diastolic blood pressure, mmHg 83.1 (10.8)

Antihypertensive medication 1463 (34.1)

Total cholesterol, mmol/l 5.5 (1.0)

HDL cholesterol, mmol/l 1.4 (0.4)

Lipid-lowering medication 1014 (23.6)

Smoking 

 Current 878 (20.4)

 Former 2060 (48.0)

History of coronary heart disease 256 (6.0)

Diabetes mellitus 393 (9.2)

Body mass index, kg/m2 27.4 (4.1)

APOE-ε4 allele carrier 1140 (28.4)

White matter volume, mL 403.3 (60.8)

Volume of white matter hyperintensities, mL 4.4 (2.4,8.8)

Intracranial volume, mL 1340.0 (132.9)

Cerebral microbleeds 779 (18.1)

Lacunar infarcts 93 (2.2)

Fractional anisotropy 0.34 (0.01)

Mean diffusivity, 10-3 mm2/s 0.74 (0.03)

Categorical variables are presented as numbers (percentages), continuous variables as means (standard devia-
tions) and volume of white matter hyperintensities is presented as median (interquartile range).
The following variables had missing data: blood pressure (n=90), blood pressure lowering medication (n=78), 
smoking (n=69), lipid-lowering medication (n= 48), HDL: high density lipoprotein cholesterol (n=520), total 
cholesterol (n= 518), body mass index (n=82), diabetes (n=125), history of coronary heart disease (n=44), 
APOE-ε4 allele carrier (n=273).
Abbreviation: APOE: Apolipoprotein E.Comparing eligible and non-eligible participants, we observed that 
excluded participants were older and had higher loads of cardiovascular risk factors (Table e-1).
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and 102 (2.4%) participants died from non-cardiovascular causes. All-cause mortality rates 
in participants with low, middle and high tertiles of FA and MD are shown in Figure 1.

                         White matter microstructure and mortality    
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(5%) participants died. For cause-specific mortality, during the median 
[interquartile range] follow-up time of 4.6 [3.3-5.7] years, 31 (0.7%) individuals 
died of cardiovascular causes and 102 (2.4%) participants died from non-
cardiovascular causes. All-cause mortality rates in participants with low, middle 
and high tertiles of FA and MD are shown in Figure 1.  

 

 
In model I, adjusted for age and sex, decrease in FA and increase in MD was 
associated with higher hazard of all-cause mortality. Adjustments for 
cardiovascular risk factors, macrostructural MRI changes and presence of lacunar 
infarcts and microbleeds attenuated the associations minimally (Table 2).  
 

Each SD decrease in FA was associated with 1.99-fold increased hazard of 
cardiovascular mortality (95% CI: 1.44, 2.77), in the age and sex adjusted model. 
Further adjustments did not change our findings. There was no association between 
FA and non-cardiovascular mortality (all p>0.05). Similarly, each SD higher MD 
was associated with 1.84-fold increased hazard of cardiovascular mortality 
(95%CI: 1.26, 2.68). After adjustments for cardiovascular risk factors and 
macrostructural MRI changes and presence of lacunar infarcts and microbleeds, the 
associations attenuated and were no longer significant (p= 0.207). Higher MD was 
associated with increased hazard of non-cardiovascular mortality (HR: 1.31, 
95%CI: 1.04, 1.65), but the association was no longer significant after further 
adjustments (table 3).  
 
 
 
 

Figure 1

In model I, adjusted for age and sex, decrease in FA and increase in MD was associated 
with higher hazard of all-cause mortality. Adjustments for cardiovascular risk factors, 
macrostructural MRI changes and presence of lacunar infarcts and microbleeds attenu-
ated the associations minimally (table 2).

table 2. The association between white matter microstructural integrity and mortality
All-cause mortality

Hazard ratio* (95% CI)
N=4294 (216)

p value

Fractional anisotropy 
   Model I 1.37 (1.20, 1.57) <0.001
   Model II 1.31 (1.15, 1.49) <0.001
   Model III 1.27 (1.10, 1.48) 0.001
   Model IV 1.24 (1.10, 1.43) 0.004
Mean diffusivity
   Model I 1.49 (1.28, 1.75) <0.001
   Model II 1.39 (1.19, 1.63) <0.001
   Model III 1.39 (1.17, 1.66) <0.001
   Model IV 1.32 (1.11, 1.56) 0.002

*Hazard ratios and 95% CI are calculated per standard deviation decrease in fractional anisotropy and per 
standard deviation increase in mean diffusivity.
Model I: Adjusted for age, and sex.
Model II: Model I + systolic blood pressure, diastolic blood pressure, antihypertensive medication, smoking, 
total cholesterol, high density lipoprotein cholesterol, lipid-lowering medication, diabetes mellitus, history of 
coronary heart disease, APOE-ε4 allele carrier, and body mass index. 
Model III: Model I + intracranial volume, white matter volume, logarithm of white matter lesion volume, pres-
ence of microbleeds, and presence of lacunar infarcts.
Model IV: Model I+ II + III
Abbreviation: CI: confidence interval, APOE: Apolipoprotein E.
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Each SD decrease in FA was associated with 1.99-fold increased hazard of cardio-
vascular mortality (95% CI: 1.44, 2.77), in the age and sex adjusted model. Further 
adjustments did not change our findings. There was no association between FA and 
non-cardiovascular mortality (all p>0.05). Similarly, each SD higher MD was associ-
ated with 1.84-fold increased hazard of cardiovascular mortality (95%CI: 1.26, 2.68). 
After adjustments for cardiovascular risk factors and macrostructural MRI changes 
and presence of lacunar infarcts and microbleeds, the associations attenuated and were 
no longer significant (p= 0.207). Higher MD was associated with increased hazard of 
non-cardiovascular mortality (HR: 1.31, 95%CI: 1.04, 1.65), but the association was 
no longer significant after further adjustments (table 3).

table 3. The association of white matter microstructural integrity and cardiovascular and non-cardiovascular 
mortality

Cardiovascular mortality Non-cardiovascular mortality

Hazard ratio* (95% CI)
N=4294 (31)

p value
Hazard ratio* (95% CI)

N=4294 (102)
p value

Fractional anisotropy 

   Model I 1.99 (1.44, 2.77) <0.001 1.19 (0.98, 1.44) 0.079

   Model II 1.81 (1.28, 2.57) 0.001 1.13 (0.93, 1.38) 0.206

   Model III 1.62 (1.12, 2.34) 0.010 1.07 (0.87, 1.33) 0.513

   Model IV 1.53 (1.04, 2.24) 0.029 1.04 (0.84, 1.28) 0.735

Mean diffusivity

   Model I 1.84 (1.26, 2.68) 0.001 1.31 (1.04, 1.65) 0.021

   Model II 1.66 (1.10, 2.49) 0.015 1.22 (0.97, 1.54) 0.085

   Model III 1.48 (0.96, 2.30) 0.077 1.12 (0.86, 1.46) 0.381

   Model IV 1.34 (0.85, 2.13) 0.207 1.07 (0.82, 1.38) 0.620

*Hazard ratios and 95% CI are calculated per standard deviation decrease in fractional anisotropy and per 
standard deviation increase in mean diffusivity. 
Model I: Adjusted for age, and sex.
Model II: Model I + systolic blood pressure, diastolic blood pressure, antihypertensive medication, smoking, 
total cholesterol, high density lipoprotein cholesterol, lipid-lowering medication, diabetes mellitus, history of 
coronary heart disease, APOE-ε4 allele carrier, and body mass index. 
Model III: Model I + intracranial volume, white matter volume, logarithm of white matter lesion volume, 
presence 
of microbleeds, and presence of lacunar infarcts. 
Model IV: Model I+ II + III
Abbreviation: CI: confidence interval; APOE: Apolipoprotein E.
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Kaplan-Meier survival curves showed that individuals with low FA and high MD had 
the highest cumulative mortality rate (Figure e-1).
In the tract-specific analyses, we observed that for all tracts, MD was more promi-
nently related to mortality than FA. For FA, after correcting for multiple testing, lower 
microstructural integrity in the different white matter tracts was not associated with 
mortality. For MD, the association between lower tract-specific white matter micro-
structural integrity and mortality seemed to be present throughout the brain; however, 
it was more prominent in the association tracts (table 4 and Figure e-2).
Excluding participants with interim dementia or stroke did not change our observa-
tions (Table e-2). Similarly, excluding stroke death did not change the association of 
FA and MD with cardiovascular mortality (Table e-3).

table 4. Associations of tract-specific white matter microstructural integrity and mortality
Fractional Anisotropy Mean diffusivity
Hazard ratio* (95% CI) Hazard ratio* (95% CI)

Tracts in brainstem
Middle cerebellar peduncle 1.04 (1.27, 0.86) 1.08 (0.95, 1.22)
Medial lemniscus a 1.03 (1.22, 0.87)  1.21 (1.06, 1.37)*

Projection tracts
Corticospinal tract 1.06 (1.22, 0.93)  1.29 (1.11, 1.49)*
Anterior thalamic radiation 1.05 (1.23, 0.89) 1.17 (1.00, 1.37)
Superior thalamic radiation 1.06 (1.22, 0.93) 1.21 (1.05, 1.38)
Posterior thalamic radiation 1.19 (1.43, 1.00) 1.10 (0.95, 1.27)

Association tracts
Superior longitudinal fasciculus 1.20 (1.41, 1.03)  1.28 (1.13, 1.46)*
Inferior longitudinal fasciculus 1.09 (1.30, 0.92)  1.28 (1.09, 1.49)*
Inferior fronto-occipital fasciculus 1.25 (1.49, 1.04) 1.24 (1.05, 1.45)
Uncinate fasciculus 1.27 (1.49, 1.06)  1.35 (1.15, 1.57)*

Limbic system tracts 
Cingulate gyrus part of cingulum 1.09 (1.28, 0.93)  1.27 ( 1.10, 1.47)*
Parahippocampal part of cingulum 1.14 (1.30, 0.97) 1.00 (0.91, 1.10)

Callosal tracts
Forceps major 1.28 (1.52, 1.06) 1.08 (0.96, 1.23)
Forceps minor 1.23 (1.49, 1.02) 1.24 (1.06, 1.45)

*Hazard ratios and 95% CI, calculated per standard deviation decrease in fractional anisotropy and increase in mean 
diffusivity, adjusted for age, sex, intracranial volume, white matter volume, volume of white matter hyperintensities, 
presence of microbleeds, and presence of lacunar infarcts. 
Results in bold are significant at p<0.05.
Results in bold and * were significant after correction for multiple testing (p< 3.7 × 10-3). 
Abbreviation: CI: confidence interval.
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dIscussIon

We showed that among community-dwelling individuals, lower microstructural in-
tegrity of cerebral white matter is related to an increased mortality, independent of 
cardiovascular risk factors, macrostructural MRI changes (white matter volume and 
the log transformed volume of white matter hyperintensities), and presence of lacunar 
infarcts and microbleeds. The association was more prominent with cardiovascular 
mortality rather than non-cardiovascular mortality. Furthermore, we found that lower 
white matter microstructure in the association tracts most strongly related to mortality.
White matter is a key component of the brain consisting of glial cells and myelinated 
axons that transmit signals mostly between various regions of the brain and spinal 
cord.2 White matter accounts for nearly half of the brain volume and its microstructural 
integrity is crucial for normal brain function.7 White matter damage represented as 
white matter hyperintensities and white matter atrophy is reported to be related to 
a higher risk of mortality.4,10,26 The association between more subtle, microstructural 
changes in white matter can provide a better insight into cerebral white matter pathol-
ogy, but this has not yet been investigated in a population-based setting. Virtanen et al., 
in pre-operative patients with peripheral arterial disease, showed that microstructural 
changes in white matter are linked to a worse cardiorespiratory and metabolic profile 
and an increased risk of mortality.27 In this study we showed that this finding can be 
extended to the general population free of dementia and stroke.
We observed that poorer white matter microstructural integrity was associated with 
higher all-cause, cardiovascular, and non-cardiovascular mortality, but most promi-
nently with cardiovascular mortality. A possible explanation for this observation could 
be that white matter is more prone to vascular insults.28,29 Shared cardiovascular 
risk factors such as hypertension and diabetes might play a role in this association. 
Adjusting for cardiovascular risk factors attenuated the associations; but the find-
ings persisted. This might indicate that at least part of the association is driven by 
cardiovascular risk factors that could not be measured, or represent the very initial 
phase of atherosclerotic processes. Rather than cardiovascular risk factors, one of the 
important pathologies that would influence white matter integrity is neurodegenerative 
diseases such as Alzheimer’s disease. Although we excluded the dementia cases from 
the analyses, we cannot exclude the possibility that impairment in the white matter 
integrity could be related to (preclinical) neurodegenerative processes, in particular in 
the association tracts.
Available literature suggests that damage to cerebral white matter is not only asso-
ciated with deterioration in cerebral functions such as cognition, sensory or motor 
function but also with disturbances in regulation of endocrine and autonomic nervous 
systems throughout the body.30 Disturbances in white matter microstructural integrity 
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may therefore influence a variety of functions throughout the body that may result 
in a higher risk of mortality, also due to causes other than neurological diseases.6,30 
This is in line with our observation that adjusting for macrostructural-MRI changes 
(white matter volume, and log transformed volume of white matter hyperintensities) 
and excluding neurological diseases (interim stroke and dementia) did not change our 
findings. Moreover, the association between white matter microstructure and cardio-
vascular mortality persisted even after excluding cerebrovascular related mortality, 
indicating that the association was not mainly driven by cerebrovascular diseases.
In the tract specific analyses, we observed that MD was more prominently associated 
with mortality than FA. The disparity in associations between FA, MD and mortality 
might indicate that FA and MD reflect different pathophysiologies. The exact processes 
underlying the changes in FA and MD are still not known. However, it is hypothesized 
that FA is dominated by tract coherence and axonal loss, and MD by (volume of) 
interstitial or extracellular fluid.31,32 Besides a biological difference, MD seems to be a 
more sensitive diffusion-MRI measure in regions with crossing tracts.33

The associations found with MD were widespread in the brain, but more apparent 
to the association tracts, which may be explained by the variable susceptibility to 
vascular damage between different tracts. Previous research has shown that there is 
a differential vulnerability of white matter tracts in aging. The association tracts are 
more prone to insult and degeneration in later life; however, the exact mechanism ex-
plaining this differential sensitivity remains unclear.13,14 A possible explanation could 
be the location of the association tracts in watershed areas, making these tracts more 
vulnerable to insult and vascular damage leading to faster degeneration.
Strengths of this study include the large sample size and its population-based design. 
Furthermore, the availability of extensive data on cardiovascular risk factors and mac-
rostructural MRI-markers enabled us to control for potential confounders. Limitations 
of this study should be acknowledged. In the tract-specific analysis we used median FA 
and MD and this disposes spatial information compared to a voxel-based technique. 
Also, varying field of views relative to the cerebellum resulted in less accurate measure-
ments and therefore less reliable conclusions on brain stem tracts. The diffusion tensor 
model in regions with crossing fibers can result in unreliable diffusion-MRI measures 
particularly for FA. In contrast to FA, MD seems to be a more reliable measure in 
crossing fiber regions.33 Although we used probabilistic tractography, and excluded 
tracts veering off into neighboring tract, our results with FA might have been influenced 
in crossing fiber regions. Furthermore, we computed tract-specific volumes to correct 
analyses for tract-specific atrophy and for partial volume effects in the segmentations. 
However, we cannot totally rule out the influence of partial volume averaging of CSF 
on our results. Follow-up time for cause-specific mortality was shorter than mortality 
from all causes; this might have led to an underestimation of the association between 
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white matter integrity and cause-specific mortality. Although our findings were inde-
pendent of several cardiovascular risk factors, roles of other potential confounders 
such as physical activity, dietary factors, inflammation, and carotid disease on the 
association between white matter integrity and mortality need to be further tested.
Our findings suggest that the adverse effects of impairments in cerebral white matter 
integrity, even at early stages, are not limited to neurocognitive outcomes and they can 
also put individuals at higher risk of mortality especially from cardiovascular causes. 
This might call for further studies unravelling the mechanisms behind the link between 
white matter integrity and survival.
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Table e-1. Baseline characteristics of included and excluded participants
Baseline characteristics Participated

n= 4294
not participated

n=1136
P-value

Age, years 63.6 (11.0) 68.0 (12.2) <0.001

Men 1906 (44.4) 470 (41.4) 0.128

Systolic blood pressure, mmHg 139.0 (21.5) 144.6 (24.5) 0.017

Diastolic blood pressure, mmHg 83.1 (10.8) 83.6 (11.8) 0.548

Antihypertensive medication 1463 (34.1) 555 (48.9) 0.005

Total cholesterol, mmol/l 5.5 (1.0) 5.3 (1.1) <0.001

HDL cholesterol, mmol/l 1.4 (0.4) 1.4 (0.4) 0.009

Lipid-lowering medication 1014 (23.6) 368 (33.2) <0.001

Smoking 

   Current 878 (20.4) 236 (21.3) <0.001

   Former 2060 (48.0) 545 (48.0)

History of coronary heart disease 256 (6.0) 105 (9.2) 0.100

Diabetes mellitus 393 (9.2) 145 (12.8) 0.009

Body mass index, kg/m2 27.4 (4.1) 27.9 (5.1) <0.001

Table e-2. The association of white matter microstructural integrity and mortality excluding participants with 
interim stroke and dementia

Total mortality
Hazard ratio* (95% CI)

N=4219 (198)
p value

Fractional anisotropy 
   Model I 1.35 (1.17, 1.56) <0.001
   Model II 1.31 (1.14, 1.51) <0.001
   Model III 1.27 (1.09, 1.49) 0.003
Mean diffusivity
   Model I 1.51 (1.27, 1.79) <0.001
   Model II 1.44 (1.21, 1.72) <0.001
   Model III 1.43 (1.18, 1.72) <0.001

*Hazard ratios and 95% CI are calculated per standard deviation decrease in fractional anisotropy and per 
standard deviation increase in mean diffusivity. 
Model I: Adjusted for age, and sex.
Model II: Model I + systolic blood pressure, diastolic blood pressure, antihypertensive medication, smoking, 
total cholesterol, high density lipoprotein cholesterol, lipid-lowering medication, diabetes mellitus, history of 
coronary heart disease, APOE-ε4 allele carrier, and body mass index. 
 Model III: Model I + intracranial volume, white matter volume, logarithm of volume of white matter hyperin-
tensities, presence of microbleeds, and presence of lacunar infarcts. 
Abbreviation: CI: confidence interval, APOE: Apolipoprotein E.
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Table e-3. The association of white matter microstructural integrity and cardiovascular mortality excluding 
death from stroke

Cardiovascular mortality
Hazard ratio* (95% CI)

N=4289 (26)
p value

Fractional anisotropy
   Model I 1.85 (1.29, 2.67) 0.001
   Model II 1.61 (1.10, 2.35) 0.014
   Model III 1.61 (1.07, 2.41) 0.023
Mean diffusivity
   Model I 1.89 (1.24, 2.88) 0.003
   Model II 1.66 (1.04, 2.65) 0.032
   Model III 1.63 (1.01, 2.65) 0.046

*Hazard ratios and 95% CI are calculated per standard deviation decrease in fractional anisotropy and per 
standard deviation increase in mean diffusivity.
Model I: Adjusted for age, and sex.
Model II: Model I + systolic blood pressure, diastolic blood pressure, antihypertensive medication, smoking, 
total cholesterol, high density lipoprotein cholesterol, lipid-lowering medication, diabetes mellitus, history of 
coronary heart disease, APOE-ε4 allele carrier, and body mass index.
Model III: Model I + intracranial volume, white matter volume, logarithm of volume of white matter hyperin-
tensities, presence of microbleeds, and presence of lacunar infarcts.
Abbreviation: CI: confidence interval, APOE: Apolipoprotein E.
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