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General Introduction







General Introduction

‘Ut imago est animi voltus sic indices oculi’

Thus said the roman politician and lawyer, Marcus Tullius Cicero (106-43 B.C.), which
denotes that the face is a picture of the mind as the eyes are its interpreter. This quote is the
earliest known reference to the more famous proverb ‘the eyes are the mirror of the soul’.
Throughout history of mankind, the eyes have been the subject of our fascination and were
of special interest in medicine and philosophy. At the 11" century, Alhazen (956-1040
A.D.) was the first to explain that vision occurs when light bounces on an object which is
then directed to one’s eyes.® He even considered that after the optic chiasm, the image goes
to the ‘ultimum sentiens’, which might be the brain, but he never tells where this last station
is located. It was Leonardo da Vinci (1452-1519 A.D.) at the end of the 15™ century who
claimed that the eye generates spirits, going behind the eye to three cerebral rooms: the
room of ‘representation’, the room of ‘reasoning’, and the room of ‘memory’.* Since then,
scientists tried to understand the visual system by linking the eye to the brain. As new
discoveries were made contributing to our understanding of mechanisms underlying visual
perception and eye movement, a strong link between the field of ophthalmology and
neurology was established.

Over the years, the research field investigating the eye-brain connection has increased
steeply, and researchers have begun to recognize the potential to use retinal structures as
biomarkers for brain diseases. Given that retinal structures such as vessels and neurons
share many similarities in anatomy and physiology to the brain, it has been thought that
these structures provide a direct measure for the vascular and neuronal status of the brain.?
Figures 1 and 2 show a schematic representation of retinal structures as biomarkers for
vascular and neurodegenerative brain diseases. With advances in retinal imaging
modalities, opportunities have been created to observe the living human microcirculation
and neuronal tissue in a noninvasive way.>> As for brain diseases, retinal imaging has
mainly been used to study stroke and dementia.® Not only are stroke and dementia already
highly prevalent in the elderly population, these diseases are also the leading causes of
disability for elderly people worldwide.’



Chapter 1

Figure 1. Schematic illustration of retinal microvascular damage as biomarker for vascular brain disease.
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Microvascular damage of the retina (left corner) is often defined as the presence of hemorrhages, cotton wool
spots, aneurysms, exudates, arteriolar narrowing, or venular widening. Certain lesions in the brain as detected by
brain imaging (right corner) are thought to be caused by small vessel disease. Given that the small vessels in the
brain are not easily visualized, the retinal vasculature has often been used as a non-invasive in vivo marker to
study vascular brain diseases. In fact, blood vessels in the retina and the brain share many similarities in anatomy
and physiology (lower image), and abnormalities of these blood vessels may occur concomitantly in the retina and
the brain.

The physician Robert Marcus Gunn (1850-1909 A.D.) was the first to present a series of
observations from stroke patients he made on the retinal microcirculation.® The retinopathy
signs he described were generalized arteriolar narrowing, arteriovenous nicking, cotton
wool spots, hemorrhages and papilledema.® However, these signs are qualitative measures
of microvascular damage, and are prone to subjectivity.>*? Since the 1970s, methods have
been developed to quantify retinopathy signs more objectively.**** These methods enabled
us to obtain quantitative measures of the retinal vasculature such as the average calibers of
the retinal arterioles and venules. Existing evidence shows that persons with retinopathy
signs and wider retinal venules are more likely to have white matter lesions in the brain,*®
and to develop stroke'” and dementia.'® Particularly, wider venules have shown to be
related to white matter volume loss and the progression of white matter lesions.™ %

14



Despite efforts in understanding the role of microvascular damage in vascular brain
diseases, the underlying mechanisms are poorly understood, and more work needs to be
done. To this end, the cerebral white matter is presumed to be already affected at early
stages of vascular brain disease, but the link of microvascular damage with the white matter
microstructure has not been investigated. Investigating the link of retinal microvascular
damage with brain imaging markers may contribute to our knowledge on vascular brain
diseases. Further, it remains unclear whether traditional and emerging cardiovascular risk
factors are linked to cardiovascular disease through the presence of a microvascular
component. More in-depth analyses such as interaction and mediation analysis — beyond
one-on-one associations — can provide further insight in which way microvascular damage
contributes to subclinical and clinical vascular brain diseases.

Figure 2. Schematic illustration of the retinal nerve tissue as biomarker for neurodegenerative brain disease.

i\
\ ‘ H Optic nerve
\

//

Optic chiasm
Optic tract

Lateral geniculate
nucleus

Visual cortex

Macula

Fovea

Retina
+—— Choroid

— Sclera

—— Optic nerve

The retina is formed embryonically from the neural tissue and is connected to the brain by the optic nerve. The
optic nerve consists of axons, and transmits visual signals to the lateral geniculate nucleus, a relay center for the
visual pathway located in the thalamus. From there, signals are carried to the visual cortex where visual stimuli are
processed. Given the structural connection of the retina with brain structures, global brain damage may manifest in
the retina as thinning of the retinal layers.

Apart from retinal photography which enables us to visualize the retinal vasculature, a
relatively new technique called ‘optical coherence tomography’ goes beyond capturing
conventional images of the retina. Optical coherence tomography, first applied to the
human eye in 1988,% uses low-coherence interferometry to produce cross-sectional images
of retinal structures noninvasively. This technique is increasingly being used not only to
study retinal abnormalities, but also to assess neurodegeneration in the brain. Optical



coherence tomography provides a great opportunity to visualize the retinal layers with
biopsy-like precision and to detect subtle changes in the retina.?? With advances in optical
coherence tomography technology and image processing, it is possible to measure the
average retinal layer thickness within a specified area. Initial histopathological studies
conducted by Hinton? and Blanks®* have shown that patients with Alzheimer’s disease
have extensive loss of retinal ganglion cells and reduced thickness of retinal nerve fiber
layer compared to controls. Since then, clinical-based studies have confirmed those findings
using optical coherence tomography, suggesting that thinning of those layers may be
present before onset of clinical disease and might be related to subclinical disease.?® 2
However, to test those hypotheses one should investigate such associations longitudinally.
Moreover, to determine the association of retinal layer thickness with subclinical disease,
data on brain imaging markers such as grey matter and white matter atrophy are needed.

The main objective of this thesis is to expand our current knowledge on retinal
microvascular damage and retinal neurodegeneration as biomarker of vascular and
neurodegenerative brain diseases. First, | aimed to apply novel epidemiologic methods to
further elucidate processes underlying already observed associations. Furthermore, | aimed
to understand whether traditional and emerging cardiovascular risk factors are linked to
microvascular damage, and whether those factors affect vascular brain diseases through
microvascular damage. Next, | aimed to determine whether retinal markers of
microvascular damage and neurodegeneration are related to subclinical brain disease by
investigating the relation of retinal markers with brain imaging markers. Finally, | aimed to
determine whether retinal markers of microvascular damage and neurodegeneration yield
clinical relevance by investigating their relation with clinical outcomes such as migraine,
dementia, and mortality. The studies are embedded within the Rotterdam Study: a large
prospective population-based cohort study.

In chapter 2, | elucidate mechanisms underlying stroke by focusing on interaction and
mediation analysis. Chapter 2.1 investigates whether the effect of small vessel disease on
stroke depends in some way on the presence of large vessel disease, that is whether they
interact. In chapter 2.2, | focus on the recently developed causal mediation analysis and
apply this method to better understand the role of venules in the effect of smoking on
ischemic stroke. In chapter 2.3, | discuss the clinical interpretation of this method with a
special focus on negative mediated interaction. Chapter 3 describes systemic blood
markers including vitamin D (chapter 3.1) and NT-proBNP (chapter 3.2), and their
association with retinopathy signs and retinal vascular calibers.

Chapter 4 of this thesis is dedicated to the relation of retinal vascular calibers with white
matter microstructure of the brain (chapter 4.1) and enlarged perivascular spaces in the
brain (chapter 4.2). Chapter 4 continues by investigating the relation of retinal layer
thickness with global structural brain measures (chapter 4.3), and with specific grey matter
regions and white matter tracts (chapter 4.4).



In chapter 5, | focus on the role of retinal microvascular damage and retinal
neurodegeneration in clinical outcomes. In this part, | investigate the association of the
retinal vasculature with migraine (chapter 5.1) and the association of retinal layer thickness
with prevalent and incident dementia (chapter 5.2). Chapter 5.3 explores the relation of
the retinal vasculature with cause-specific mortality. In chapter 6, | round up the main
findings, discuss methodological issues, and reflect from a broader perspective regarding

brain research.
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Chapter 2.1
The Interaction Between Total Brain Perfusion and
Retinal Vessels for the Risk of Stroke: the Rotterdam Study

Marileen L.P. Portegies, Unal Mutlu, Hazel I. Zonneveld, Meike W. Vernooij,
M. Kamran Ikram, Caroline C.W. Klaver, Albert Hofman, Peter J. Koudstaal,
M. Arfan Ikram

ABSTRACT

Background: A stroke is often attributed to one causal mechanism. However, pathological
mechanisms may interact. One hypothesis is that people with small vessel disease, which
can be visualized using retinal diameters, may be more vulnerable to a decrease in brain
perfusion. Within the Rotterdam Study, we examined whether total brain perfusion and
retinal vessel interact for their risk of stroke or TIA.

Methods: Data on total brain perfusion and retinal vessel diameter was collected from 2004
to 2008 in 3000 participants (mean age 58.8 years, 56.4% women) without history of a
stroke or TIA. Follow-up finished in 2014. Models were adjusted for age, sex,
cardiovascular risk factors, and the other vessel diameter. Effect modification was tested
using an interaction term of total brain perfusion and vessel diameter, and by stratification
in tertiles.

Results: During 19,007 person-years, 29 persons suffered a stroke and 48 persons a TIA.
We observed a significant interaction between retinal venular diameter and brain perfusion.
Stratified analyses showed that venular diameter was only associated with stroke or TIA in
people with the lowest tertile of total brain perfusion (hazard ratio (HR) 1.75, 95%
confidence interval (Cl) 1.17; 2.60). Total brain perfusion was only associated with stroke
in people with the largest tertile of venular diameter (HR 1.70, 95% CI 1.12; 2.59) or
arteriolar diameter (HR 1.71, 95% CI 1.10; 2.68).

Conclusions: Our results suggest that the risk of stroke and TIA is only increased in people
with a combination of impaired brain perfusion and small vessel disease.



INTRODUCTION

Annually, 17 million people suffer a first-ever stroke worldwide.* About 80% of these
strokes is ischemic and the consequence of insufficient blood flow to the brain. Reasons for
that may be hypoperfusion or an occlusion, which can have its origin anywhere in the
vascular system, from the heart to the brain. ® For each stroke, usually one location is
indicated as a cause.” Yet, people often have vascular disease at multiple locations, for
instance in the small and large vessels.*® Since people with vascular disease at multiple
locations seem to have a higher risk of stroke,” it may be that assigning one cause is
insufficient. Several pathological mechanisms may interact.

Two mechanisms that have the potential to interact are a diminished brain perfusion and
small vessel disease. Individually, a low cerebral blood flow has been related to stroke in
people with severe intracranial atherosclerotic disease.” Small vessel disease, as visualized
through the retinal vessels, has been related to stroke in the general population.® ° It has
been hypothesized that if these markers are present together, their effect is amplified.
Specifically, a previous study showed that a diminished cerebral blood flow had a stronger
association with cognitive decline in combination with white matter lesions, suggesting that
people with small vessel disease may be more vulnerable to changes in cerebral perfusion.™
This could also mean that people with small vessel disease are more likely to get a stroke if
cerebral perfusion is low compared to people without small vessel disease.

Against this background, our aim was to examine whether brain perfusion and retinal vessel
diameter interact in their relation with stroke or TIA. First, we measured their individual
effect in our general population. Then, we measured possible effect modification.



METHODS

Study setting and population

This study was conducted within the Rotterdam Study, a prospective population-based
cohort study that aims to investigate causes and consequences of invalidating diseases in
the elderly. Details regarding the objectives and design of the study have been reported
previously.™ % The study started in 1990 amongst 7983 participants (Rotterdam Study |
(RS-1)) and was extended twice: in 2000 with 3011 persons (RS-I1) and in 2006 with 3932
persons (RS-111). The study now consists of 14926 participants aged 45 years and older.
Data on both cerebral perfusion and retinal vessels were collected in the second visit of RS-
I1 (2004-2005) and the first visit of RS-111 (2006-2008). In these periods, 6438 participants
participated, of whom 4599 were invited for an MRI scan and 4161 actually underwent
MRI scanning. Participants with an incomplete MRI (n = 429), no fundus color
photography for the assessment of retinal vessels (n = 538), no informed consent for
collection of follow-up data (n = 21), prevalent stroke or TIA (n = 132), silent cortical
infarcts (n = 34), incomplete follow-up (n = 6), and an outlier (n = 1) were excluded (Figure
1). Eventually, 3000 participants were eligible for analysis.

The Rotterdam Study has been approved by the Medical Ethics Committee of the Erasmus
MC and by the Ministry of Health, Welfare and Sport of the Netherlands, implementing the
Wet Bevolkingsonderzoek: ERGO (Population Studies Act: Rotterdam Study). All
participants provided written informed consent to participate in the study and to obtain
information from their treating physicians.

Figure 1. Flow diagram of the study.
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Brain MRI and brain perfusion

Magnetic resonance imaging was performed on a 1.5 Tesla MRI scanner (GE Healthcare,
Milwaukee, Wisconsin), using an 8-channel head coil. Flow measurement was performed
using 2D phase-contrast imaging, as described previously."® Additionally, three high-
resolution axial MRI sequences were performed, namely a T1-weighted sequence, a proton-
density-weighted sequence, and a fluid-attenuated inversion recovery sequence.**Cerebral
blood flow was calculated from the phase-contrast images using interactive data language-
based custom software (Cinetool version 4, GE Healthcare, Milwaukee, Wisconsin).
Regions of interest were drawn manually around both carotids and the basilar artery at a
level just under the skull base. Flow rates were calculated using the velocity and cross-
sectional area of the vessels. To calculate total cerebral blood flow (tCBF), flow rates for
the carotid arteries and the basilar artery were summed up and expressed in mL/min. Total
brain perfusion (in mL/min per 100mL) was calculated by dividing tCBF by each
individual’s brain volume (mL) and multiplying the obtained result by 100."* Two
independent experienced technicians drew all manual regions of interest and subsequently
performed the flow measurements (interrater correlations (n = 533) > 0.94 for all vessels).*

Retinal vessel measurements

Details regarding retinal vessel measurements have been described previously.® **
Participants underwent a full eye examination including fundus photography of the optic
disc with a 35° visual field camera (TRV-50VT, Topcon Optical Company, Tokyo, Japan)
after pharmacologic mydriasis. For each participant, the image with the best quality (left or
right eye) was analyzed with a retinal vessel measurement system (IVAN, University of
Wisconsin-Madison, Madison, Wisconsin).*® For each participant, one summary measure
was calculated for the arteriolar diameters (in um) and one for the venular diameters,
corrected for magnification changes attributable to refractive errors of the eye. In a random
subsample of 100 participants in RS-1, we found no differences between the right and left
eyes for the arteriolar and venular calibers. Measurements were performed by 2 trained
raters, blinded to the clinical characteristics and outcomes of the participants. Pearson
correlation coefficients for interrater agreement were 0.87 for arteriolar caliber and 0.91 for
venular caliber in RS-11, and 0.85 for arteriolar caliber and 0.87 for venular caliber in RS-
11 Intrarater agreement ranged from 0.65-0.87.% %

Assessment of stroke and TIA

History of stroke and TIA was assessed during the home interview at baseline and
confirmed by reviewing medical records.’® ** Subsequently, participants were continuously
followed for the occurrence of stroke and TIA through automatic linkage of general
practitioners’ medical records with the study database. Additionally, general practitioners’
medical records of participants who moved out of the district and nursing home physicians’
medical records were checked on a regular basis. For all potential strokes and TIAs,



information from general practitioners and hospital discharge letters were collected and
reviewed by research physicians. An experienced vascular neurologist verified the
diagnoses.'® 1 Strokes were defined according to the World Health Organization Criteria®
and classified into ischemic or hemorrhagic using neuroimaging reports. A stroke was
classified as unspecified if neuroimaging was lacking.*® Follow-up was complete until
January 1, 2014, for 97.2% of potential person-years.

Assessment of covariates

Covariates were assessed during the same examination round as the fundus photography,
with the use of structured interviews, physical examinations, and blood sampling.?
Medication use and smoking status were assessed by interview. Smoking was categorized
into current, former, or never smoking. Blood pressure was measured twice on the right arm
with a random zero sphygmomanometer. The average of the two measurements was used.
Total cholesterol and high-density lipoprotein cholesterol were acquired by an automated
enzymatic procedure. Diabetes mellitus was defined as having a fasting glucose level of >
7.0 mmol/L, a non-fasting glucose level of > 11.1 mmol/L, or the use of antidiabetic
medication. Body mass index was calculated as weight (kg) divided by length squared (m?).
Assessment of significant carotid stenosis (> 50%) was performed using 5-MHz pulsed
Doppler ultrasonography through interpretation of velocity profiles according to standard
criteria.”?

Statistical analysis

We analyzed the association of total brain perfusion and retinal vessel diameter with
ischemic stroke and TIA using Cox proportional hazards models. We combined ischemic
stroke and TIA to increase power, which is reasonable since they have a similar
pathophysiology.? Follow-up started at the date of MRI scan. We censored participants at
date of stroke, date of TIA, date of death, end of follow-up, or January 1* 2014, whichever
came first. Hazard ratios (HRs) with 95% confidence intervals (Cls) were calculated adding
total brain perfusion and retinal vessel diameters per standard deviation (SD) increase or
decrease into the models. All models were adjusted for age and sex. In all models with
vessel diameter as exposure, we adjusted for the other vessel diameter (i.e. venular diameter
was adjusted for arteriolar diameter and arteriolar diameter for venular diameter). In the
multivariable model, we additionally adjusted for study cohort, systolic blood pressure,
diastolic blood pressure, blood pressure lowering medication, total cholesterol, high-density
lipoprotein cholesterol, lipid-lowering medication, smoking, diabetes mellitus, body mass
index, and carotid stenosis. Effect modification between total brain perfusion and retinal
vessel diameter was tested using an interaction term.

In order to further explore possible effect modification, we additionally performed a
stratified analysis. Within tertiles of retinal diameter (venular and arteriolar), we examined
the association between total brain perfusion and stroke or TIA, and within tertiles of total



brain perfusion, we examined the association between retinal vessel diameter and stroke or
TIA. Finally, we categorized the participants based on both tertiles of retinal diameter and
tertiles of cerebral perfusion and related these categories to the risk of stroke or TIA. All
analyses were done using SPSS version 21.0 (IBM Corporation, Armonk, New York).

RESULTS

The baseline characteristics of the study population are presented in Table 1. Participants
had a mean age (= SD) of 58.8 (+ 7.1) years and 56.4% was women. After an average
follow-up of 6.3 (+ 1.2) years, 29 participants had a stroke, and 48 a TIA.

Table 2 describes the association between total brain perfusion, retinal venular diameter,
and retinal arteriolar diameter with stroke or TIA. We only observed an association of
retinal venular diameter with stroke or TIA (adjusted HR per SD increase in venular
diameter 1.39, 95% CI 1.07; 1.81). Total brain perfusion was not associated with stroke or
TIA in the total population (HR 1.17 (0.91; 1.49)). However, stratified for age at median,
we did find an association in people younger than 58.7 years (HR 1.61 (1.01; 2.56)). In the
total population, we observed interactions between total brain perfusion and both the
venular (p-value = 0.006) and arteriolar diameter (p-value = 0.020).

In Table 3, the results of the stratified analyses are shown. Total brain perfusion was only
associated with stroke or TIA in people with the largest tertile of venular diameter (HR 1.70
(1.12; 2.59)) or the largest tertile of arteriolar diameter (HR 1.71 (1.10; 2.68)). Venular
diameter was only associated with stroke or TIA in people with the lowest tertile of total
brain perfusion (HR 1.75 (1.17; 2.60)). Arteriolar diameter was not associated with stroke
in any tertile of brain perfusion. Combining all this information in one graph (Figure 2), it
appeared that the risk of stroke or TIA was mainly large in people with both the lowest
tertile of cerebral perfusion and the highest tertile of venular diameter. The HR of being in
tertile 1 of cerebral perfusion and tertile 3 of venular diameter, compared to the reference
category (tertile 3 of cerebral perfusion and tertile 1 of venular diameter) was 2.11 (0.77;
5.79). Since the group with tertile 1 of cerebral perfusion and tertile 3 of venular diameter
stood out of the rest, we also compared this category with all other categories, which gave a
HR of 1.93 (1.07; 3.47). The pattern with arteriolar diameter was less clear.



Table 1. Baseline characteristics.

At risk for stroke or TIA

N
Age, years
Women
Systolic blood pressure, mmHg
Diastolic blood pressure, mmHg
Blood pressure lowering medication
Total cholesterol, mmol/L
High-density lipoprotein cholesterol, mmol/L
Lipid-lowering medication
Diabetes mellitus
Smoking
Never
Former
Current
Body mass index, kg/m?
Carotid stenosis > 50% on ultrasound
Total brain perfusion, mL/min per 100 mL
Venular diameter, pm
Arteriolar diameter, pum

3000
58.8 (7.1)
1691 (56.4%)
134 (19)
82 (11)
674 (22.6%)
5.6 (1.0)
1.4 (0.4)
614 (20.6%)
243 (8.2%)

878 (29.4%)
1400 (46.9%)
708 (23.7%)
27.5(4.3)
55 (1.8%)
57.3 (9.4)
238.3 (22.8)
156.8 (15.9)

Data are presented as means (standard deviations) or as numbers (percentages).
Percentages are calculated without missing data.

Table 2. Total brain perfusion and retinal vessel diameter and the risk of ischemic stroke or TIA.

Ischemic stroke or TIA, n =77

Model 2 Model 3
HR (95% CI) HR (95% CI)

Total brain perfusion, per SD decrease
Retinal venular diameter, per SD increase
Retinal arteriolar diameter, per SD decrease

1.16 (0.91; 1.49)
1.40 (1.08; 1.81)
1.07 (0.82; 1.41)

116 (0.91;1.49)  1.17(0.91; 1.49)
1.39(1.07;1.81)  1.39(1.07; 1.81)
1.06 (0.80;1.42)  1.06 (0.80; 1.41)

Abbreviations: TIA, transient ischemic attack; n, number of cases; HR, hazard ratio; Cl, confidence interval;

SD, standard deviation.

Model 1: adjusted for age, sex, study cohort, and other retinal vessel if applicable.
Model 2: as Model 1, additionally adjusted for systolic blood pressure, diastolic blood pressure, blood pressure
lowering medication, total cholesterol, high-density lipoprotein cholesterol, lipid-lowering medication,

smoking, diabetes mellitus, body mass index, and carotid stenosis.

Model 3: as Model 2, additionally adjusted for brain perfusion in analyses with vessel diameters, and for vessel

diameters in analyses with brain perfusion.




Table 3. Total brain perfusion and retinal vessel diameter and the risk of ischemic stroke or TIA, within
tertiles of retinal vessel diameter or brain perfusion.

Ischemic stroke or TIA
HR (95% CI)

n/N

Model 1

Model 2

Venular diameter
Tertile 1
Tertile 2
Tertile 3

Total brain perfusion
Tertile 3
Tertile 2
Tertile 1

Total brain perfusion
Tertile 3
Tertile 2
Tertile 1

Avrteriolar diameter
Tertile 3
Tertile 2
Tertile 1

Total brain perfusion
per SD decrease
per SD decrease
per SD decrease

Venular diameter
per SD increase
per SD increase
per SD increase

Arteriolar diameter
per SD decrease
per SD decrease
per SD decrease

Total brain perfusion
per SD decrease
per SD decrease
per SD decrease

26/1000
21/1000
30/1000

16/1000
28/1000
33/1000

16/1000
28/1000
33/1000

27/1000
20/1000
30/1000

0.89 (0.59; 1.36)
0.97 (0.61; 1.53)
1.69 (1.11; 2.58)

0.89 (0.49; 1.62)
1.36 (0.90; 2.05)
1.70 (1.16; 2.51)

0.97 (0.52; 1.80)
1.12 (0.71; 1.76)
1.01 (0.66; 1.54)

1.74 (1.12; 2.69)
1.14 (0.70; 1.87)
0.89 (0.63; 1.28)

0.88 (0.57; 1.35)
0.96 (0.60; 1.52)
1.70 (1.12; 2.59)

0.95 (0.51; 1.76)
1.29 (0.84; 1.99)
1.75 (1.17; 2.60)

0.97 (0.50; 1.87)
1.14(0.72; 1.81)
1.05 (0.67; 1.63)

1.71 (1.10; 2.68)
1.14 (0.70; 1.86)
0.93 (0.64; 1.33)

Abbreviations: TIA, transient ischemic attack; n, number of cases; N, number of persons included in study;
HR, hazard ratio; Cl, confidence interval; SD, standard deviation.
Model 1: adjusted for age, sex, study cohort, and other retinal vessel.
Model 2: adjusted for age, sex, study cohort, systolic blood pressure, diastolic blood pressure, blood pressure
lowering medication, total cholesterol, high-density lipoprotein cholesterol, lipid-lowering medication,
smoking, diabetes mellitus, body mass index, carotid stenosis, and other retinal vessel.

Figure 2. Interaction between brain perfusion and venular diameter for the risk of ischemic stroke or TIA. Values
are fully adjusted hazard ratios compared to the reference category: tertile 3 of cerebral perfusion and tertile 1 of

venular diameter.

Tertile of venular diameter tertile 2

/" Tertile of venular diameter tertile 1

tertle2 |

| tertile 1 —
tertile 3
Tertile of cerebral perfusion

Tertile of venular diameter tertile 3

*Hazard ratio 2.11 (95% ClI
0.77; 5.79) compared to
reference category. Hazard
ratio 1.93 (95% CI 1.07; 3.47)
compared to all other
categories combined.



DISCUSSION

In this population-based study, we observed that wider retinal venules were associated with
an increased risk of stroke or TIA. Total cerebral perfusion was not associated with the risk
of stroke in the total population. Interestingly, we observed an interaction between cerebral
perfusion and both retinal venules and retinal arterioles for their risk of stroke or TIA. Total
cerebral perfusion was associated with stroke or TIA in the highest tertile of venular
diameter and in the highest tertile of arteriolar diameter. Correspondingly, venular diameter
was only associated with stroke or TIA in the lowest tertile of cerebral perfusion.

A low cerebral blood flow” and a wide venular diameter® 2* % were separately related to
stroke in previous studies. The reason why we did not find an association of low cerebral
perfusion and stroke in our total population may be explained by our different study
population. We included a general population and the previous study included patients with
severe stenosis in the intracranial vessels.” People in the previous study therefore had a
larger impairment of the blood flow than people in our general population. The brain has
compensatory mechanisms to keep the local blood perfusion intact for a long time, i.e.
cerebral autoregulation, which may be sufficient if people do not have a severe stenosis.?
In people with cerebral small vessel disease, cerebral autoregulation can be impaired.?’
Although a diminished autoregulation by itself seemed not sufficient to increase the risk of
stroke in a previous study,? it may increase the risk of stroke or TIA in combination with a
low perfusion.?® A high perfusion may compensate for a diminished autoregulation and a
good autoregulation for a diminished perfusion. If both fail, however, this may lead to an
increased risk of stroke and TIA. This is a possible explanation for our finding that a lower
cerebral perfusion was associated with an increased risk of stroke or TIA in people with
wide retinal venules, reflecting small vessel disease, and that wider retinal venules were
only associated with an increased risk of stroke in people with a low perfusion. It implies
that in people with a stroke or TIA based on small vessel disease, also a source of
diminished perfusion should be sought e.g. large artery atherosclerosis.” Similarly, in
people with a low cerebral perfusion, the amount of small vessel disease should be
examined. Another possible explanation is the risk factor load that may be higher in people
with both a low perfusion and small vessel disease. However, the associations remained
after adjustment for many possible confounders. Furthermore, a diminished perfusion may
relate to stroke mediated by small vessel disease,® ' although it is uncertain whether a
diminished perfusion leads to small vessel disease or whether this association is inverse.*
A final explanation therefore is that small vessel disease gives rise to white matter lesions®
and that these can reduce the blood flow due to a diminished metabolic demand.® It may be
that small vessel disease only relates to stroke if it is severe enough to demand a lower
perfusion.

The finding that a low brain perfusion was also associated with stroke in people with wider
arterioles is actually the opposite of what we expected, since arteriolar narrowing is



associated with atherosclerosis.” * An explanation may be that arteriolar and venular
diameter are highly correlated and people with wide venules therefore have wide
arterioles.** However, we adjusted the analyses with arteriolar diameter for venular
diameter and the associations remained. Another explanation may be that arterioles keep
the ability to dilate in response to a poor blood flow.? ** This may reflect an exhausted
autoregulation or vasomotor reactivity.* If arterioles are fully widened in response to the
usual blood flow in a person, they may not be able to widen any further in response to extra
stimuli, which could lead to a stroke or TIA. %%

Strengths of our study are the population-based setting and the thorough follow-up for
stroke and TIA. A limitation is that pathophysiological subtypes were unavailable for many
ischemic strokes. Therefore, we could not define whether the increased risk was the
consequence of strokes based on large or small vessel disease. We even had a limited
amount of stroke cases, so we had to pool the results of ischemic stroke and TIA. This
seems reliable since stroke and TIA have the same etiology.”® However, these findings
should be replicated in a study with more power.

In conclusion, total brain perfusion and retinal vessel diameter interact in their risk of stroke
or TIA. This suggests that a combination of a low brain perfusion and small vessel disease
is necessary to increase the risk of stroke or TIA. If people have a stroke or TIA based on
one of both, it may be useful to also search for the other. Future studies should examine the
pathophysiological pathway of this effect and whether prediction of stroke can be improved
taking both markers into account.
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Chapter 2.2
The Mediating Role of the Venules Between Smoking and
Ischemic Stroke

Unal Mutlu, Sonja A. Swanson, Caroline C.W. Klaver, Albert Hofman, Peter J. Koudstaal,
M. Arfan Ikram, M. Kamran Ikram

ABSTRACT

Background: Smoking is a well-established risk factor for ischemic stroke. A potential
mechanism by which smoking affects ischemic stroke is through wider venules, but this
mediating role of wider venules has never been quantified. In this study, we aimed to
estimate to what extent the effect of smoking on ischemic stroke is possibly mediated by
the venules via the recently developed four-way effect decomposition.

Methods: This study was part of the prospective population-based Rotterdam Study
including 9109 stroke-free persons participated in the study in 1990, 2004, or 2006 (mean
age: 63.7 years; 58% women). Smoking behavior (smoking versus non-smoking) was
identified by interview at participants’ first visit. Retinal venular calibers were measured
semi-automatically on retinal photographs at the same visit. Incident strokes were assessed
between participants’ first visit and 1 January 2016. A regression-based approach was used
with venular calibers as mediator to decompose the total effect of smoking compared to
non-smoking into four components: controlled direct effect (neither mediation nor
interaction), pure indirect effect (mediation only), reference interaction effect (interaction
only) and mediated interaction effect (both mediation and interaction).

Results: During a mean follow-up of 12.5 years, 665 persons suffered an ischemic stroke.
Smoking increased the risk of developing ischemic stroke compared to non-smoking with
an excess risk of 0.41 (95% confidence interval: 0.10; 0.67). With retinal venules as a
potential mediator, the excess relative risk could be decomposed into 77% controlled direct
effect, 4% mediation only, 4% interaction only, and 15% mediated interaction.
Conclusions: In the pathophysiology of ischemic stroke, the effect of smoking on ischemic
stroke may be partly explained by changes in the venules, where there is both pure
mediation and mediated interaction.



INTRODUCTION

As it is well-established that smoking increases the risk of ischemic stroke, mechanisms by
which this occurs have been broadly investigated in recent decades. One possible
mechanism by which smoking may lead to ischemic stroke is through changes in the
cerebral venules.* Existing evidence shows that damage to the venules plays an important
role in the development of ischemic stroke.” At the same time, it has been shown that
smoking is associated with wider venules, implicating that changes in cerebral venules
mediate the effect of smoking on ischemic stroke.® However, it remains unclear whether the
effects of smoking on ischemic stroke are mediated through wider venules, whether there is
interaction between smoking and wider venules, or whether a combination of mediation and
interaction could be occurring. In epidemiologic studies, questions pertaining to mediation
have been traditionally tackled with methods that assume no exposure-mediator interaction.
Recent advances in the conceptual framework of causal mediation allow estimating the
direct and indirect effect even in the presence of an exposure-mediator interaction.
Moreover, these advances allow further effect decomposition to explore both mediation and
interaction simultaneously i.e. to decompose the exposure’s effect on the outcome into
components related to mediation only, interaction only, both, or neither (formal definitions
are provided below).* When free of bias, this approach provides insight into relevant
processes in the pathways under study, and enables researchers to better understand
biological mechanisms. Thus far, the four-way decompaosition method has not been
extensively used in clinical research. Application of this counterfactual approach of causal
mediation analysis in clinical research may provide insight into the pathophysiology of
clinical outcomes. Moreover, in terms of future interventions, this approach may aid the
clinician in identifying the best target for treatment, or even show why certain treatments do
not work.

In this study, we aimed to understand the role of the venules in the effect of smoking on
ischemic stroke by applying the four-way decomposition method.



METHODS

Study setting and population

This study is based on the Rotterdam Study (RS), a large prospective population-based
cohort study in the Netherlands that investigates causes and consequences of chronic
diseases in the general population.® All inhabitants of the Ommoord district in the city
Rotterdam, aged 55 years or older, were invited to the study in 1990 (RS-1). In 2000 those
who had become 55 years of age or moved into the study district were invited (RS-II). In
2006 a further extension of the cohort was initiated and inhabitants aged 45 years or older
were invited (RS-111). Home interviews including assessment of smoking, and physical
examinations take place every three to four years. Retinal vascular calibers were measured
at the baseline visit of RS-1 (RS-I-1), in a random sample of the second visit of RS-11 (RS-
11-2), and at the baseline visit of RS-I11 (RS-111-1), see Figure 1. We considered the date at
which smoking assessment was done in RS-1-1, RS-11-2 and RS-111-1 as our baseline. We
excluded persons without data on smoking, without gradable retinal photographs, persons
with a history of stroke at baseline, and persons who did not give permission to monitor for
future disease event. The Rotterdam Study has been approved by the Medical Ethics
Committee of the Erasmus MC and by the Ministry of Health, Welfare and Sport of the
Netherlands, implementing the “Population Studies Act: Rotterdam Study” (Wet
Bevolkingsonderzoek: ERGO). All participants provided written informed consent to
participate in the study and to obtain information from their treating physicians.

Figure 1. Flow diagram of the study.

RS-I-1 (1990-1993) *RS-11-2 (2004-2005)| | RS-III-1 (2006-2008)
n=7983 n =805 n=3932

Did not undergo ophthalmic
» examination or had ungradable
retinal photograph n = 3228

n=9492
No data on smoking n = 83
» History of stroke n = 217
No informed consent n = 83
Y
Included in analysis
n=9109

*Retinal images of 805 persons from 2506 participants were randomly selected for retinal caliber measurement.



Assessment of smoking

Information on smoking behavior was obtained using a computerized questionnaire during
the home visits. Participants were classified as current smokers, or non-smokers (including
both former or never smokers). Current smokers were participants who answered yes to the
question: “are you currently smoking?”” Former smokers were participants who answered
no to this question and answered positively to the question: “are you a former smoker?”’

Assessment of the venules

Participants underwent a full eye examination at each subcohort’s baseline (1990, 2004,
and 2006) including retinal photography of the optic disc of both eyes after
pharmacological mydriasis. For visit RS-1-1 a 20° visual field camera (TRC-SS2, Topcon,
Tokyo, Japan) was used, and for visits RS-11-2 and RS-111-1 a 35° visual field camera
(TRC-50EX, Topcon Optical Company, Tokyo, Japan) was used. For each participant, the
image of one eye with the best quality was analyzed with a retinal vessel measurement
system (IVAN, University of Wisconsin-Madison, Madison, Wisconsin). For each
participant one summary value was calculated for the arteriolar diameters (in um) and one
for the venular diameters (in pm) of the blood column after correction for differences in
magnification due to refractive status of the eye, enabling us to use the separate arteriolar
and venular diameter sum values.®” We verified in a random subsample of 100 participants
in RS-1 that individual measurements in the left and right eye were similar. Measurements
were performed by total four trained raters, masked for participant characteristics. Pearson
correlation coefficient for interrater agreement were for arteriolar diameters 0.67-0.87, and
for venular diameters 0.91-0.94. For intrarater agreement the correlation coefficients were
0.65-0.88 for arteriolar diameters, and 0.82-0.95 for venular diameters.

Assessment of stroke

History of stroke was assessed using home interviews and confirmed by reviewing medical
records. Participants were continuously followed up for stroke through digital linkage of
general practitioners files with the study database.? Furthermore, nursing home physicians’
files and files from general practitioners of participants who moved out of the district were
checked on a regular basis. Hospital discharge letters and information from general
practitioners was collected for all potential strokes. Research physicians reviewed the
information and an experienced neurologist verified the strokes. Strokes were further
classified into ischemic or hemorrhagic based on neuroimaging reports. Subarachnoid
hemorrhages were excluded. Infarcts that turned hemorrhagic were classified as ischemic
stroke. If neuroimaging was lacking, a stroke was classified as unspecified. Follow-up was
complete until 1 January 2016. Participants suffering stroke at any point in follow-up were
dichotomized as yes/no.



Assessment of covariates

We considered the “smoking/ischemic stroke” relation, and “wider venules/ischemic
stroke” relation to be confounded by the same set of measured persons characteristics. All
confounders were assessed at the same visit period when smoking was assessed and when
retinal photographs were obtained. Blood pressure was measured twice in sitting position at
the right brachial artery with a random-zero sphygmomanometer, and the average of two
readings was used for analysis. Body mass index was computed as weight (kg) divided by
height squared (m?). Serum total and high-density lipoprotein cholesterol concentrations
were determined by means of an automated enzymatic procedure. White blood cell count
was assessed in citrate plasma using a Coulter counter T540 (Coulter electronics, Luton,
England). Diabetes mellitus was considered present if participants reported use of
antidiabetic medication or when non-fasting serum glucose level was equal to or greater
than 11.1 mmol/L, or when fasting serum glucose level was equal to or greater than 7.0
mmol/L. Alcohol consumption was calculated as amount of alcohol in g/day. Carotid
plaques were assessed by ultrasound at the carotid artery bifurcation, common carotid
artery, and internal carotid artery on both sides. Plaques were defined as focal thickening of
the vessel wall of at least 1.5 times the average intima-media thickness relative to adjacent
segments with or without calcified components. The carotid artery plaque score (range: 0 to
6) reflected the number of these locations with plaques. Information on blood pressure
lowering medication use and education level (low: primary education, intermediate:
secondary general or vocational education, or high: higher vocational education or
university) was obtained during the home interview by a questionnaire. Definitions of a
history of myocardial infarction, coronary artery bypass graft, and percutaneous coronary
intervention has been described extensively previously.®

Four-way decomposition method

In causal mediation analysis, the total causal effect of the exposure on the outcome can be
decomposed into four components in the presence of an exposure-mediator interaction®: the
controlled direct effect due to neither mediation nor interaction (in the current study: the
effect of smoking on ischemic stroke which does not go through wider venules), reference
interaction effect due to interaction alone (in the current study: the interaction of smoking
with the observed level of wider venules), mediated interaction effect due to both mediation
and interaction (in the current study: the interaction of smoking with wider venules that has
been explicitly caused by smoking), and the pure indirect effect due to mediation alone (in
the current study: the effect of smoking on ischemic stroke which purely goes through
wider venules). Of note, for mediated interaction it is defined by the mediator having an
effect on the outcome only in the presence of the exposure, but not in the absence of
exposure, i.e. the exposure is necessarily present for the mediator to affect the outcome.
Pure mediation is defined by the mediator having an effect on the outcome even in the
absence of the exposure. Moreover, the controlled direct effect and reference interaction



effect can be combined into the natural direct effect. Similarly, the mediated interaction
effect and pure indirect effect can be combined into the natural indirect effect.’**? Figure 2
shows a causal diagram representing the association of smoking with risk of ischemic
stroke mediated by wider venules. Several conditions need to be met in order to identify
each of the four components, including the following assumptions concerning confounding:
(1) the effect of smoking on ischemic stroke should be unconfounded conditional on the
baseline covariates; (2) the effect of wider venules on incident ischemic stroke should be
unconfounded conditional on smoking and baseline covariates; (3) the effect of smoking on
wider venules should be unconfounded conditional on baseline covariates; (4) the mediator-
outcome confounders should not be affected by smoking. Of note, for the total effect only
the first of these assumptions is required; the controlled direct effect only requires the first
and second assumptions.*

Figure 2. A causal diagram in which C confounds the smoking/ischemic stroke, wider venules/ischemic stroke,
and smoking/wider venules relation. We assume that there is no unmeasured confounding, and that smoking does
not affect C. Here C and U refer to the following list of measured person characteristics: age, sex, subcohort,
education, systolic blood pressure, diastolic blood pressure, blood pressure lowering medication use, body mass
index, total cholesterol, high-density lipoprotein cholesterol, white blood cell count, diabetes mellitus, alcohol
intake, carotid plaques, history of cardiovascular disease, and retinal arteriolar caliber.

C — Smoking — Wider venules — I[schemic stroke
U

Statistical analyses

To obtain estimates of the four components from the data, a regression-based approach was
used. First, we used a logistic regression model of incident ischemic stroke by smoking,
retinal venular caliber, a product term denoting the interaction between smoking and the
retinal venular caliber, and the covariates. Next, we used a linear regression model of
retinal venular caliber on smoking and the covariates. We adjusted both regressions for the
following covariates: age, sex, subcohort, education, systolic blood pressure, diastolic blood
pressure, blood pressure lowering medication use, body mass index, total cholesterol, high-
density lipoprotein cholesterol, white blood cell count, diabetes mellitus, alcohol intake,
carotid plaque, history of cardiovascular disease, and the retinal arteriolar caliber. We
obtained estimates of the four components by combining parameters from these two models
according to the analytic expressions provided by VanderWeele.* Confidence intervals for
the effect estimates were obtained via case resampling bootstrapping with 1000 iterations.



We defined the proportion of the effect that was attributable to each component by dividing
the estimate of a component by the excess relative risk. The overall proportion mediated
was defined as the pure indirect effect plus mediated interaction divided by the excess
relative risk; the overall proportion attributable to interaction was defined as the reference
interaction plus mediated interaction divided by the excess relative risk; the overall
proportion eliminated was defined as the excess relative risk minus the controlled direct
effect divided by the excess relative risk.

In additional analyses, we aimed to address whether it is the smoking at the moment of the
venular caliber assessment or the history of smoking that mattered most. Therefore, we
redid the analyses by comparing ever smoking (i.e. past smoking and current smoking) to
never smoking.

Finally, we performed sensitivity analyses to determine how much the estimates of the
natural direct and indirect effect would change under different degrees of confounding by a
hypothetical unmeasured binary confounder. Although we have adjusted for several
potential confounders, the estimates will of course be biased if there remains important
unmeasured or residual confounding of the relation between wider venules and ischemic
stroke; here, for example, we may be concerned that there is residual confounding by
unhealthy lifestyle (e.g. unhealthy diets or physical inactivity). For this analysis, we used
bias formulas for odds ratios for natural direct and indirect effects as described in
VanderWeele.™ Briefly, bias-corrected-effect estimates for the natural direct and indirect
effect were calculated by specifying a range of plausible values for the effect of the
unmeasured confounder on ischemic stroke, and specifying a range of plausible values for
the prevalence of unmeasured confounder among non-smokers and smokers. Next, these
bias-corrected-effect estimates were subtracted from the crude natural direct and indirect
effect (i.e. adjusted for age, sex, and subcohort) to address change in effect estimate if we
had been able to adjust for this unmeasured confounder. Hence, a positive difference could
be interpreted as an underestimation of the observed natural direct or indirect effect
estimate failing to adjust for the unmeasured confounder, whereas a negative difference
could be interpreted as an overestimation. All analyses were performed in R version 3.2.3.

RESULTS

Table 1 shows the baseline characteristics of the study population by persons included and
excluded from analysis. Compared to persons included in the analysis, persons excluded
from the analysis were older, were lower educated, were more users of blood pressure
lowering medication, had a higher diastolic blood pressure, a higher serum total cholesterol,
a lower serum high-density lipoprotein cholesterol, a higher white blood cell count, a higher
daily alcohol intake, and had more often carotid plaques, diabetes mellitus, and a history of
cardiovascular disease.



Table 2 shows the baseline characteristics of the study population by smoking status.
While some characteristics were similar across the groups, others were notably different.
For example, comparing the groups to each other, never smokers were more often women
and had a higher systolic blood pressure; past smokers had more often diabetes mellitus and
a history of cardiovascular disease; current smokers had wider venular calibers and had
more incident stroke cases.

During a mean follow-up of 12.5 years (113,885.0 person-years), 665 persons had an
ischemic stroke. Without adjustment for retinal vascular calibers, smoking increases the
risk of ischemic stroke, odds ratio (OR): 1.38 (95% CI: 1.13; 1.67), but this risk decreases
to 1.34 (1.09; 1.63) after adjusting for the retinal vascular calibers.

Table 3 shows the results of the four-way decomposition. In the model accounting for the
presence of an interaction between smoking and venules (P-value for interaction = 0.029),
smoking increases the risk of ischemic stroke: 1.41 (1.10; 1.67), whereas in the model
accounting for the presence of an interaction between smoking and arterioles (P-value for
interaction = 0.737), the risk of smoking on ischemic stroke is 1.34 (1.06; 1.59). With
venules as being the mediator, 77% of the excess relative risk of smoking on ischemic
stroke compared to non-smoking is attributable to the controlled direct effect, 4% to only
interaction, 15% to both interaction and mediation, and 4% is only attributable to
mediation. Hence, the overall proportion of the effect of smoking on ischemic stroke that is
mediated by wider venules is 19%. Redoing this causal mediation analysis but now
comparing ever smoking to never smoking showed that 93% of the excess relative risk of
ever smoking on ischemic stroke compared to never smoking is attributable to the
controlled direct effect, whereas 11% to both interaction and mediation (P-value for
interaction = 0.004).

Figure 3 shows the results of the sensitivity analysis. Assuming that the unmeasured
confounder (e.g. unhealthy lifestyle) increases the risk of ischemic stroke, and that this
confounder is more prevalent among smokers compared to non-smokers, the crude natural
direct effect of 1.48 seems to overestimate the bias-corrected effect; the crude natural
indirect effect of 1.05 seems to underestimate the bias-corrected effect. In these scenarios,
the degree of mediation of smoking by venules would be underestimated without
adjustment. In contrast, if the unmeasured confounder is more prevalent among non-
smokers compared to smokers, the observed natural direct effect underestimates the true
effect, whereas the natural indirect effect overestimates the true effect.



Table 1. Characteristics of the study population by persons included and excluded from analysis.

Characteristic Included Excluded
N 9109 3611
Age, years 63.7 (9.0) 71.7 (12.7)
Female sex 5286 (58) 2251 (62)
Education
Low 3869 (43) 2019 (56)
Intermediate 3839 (42) 1190 (33)
High 1401 (15) 402 (11)
Systolic blood pressure, mmHg 136.7 (21.0) 140.8 (22.5)
Diastolic blood pressure, mmHg 77.2 (11.9) 76.4 (12.8)
Blood pressure lowering medication 2638 (29) 1377 (38)
Body mass index, kg/m? 26.9 (4.1) 26.7 (4.2)
Total cholesterol, mmol/L 6.2 (1.3) 6.2 (1.3)
High-density lipoprotein cholesterol, mmol/L 1.4 (0.4) 1.3(0.4)
White blood cell, count/mm?® 6.7 (1.9) 6.9 (2.3)
Diabetes mellitus type 2 663 (7) 331 (9)
Daily alcohol intake
Non-drinker 2626 (29) 635 (18)
<15¢g 4251 (47) 1898 (53)
>15¢g 2232 (25) 1078 (30)
Carotid plaque score >4 1338 (15) 702 (19)
History of cardiovascular disease 575 (6) 230 (6)
Smoking status
Non-smoker 2921 (32) 1339 (37)
Past smoker 4012 (44) 1525 (42)
Current smoker 2176 (24) 747 (21)
Venular caliber, um 228.6 (23.1) NA
Arteriolar caliber, um 150.8 (15.7) NA

Values are presented as means (standard deviation) or as numbers (percentage).

Abbreviation: NA, not applicable.




Table 2. Characteristics of the study population by smoking status.

Characteristic

Never smoking

Past smoking

Current smoking

N
Age, years
Female sex
Education
Low
Intermediate
High
Systolic blood pressure, mmHg
Diastolic blood pressure, mmHg
Blood pressure lowering medication
Body mass index, kg/m?
Total cholesterol, mmol/L
High-density lipoprotein cholesterol, mmol/L
White blood cell, count/mm?
Diabetes mellitus type 2
Daily alcohol intake
Non-drinker
<15¢g
>15¢9
Carotid plaque score >4
History of cardiovascular disease
Venular caliber, um
Arteriolar caliber, um
Incident stroke cases

2921
65.0 (10.0)
2397 (82)

1422 (49)
1094 (38)
405 (14)
138.3 (21.2)
77.1 (11.8)
886 (30)
27.1 (4.1)
6.3 (1.3)
15 (0.4)
6.3 (1.6)
202 (7)

1198 (41)
1412 (48)
311 (11)
285 (10)
104 (4)
223.8 (22.7)
149.4 (15.7)
188 (6)

4012
63.9 (8.5)
1824 (46)

1494 (37)
1823 (45)
695 (17)
136.9 (20.5)
77.6 (11.8)
1256 (31)
27.1(4.0)
6.2 (1.2)
1.4 (0.4)
6.5 (1.7)
304 (8)

918 (23)
1944 (49)
1150 (29)
615 (15)
359 (9)
227.7 (22.0)
149.9 (15.5)
287 (7)

2176
61.9 (8.2)
1065 (49)

953 (44)
922 (42)
301 (14)

134.2 (21.2)

76.3 (12.2)
496 (23)
26.1 (4.1)
6.2 (1.3)
1.3(0.4)
7.8 (2.1)
157 (7)

510 (23)
895 (41)
771 (35)
438 (20)
112 (5)

236.8 (23.4)

154.7 (15.8)
190 (9)

Values are presented as means (standard deviation) or as numbers (percentage).




Table 3. Four-way decomposition of the effect of smoking on stroke by venules.

Current smokers compared to non-smokers
Effect estimate (95% confidence interval)

Total Effect

Excess relative risk due to each component

Controlled Direct Effect
Reference Interaction
Mediated Interaction
Pure Indirect Effect

Proportion of effect due to each component

Controlled Direct Effect
Reference Interaction
Mediated Interaction
Pure Indirect Effect

Overall proportion

Mediated
Attributable to interaction
Eliminated

141 (1.10; 1.67)

0.32 (0.03; 0.58)
0.02 (-0.03; 0.03)
0.06 (-0.00; 0.11)
0.02 (-0.01; 0.04)

77% (60%; 120%)
4% (-10%; 8%)
15% (-10%; 28%)
4% (-8%; 11%)

19% (-12%; 31%)
19% (-18%; 35%)
22% (-20%; 39%)

Values are adjusted for age, sex, subcohort, education, systolic blood pressure, diastolic blood pressure, blood
pressure lowering medication use, body mass index, total cholesterol, high-density lipoprotein cholesterol,
white blood cell count, diabetes mellitus, alcohol intake, carotid plaques, history of cardiovascular disease, and

retinal arteriolar caliber.




Figure 3. lllustrates how a crude natural direct effect estimate of 1.48 and a crude natural indirect effect estimate
of 1.05 (the intercept on y-axis) would change under different magnitudes of confounding by a binary unmeasured
variable U. The difference between the observed effect and bias-corrected-effect is depicted on the Y-axis, and the
difference in prevalence of U between non-smokers and smokers is depicted on the X-axis. The colored lines are a
range of plausible values for the effect of U on ischemic stroke.
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DISCUSSION

In this population-based cohort study, we found that the effect of smoking on incident
ischemic stroke is partly explained through changes in the venules, where there is both
mediation and mediated interaction between smoking and the venules.

Thus far, studies focusing on the relation of microvascular damage with the risk of ischemic
stroke found that wider venules, but not narrower arterioles were related to incident
ischemic stroke.™ *® Given that smoking is related to wider venules and not to narrower
arterioles, these findings suggest that the effect of smoking on ischemic stroke might be
mediated by wider venules. Indeed, our indirect effect estimate (1.08, 95% CI: 1.01; 1.14)
supports this hypothesis. Importantly, we have further decomposed the direct effect into the
controlled direct effect and reference interaction effect, and the indirect effect into the
mediated interaction effect and the pure indirect effect, and indeed found evidence that the
mediated component reflects in part mediation only and in part a mediated interaction
between smoking and wider venules.

It is well-established that the components of the total effect decomposition we estimated
here (with the exception of the controlled direct effect) do not directly address questions
pertaining clinical or public health decision-making.'®*" Rather, this total effect



decomposition can be seen as a means of exploring why certain total effects are present (in
our study: why smoking affects ischemic stroke), and therefore can possibly inspire further
research directions that lend themselves to more directly clinical implications. For example,
a recent study has conceptualized mediated interaction and illustrated the concept of
reversible and irreversible damage.'’ This conceptualization of our mediated interaction
effect estimate could be viewed as the effect of smoking on ischemic stroke by wider
venules that is reversible. Similarly, the conceptualization of our pure indirect effect would
be the effect of smoking on ischemic stroke by wider venules that is irreversible.!” With
this particular interpretation, our findings suggest that smoking cessation might not lower
the risk of ischemic stroke completely by changing venules. Practically, this could mean
that once the venules have become wider due to smoking, even if you stop smoking, wider
venules will affect the risk of ischemic stroke. Note, however, that explicitly assessing this
hypothesis is feasible with longitudinal data on smoking behaviors and the venules. In other
words, our findings inspire and support this as a topic for future research. Interestingly, one
Japanese study has investigated the effect of smoking cessation on the retinal vascular
calibers, and showed that the effect of smoking on wider venules is reversible in women,
following 10 or more years of smoking cessation.*®

Some limitations merit attention. Within the causal inference literature on mediation and
interaction, it remains unclear to what extent each of the four components are susceptible to
different forms of bias.* Recent evidence suggests that interaction may be more robust to
confounding, but may be more sensitive to measurement error when the two exposures are
correlated.” Here, we reflect separately on confounding, selection bias, and information
bias. First, it should be noted that the mediation analyses are subject to strong ‘no
unmeasured confounding’ conditions.?’ As the Rotterdam Study is conducted in an
ethnically homogenous Dutch population, it is unlikely that ethnicity related genes will
result in major confounding of the smoking/wider venules, or smoking/ischemic stroke
relation. Although we adjusted for many measured demographic and health-related person
characteristics, residual or unmeasured confounding from socioeconomic status, sedentary
lifestyle, physical inactivity, and unhealthy diets may affect our estimates. Currently, there
are no bias formulas for each of the four components, and therefore, we performed a
sensitivity analysis developed for the natural direct and indirect effects.”® Given the
expected direction of residual confounding (i.e. unmeasured confounders like unhealthy
lifestyle increases the risk of ischemic stroke, and that smokers have more often an
unhealthy lifestyle than non-smokers), our sensitivity analysis suggests that the indirect
effect reported here underestimates the true mediated effect whereas the observed direct
effect overestimates the true direct effect.

Concerning selection bias, persons excluded from our analyses had a worse cardiovascular
risk profile, suggesting a possible but likely limited role for bias due to selecting on
mediator assessments. Likely, these persons did not participate in our study due to their
poor health condition which implicates the inclusion of relatively healthy persons in our



study.

Ignoring measurement error have been suggested to overestimate the direct effect of an
exposure, and thus, underestimate the indirect effect.?* In our study, we did not use a
dynamic measure of the venules, synchronized on the cardiac cycle, but a static measure.
As such, this may have caused independent non-differential misclassification leading to an
underestimation of the indirect effects. Another independent non-differential
misclassification that may have occurred is due to the fact that we have used the retinal
microvasculature as a proxy for the condition of the cerebral microvasculature. Given that
the retinal and cerebral microvasculature have similarities in anatomy, physiology and
embryology, the retinal microvasculature has been widely used to study vascular brain
diseases.?? However, it is conceivable that such proxy measures may have caused some
independent non-differential misclassification of the effect estimates.

In conclusion, we found that in the pathophysiology of ischemic stroke, the effect of
smoking on the risk of ischemic stroke may partly be explained by changes in the venules,
where there is both pure mediation and mediated interaction between smoking status and
the venules. Our study shows that causal mediation analysis in clinical research may
provide insights into the pathophysiology of clinical outcomes.



REFERENCES

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Ikram MK, de Jong FJ, Vingerling JR, Witteman JC, Hofman A, Breteler MM, et al. Are retinal
arteriolar or venular diameters associated with markers for cardiovascular disorders? The rotterdam
study. Invest Ophthalmol Vis Sci. 2004;45:2129-2134

McGeechan K, Liew G, Macaskill P, Irwig L, Klein R, Klein BE, et al. Prediction of incident stroke
events based on retinal vessel caliber: A systematic review and individual-participant meta-analysis.
Am J Epidemiol. 2009;170:1323-1332

Valeri L, Vanderweele TJ. Mediation analysis allowing for exposure-mediator interactions and causal
interpretation: Theoretical assumptions and implementation with sas and spss macros. Psychol
Methods. 2013;18:137-150

VanderWeele TJ. A unification of mediation and interaction: A 4-way decomposition. Epidemiology.
2014;25:749-761

Hofman A, Brusselle GG, Darwish Murad S, van Duijn CM, Franco OH, Goedegebure A, et al. The
rotterdam study: 2016 objectives and design update. Eur J Epidemiol. 2015;30:661-708

Knudtson MD, Lee KE, Hubbard LD, Wong TY, Klein R, Klein BE. Revised formulas for
summarizing retinal vessel diameters. Curr Eye Res. 2003;27:143-149

Littmann H. [determining the true size of an object on the fundus of the living eye] zur bestimmung der
wahren grosse eines objektes auf dem hintergrund eines lebenden auges. Klin Monbl Augenheilkd.
1988;192:66-67

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;27:287-
295

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;27:173-185

Robins JM, Greenland S. Identifiability and exchangeability for direct and indirect effects.
Epidemiology. 1992;3:143-155

Pearl J. Direct and indirect effects. Proceedings of the Seventeenth Conference on Uncertainty and
Artificial Intelligence. 2001;411-420

VanderWeele TJ. A three-way decomposition of a total effect into direct, indirect, and interactive
effects. Epidemiology. 2013;24:224-232

VanderWeele TJ. Bias formulas for sensitivity analysis for direct and indirect effects. Epidemiology.
2010;21:540-551

Ikram MK, de Jong FJ, Bos MJ, Vingerling JR, Hofman A, Koudstaal PJ, et al. Retinal vessel
diameters and risk of stroke: The rotterdam study. Neurology. 2006;66:1339-1343

Wong TY, Kamineni A, Klein R, Sharrett AR, Klein BE, Siscovick DS, et al. Quantitative retinal
venular caliber and risk of cardiovascular disease in older persons: The cardiovascular health study.
Arch Intern Med. 2006;166:2388-2394

Naimi Al, Kaufman JS, MacLehose RF. Mediation misgivings: Ambiguous clinical and public health
interpretations of natural direct and indirect effects. Int J Epidemiol. 2014;43:1656-1661

Richardson T, Robins JM. Single world intervention graphs (swigs): A unification of the counterfactual
and graphical approaches to causality.Working paper number 128, Center for Statistics and the Social
Sciences, University of Washington

Yanagi M, Misumi M, Kawasaki R, Takahashi I, Itakura K, Fujiwara S, et al. Is the association
between smoking and the retinal venular diameter reversible following smoking cessation? Invest
Ophthalmol Vis Sci. 2014;55:405-411

Valeri L, Lin X, VanderWeele TJ. Mediation analysis when a continuous mediator is measured with
error and the outcome follows a generalized linear model. Stat Med. 2014;33:4875-4890



20.
21

22.

Ding P, VanderWeele TJ. Sensitivity analysis without assumptions. Epidemiology. 2016;27:368-377
VanderWeele TJ, Valeri L, Ogburn EL. The role of measurement error and misclassification in
mediation analysis: Mediation and measurement error. Epidemiology. 2012;23:561-564

Liew G, Wang JJ, Mitchell P, Wong TY. Retinal vascular imaging: A new tool in microvascular
disease research. Circ Cardiovasc Imaging. 2008;1:156-161



Chapter 2.3
Clinical Interpretation of Negative Mediated Interaction

Unal Mutlu, Sonja A. Swanson, M. Arfan Ikram, M. Kamran Ikram

ABSTRACT

Recently, using a counterfactual framework, a causal mediation analysis has been
formalized to decompose the total effect of a time-fixed exposure on an outcome into four
components, that can be loosely defined as being components due to mediation only,
interaction only, mediated interaction, and neither. The interpretation of the estimated effect
sizes of each component will be hard when some components are of opposite sign.
Particularly, a negative mediated interaction might be intuitively difficult to conceptualize,
and so far, lacks an easy-to-understand biological or mechanical interpretation. In this
paper, we focus on negative mediated interaction, and propose an interpretation using
biological examples. We aim to make researchers realize that negative effect estimates
might reflect relevant biological process in the mechanism under study.



BACKGROUND

Advances in causal inference on the topic of mediation have provided new opportunities to
better understand causal pathways in epidemiology. Recently, the causal mediation analysis
has been formalized to decompose the total effect (TE) of a time-fixed exposure or
treatment on an outcome into four components, that can be loosely defined as being
components due to mediation only, interaction only, mediated interaction, and neither
(formal definitions are provided below).* These components are typically presented as
either estimated effect sizes, which can be positive or negative, or as estimated proportions
of the total effect attributable to each component. When all effects in the pathway under
study are thought to operate in the same direction, the estimated effect sizes of each
component will be in the same direction. However, the interpretation of these components
will be hard when some components are of opposite sign. In some scenarios, this may
indicate violations of the core assumptions for mediation analysis. For instance, when the
no-unmeasured confounding assumption does not satisfy for the mediator—outcome
relation, this might give an estimated effect in the opposite direction for the component due
to mediation only. In other scenarios, components with estimated effects with opposite sign
may be an artefact of sampling variability around a small or null component. In the absence
of these two scenarios, it remains unclear whether components with estimated effects in
opposite sign may be indicative of underlying biology.

Negative interaction or negative mediation have already been discussed extensively with
appropriate biological or mechanical interpretations.” ® Briefly, negative interaction on the
additive scale implies that the effect of the combined action of two exposures is less than
the sum of their individual effects. Negative mediation implies that the effect of the
exposure on the outcome, that goes through the mediator, is opposite to the direct effect of
the exposure on the outcome. Within the causal mediation analysis, negative mediated
interaction might be seen as the component that is intuitively more difficult to understand,
and so far, lacks an easy-to-understand interpretation. An interpretation of positive
mediated interaction is already quite difficult, but was recently provided.* Negative
mediated interaction would be even harder to conceptualize and therefore we focus on that
here.

In this paper, we provide biological examples of negative mediated interaction with their
possible interpretation. First, we describe the notation of the methods, and the assumptions
we made that our examples rely on. Second, we briefly discuss the four-way decomposition
approach. Finally, we describe four biological examples and highlight the phenomenon that
reflects negative mediated interaction.



NOTATION AND ASSUMPTIONS

Let A denote an exposure of interest for each individual, M a potential mediator of interest
for each individual, Y an outcome of interest for each individual, C a set of baseline
covariates for each individual, and U a set of unknown covariates for each individual. We
define Y,and M, as the potential or counterfactual outcome and mediator, respectively, if A
had been set to a. We define Y, as the potential counterfactual outcome for each individual
if A had been set to a and M to m. The reference level to which ‘a’ and ‘m’ are being
compared to are given as ‘a*’ and ‘m*’. For binary variables, these could be 1’ and ‘0’; for
continuous variables, these could be any value of interest, but often the mean value is used
as reference level. We assume that for all individuals in a particular population, the
exposure affects the mediator and the outcome in the same direction, and that the mediator
affects the outcome in the same direction (i.e. ‘monotonicity’). Throughout our examples,
we assume that the conditions for causal inference are met, the assumptions for mediation
analysis are fulfilled (see section ‘a four-way decomposition’), and that there is negligible
effect of sampling variability. Hence, the no-unmeasured confounding assumptions satisfy.
Let us also assume that a person’s outcome does not depend on other persons’ exposure
values. Furthermore, we are not focusing on time-varying mediators, or failure-time
outcomes.

A FOUR-WAY DECOMPOSITION

The total effect of A on Y is given by Y; — Y, whereas the total effect of A on M is given by
M; — Mq. In general, we will not know what the effects are at an individual level, but we
aim to estimate these on average for a study population. The four-way decomposition of the
total effect of an exposure on the outcome can be written as:

Counterfactual definition at an individual level:

TE= (Y10~ Yoo) + (Y11= Y10 — Yor + Y00)(Mo) + (Y11 Y10 — Yor + Yoo) (M1 — M) + (Yo1 -
Yo0)(M1 — My) 1)

Counterfactual definition at a population level:
TE= E[Yam* - Ya*m*] + E[Yam - Yam* - Ya*m + Ya*m*] E[Ma*] + E[Yam - Yam* - Ya”m + Ya”m’f]
E[M; — Ma«] + E[Yaem— Yarme] E[Ma — Max] 2

The letter E represents the population mean and is also referred to as ‘Expectation’. The
first component is given by (Y10 — Yoo), and is referred to as the controlled direct effect
(CDE). That is the effect of the exposure in the absence of the mediator (neither mediation,
nor interaction). The second component is given by (Y11 — Yi0— Yor + Yo0)(Mp), and is
referred to as the reference interaction (INT ). This component consists of the additive
interaction and My, which means that the additive interaction operates only if the mediator



is present in the absence of the exposure i.e. Mg # 0. In other words, the reference
interaction is the effect due to interaction but not mediation. The third component is given
by (Y11 — Y10 — Yor + Yoo)(M1— My), and is referred to as the mediated interaction (INTeq).
This component consists of the additive interaction and (M; — M), which means that the
additive interaction operates only if the exposure has an effect on the mediator i.e. (M; —
Mo) # 0. Hence, the exposure is necessarily present for the mediator to affect the outcome.
In other words, the mediated interaction is the effect due to both mediation and interaction.
The fourth component is given by (Yo1— Yoo)(M1— Mg), and is referred as the pure indirect
effect (PIE). That is the effect of the mediator on the outcome in the absence of the
exposure multiplied by the effect of the exposure on the mediator. In other words, the pure
indirect effect is the effect just due to mediation but not interaction.

This mathematical formalization of the four-way decomposition can also be written as:

TE = CDE + INTf + INT;peq + PIE

CONCEPT OF NEGATIVE MEDIATED INTERACTION

For negative mediated interaction to be present one of the following conditions should be
met:

Condition 1: (Y11 — Yi0— Y1+ Ygo) < 0 and (M; — M) > 0.
Condition 2: (Y11~ Y10— Yo1 + Ygo) > 0 and (M; — Mg) < 0.

The examples discussed in this paper will satisfy Condition 1. In fact, Condition 2 can be
conceived as Condition 1, but with the outcome, the mediator, or the exposure recoded.®
For instance, if we denote Y = 1 to be the presence of a disease in Condition 1, we can also
say that Y = 1 is the absence of a disease in Condition 2. We refer the reader to
VanderWeele and Knol® for extensive remarks concerning these forms of interaction (i.e.
synergism and antagonism).

We speak of negative or subadditive interaction when the joint effect of the exposure and
mediator is lower than the sum of their individual effect, that is, (Y11— Yoo) < (Y10 — Yoo) +
(Yor — Yoo). This can also be rewritten as (Y11 — Y10 — Yor + Yoo) <0 0ras (Yi1— Yig) — (Yor —
Yoo) < 0, which is an additive interaction often referred to as the relative excess risk due to
interaction (RERI).® In contrast, when (Y11 — Y10 — Yo1 + Yoo) > 0, we speak of positive or
superadditive interaction, that is, the joint effect of the exposure and mediator is higher than
the sum of their individual effect. For negative INT g it is required that, when there is
negative interaction, (M; — My) should be higher than zero, meaning that the effect of A on
M should be positive.



EXAMPLE 1: ATTENTION DEFICIT HYPERACTIVITIY DISORDER (ADHD),
AMPHETAMINE AND HYPERACTIVITY

The first example originates from clinical practice in which children with ADHD are
treated with amphetamine. Children with ADHD are recognized by their inability to
concentrate and excessive activity compared to a child’s age. While the pathogenesis of
ADHD is unknown, existing evidence suggest that dysfunction of the neurotransmitter
system may be a crucial underlying cause. Amphetamine is often prescribed to children
with ADHD to help relieve their symptoms including hyperactivity.” At the same time, use
of amphetamine among healthy persons will induce hyperactivity by stimulating
noradrenalin and adrenalin. Although the mechanisms by which amphetamine reduces
hyperactivity in ADHD are not completely clear, amphetamine may modulate dopamine
and noradrenalin signaling in the prefrontal cortex. Amphetamine blocks the presynaptic
dopamine and noradrenalin transporters, leading to an increased availability of these
hormones at the synaptic space.? Let A = a denote the presence of the disease underlying
ADHD in a child, and A = a* the absence of the disease; let M = m denote amphetamine
use, and M = m* not using amphetamine; let Y = 1 denote the presence of hyperactivity
after a certain period of treatment, and Y = 0 the absence of hyperactivity. In this example,
Y1, = 0, because a child with ADHD treated with amphetamine and who responds to the
treatment will not be hyperactive anymore; Yo =1 and Yo, = 1, because in the presence of
either ADHD only or amphetamine use only, a child will be hyperactive; Yo, = 0, because
in the absence of both ADHD and amphetamine use (i.e. a healthy child), a child will not be
hyperactive. Hence, the joint effect of A and M together on Y is lower than the sum of their
individual effects i.e. (Y11 — Y10 — Yo1 + Yoo) = —2, indicating the presence of negative
interaction. Given that amphetamine will only be used in the presence of ADHD and not in
the absence, that is (M;— Mg) = 1, INTq Will be negative. This negative INT.q Shows us
that ADHD must be present for amphetamine use in order to affect hyperactivity. In other
words, without ADHD, amphetamine would not have been used, and thus, not affected
hyperactivity. Moreover, the negative INT.q Shows us that there is antagonism between the
joint effect of the exposure and the mediator on the outcome, and the effect of the exposure
on the mediator. Of the total effect of ADHD on hyperactivity, INTq is the only
component with an opposite sign and shows the absence of hyperactivity. While the
controlled direct effect and the pure indirect effect shows the presence of hyperactivity, the
reference interaction effect shows no effect at all, because amphetamine will — under
normal clinical circumstances — not be used in the absence of ADHD i.e. My= 0 (see
Figure).



Figure. A causal diagram showing the effect of ADHD on hyperactivity with amphetamine use as an intermediate.
Arrow 1 can be seen as the controlled direct effect i.e. the effect of ADHD on hyperactivity in the absence of
amphetamine use (Y10 — Yoo). Arrow 2 is the effect of ADHD on amphetamine use (M; — Mo). Arrows 2 and 3
together can be seen as the pure indirect effect i.e. once ADHD caused amphetamine use (M;— M), amphetamine
will affect hyperactivity in the absence of ADHD (Yo1— Yoo). Arrows 1 and 3 can be seen as the reference
interaction effect i.e. the joint effect of ADHD and amphetamine use (Y11 — Yi0— Yo1 + Yoo) where ADHD does not
cause amphetamine use (M). Arrows 1, 2 and 3 together can be seen as the mediated interaction effect i.e. ADHD
causes amphetamine use (M;— Mo), and subsequently both ADHD and amphetamine interacts with each other

(Y11 — Y10 — Yor + Yop). ®
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ADHD ————> Amphetamine use ———» Hyperactivity
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EXAMPLE 2: INCOMPLETE COMBUSTION AND OXYGEN SATURATION

The second example originates from the field of biochemistry and involves the concept of
allosteric regulation. Allosteric regulation occurs when the binding of a ligand to a protein
induces a conformational change in the protein such that another ligand is able to bind at
another site of the protein. A well-known example of such a regulation is the binding of
oxygen to hemoglobin. This physiological phenomenon is called the Bohr effect, and was
first described in 1904 by the Danish physiologist Christian Bohr. Hemoglobin, a protein
contained in red blood cells, is the primary vehicle for transporting oxygen in the blood.
Although oxygen is also carried in blood plasma, most of it is carried via hemoglobin.
Hemoglobin contains four components/sites called ‘heme’, each capable of carrying one
oxygen molecule. When an oxygen molecule binds to any of these sites, it causes a
conformational change in hemoglobin facilitating the binding of oxygen to the other sites.
How much of the oxygen is bound to hemoglobin is called the oxygen saturation (in
percentage), which can be measured using pulse oximetry. The oxygen saturation is
calculated as the concentration of oxygen that is bound to hemoglobin as a proportion of the
maximal concentration that can be potentially bound to hemoglobin. Apart from oxygen,
carbon monoxide also binds to hemoglobin at the same sites as oxygen, but approximately
200 times more tightly. The binding of oxygen or carbon monoxide induces a
conformational change (i.e. allosteric regulation) in hemoglobin facilitating the binding of
these molecules to the other sites. As such, oxygen and carbon monoxide compete with
each other to bind to hemoglobin. While oxygen is easily released from hemoglobin, carbon
monoxide is not. This strong affinity can cause an accumulation of carbon monoxide bound
hemoglobin, and thus, reducing the number of hemoglobin available to bind to oxygen.
Now, consider a scenario of incomplete combustion, for where oxygen is needed and
carbon monoxide is formed. In such a scenario, as one inhales carbon monoxide, there will
be some competition between oxygen and carbon monoxide to bind to hemoglobin. Let A



denote the oxygen concentration level in a room; let M denote the carbon monoxide
concentration level in that room; let Y denote the oxygen saturation measured in a healthy
person in that room. While the oxygen concentration in the room affects the oxygen
saturation, the oxygen is also needed for incomplete combustion in order to form carbon
monoxide (the oxygen can be seen as an essential cause). In turn, both oxygen and carbon
monoxide will compete to bind to hemoglobin. Obviously, when both molecules are present
in the same concentrations, carbon monoxide will bind more tightly to hemoglobin (Y;),
leading to a decrease in oxygen saturation. In other words, carbon monoxide competes with
oxygen and thereby prevents the binding of oxygen to hemoglobin. When neither molecule
is present (Yoo), Or when merely carbon monoxide is present (Yoy), there will be no oxygen
saturation. Oxygen saturation will only be high in the presence of oxygen alone (Yyo).
Looking at the joint effect of A and M on Y, this joint effect will be lower than the sum of
their individual effects i.e. (Y11 — Y10 — Yo1 + Ygo) < 0, indicating the presence of negative
interaction. Given that oxygen is needed to form carbon monoxide i.e. (M;— M) > 0,
INTneq Will be negative.

EXAMPLE 3: HYPERTENSION, INTRACRANIAL ARTERIAL STIFNESS AND
COGNITIVE DECLINE

This example originates from clinical practice and illustrates how arterial stiffness of
intracranial vessels mediates the effect of hypertension on cognitive decline. Hypertension
is a medical condition in which the pressure in the blood vessels throughout the body is
raised. Typically, hypertension is defined as a systolic blood pressure > 140 mmHg or a
diastolic blood pressure > 90 mmHg, and has been considered a crucial risk factor for
coronary heart disease and stroke. Apart from these cardiovascular diseases, it is well-
established that high blood pressure is also associated with cognitive decline and dementia.’
One possible mechanism how hypertension may cause cognitive decline, or dementia is
through arterial stiffness of intracranial vessels. Studies have firmly established a relation
between hypertension and arterial stiffness,’® and between arterial stiffness and cognitive
decline.™ Interestingly, it has been thought that in particularly elderly people who have
developed arterial stiffness, the body is maintaining a high blood pressure to provide
sufficient perfusion to the brain, and thereby preventing cognitive decline.'?** In other
words, the effect of hypertension on cognitive decline is opposite in strata with and without
arterial stiffness.

Let A = a denote the presence of hypertension, and A = a* the absence of hypertension; let
M denote the presence of arterial stiffness, and M = m* the absence of arterial stiffness; let
Y =1 denote the presence of cognitive decline, and Y = 0 the absence of cognitive decline.
In this (simplistic) example, Y1, = 0, because cognitive decline will be prevented when both
hypertension and arterial stiffness are present; Y;o= 1 and Y,; = 1, because in the presence
of either hypertension only or arterial stiffness only, cognitive decline will occur; Yoo =0,



because in the absence of both hypertension and arterial stiffness, there will be no cognitive
decline. Hence, the joint effect of A and M together on Y is lower than the sum of their
individual effects i.e. (Y11 — Y10 — Yo1 + Yoo) = —2, indicating the presence of negative
interaction. Given that arterial stiffness will be caused in the presence of hypertension i.e.
(M;—Mg) =1, INT¢q Will be negative. In line with previous examples, also here, the
negative INT .4 Shows us that there is antagonism between the joint effect of the exposure
and the mediator on the outcome, and the effect of the exposure on the mediator.

EXAMPLE 4: ANTIBIOTIC THERAPY FOR ESCHERICHIA COLI

The fourth example originates from microbiology and pharmacology, and illustrates the
concept of drug combinations. In this example, the outcome can be seen as a time-varying
variable. Combining drugs are increasingly important in medicine for combating antibiotic
resistance, for increasing treatment efficacy, and for probing biological systems. It is
common clinical practice to start with a second drug to create a synergistic effect in case
the initial drug does not have a sufficient effect (e.g. due to resistance). Note that in clinical
practice, although doxycycline cannot directly cause the use of ciprofloxacin, the use of
ciprofloxacin might be initiated after an insufficient effect of doxycycline is observed. By
combining two drugs it is assumed that the drug combination will have either an additive
effect or ideally more than additive effect (i.e. synergy). However, studies have shown that
this might not always be the case. In fact, combining drugs may lead to antagonistic or even
suppressive effects (i.e. hyper-antagonistic), which may be understood in terms of negative
mediation interaction. For instance, in combating E. coli, studies have investigated the
growth rate of E. coli with various combinations of antibiotics.* ** It has been shown that
the combination of doxycycline and ciprofloxacin rather than giving a synergistic effect in
reducing the growth rate of E. Coli, in fact, demonstrates a strong suppressive effect,
whereby doxycycline relieves the inhibitory effect of ciprofloxacin on the growth rate of E.
coli. Within the sufficient-cause framework, an insufficient effect of doxycycline may be
conceived as a component cause for initiating ciprofloxacin. Given that ciprofloxacin
treatment will only be initiated after an insufficient effect of doxycycline was observed, and
that there is negative interaction between the two drugs, INTq Will be negative. This
means that the joint effect of the exposure and the mediator on the outcome, and the effect
of the exposure on the mediator are in opposite direction i.e. Condition 1 is met.

We will now demonstrate this example with scenarios of additive, synergistic, antagonistic,
and suppressive effects using causal mediation terminology. Consider now a thought
experiment in which we have several plates of glass with 100 E. coli cells on each plate,
which we can count microscopically. We aim to quantify the number of these cells that die
after exposing them to concentrations of doxycycline alone, ciprofloxacin alone, both, and
neither.



Let A = a denote the use of a high concentration of doxycycline, and A = a* no
doxycycline use; let M = m denote the use of a high concentration of ciprofloxacin after an
insufficient effect of doxycycline was observed, and M = m* no ciprofloxacin use after an
insufficient effect of doxycycline was observed; let Y denote the number of E. coli cells that
die after one day. When neither drug is included, Yoo = 0, because there will be no bacterial
cell death. Now assume that doxycycline is insufficiently effective and only kills 25
bacteria i.e. Y10 = 25. When only ciprofloxacin is used, which is more effective, this drug
kills 50 bacteria i.e. Yo, = 50. In a scenario of additive effect, Yy, will be 75, resulting in (Y4,
—Y10— Yor + Ygo) = 0. In a scenario of synergism, Y, should be larger than (Yo + Yq1), and
thus might be e.g. 80, resulting in (Y11 — Y10 — Yo1 + Ygo) > 0, which is a positive (mediated)
interaction. In a scenario of antagonism, or suppression, Y; should be smaller than (Yo +
Yo1), and thus might be Y, = 70 (for antagonism) and Y, = O (for suppression), resulting in
(Y11 — Y10 — Yor + Yoo) <O.

Apart from the combination of doxycycline and ciprofloxacin that demonstrated a strong
suppressive effect, there are many other examples of drug combination showing an
antagonistic effect when combined, and possibly resulting in a negative INTpeq.**

CONCLUSION

The conceptual framework of causal mediation has been formalized to estimate the direct
and indirect effects even in the presence of an exposure-mediator interaction. Moreover, in
the presence of an exposure-mediator interaction, the direct and indirect effects can be
further decomposed into four components. We see that the causal mediation analysis is
increasingly being used in biomedical research, but that it is difficult to interpret the
estimates of the components when these are in opposite direction. While there is abundant
literature on negative interaction or negative mediation, the interpretation of negative
mediated interaction so far lacks an easy-to-understand interpretation. In this paper, we
have now shown that negative mediated interaction might actually reflect relevant
biological processes. We suggest investigators using causal mediation analysis to interpret
components with opposite sign carefully.
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Vitamin D and Retinal Microvascular Damage:
the Rotterdam Study
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ABSTRACT

Background: Vitamin D has been linked to various cardiovascular risk factors including
indices of large vessel disease. However, it remains unclear whether vitamin D is also
associated with indices of microvascular disease. In a community-dwelling population, we
studied associations between vitamin D serum levels and retinal microvascular damage
defined as retinopathy signs, narrower arterioles, and wider venules.

Methods: From the population-based Rotterdam Study, we included 5,675 participants
aged > 45 years with vitamin D data and gradable retinal photographs. Serum levels of
vitamin D were measured using an antibody-based assay. Retinal exudates,
microaneurysms, cotton wool spots and dot/blot hemorrhages were graded on fundus
photographs by experienced graders in the whole sample; retinal vascular calibers i.e.
arteriolar and venular diameters, were semi-automatically measured in a subsample (n =
2,973). We examined the cross-sectional association between vitamin D and retinal
microvascular damage using logistic, and linear regression models, adjusting for age, sex,
and cardiovascular risk factors.

Results: We found that persons with lower vitamin D levels were more likely to have
retinopathy (adjusted odds ratio per standard deviation (SD) decrease of vitamin D: 1.30;
95% confidence interval (Cl): 1.12-1.49). Furthermore, lower vitamin D levels were
associated with wider venular calibers (adjusted mean difference per SD decrease in
vitamin D: 1.35; 95% CI: 0.64; 2.06). This association was strongest among men (p-value
for interaction = 0.023).

Conclusions: Lower levels of vitamin D are associated with retinal microvascular damage,
suggesting that the link of vitamin D with cardiovascular risk may partly run through
changes in the microvasculature.



INTRODUCTION

Over the past decades, vitamin D deficiency has emerged as a potentially modifiable risk
factor for cardiovascular disease.” The exact mechanisms for how vitamin D relates to
cardiovascular disease are uncertain, but existing data show a strong link between vitamin
D and cardiovascular risk factors, which themselves contribute to the development of
cardiovascular disease. In particular, population-based studies have primarily focused on
the relation of vitamin D with various indices of large vessel disease such as
atherosclerosis,? arterial stiffness, and arterial stenosis.* Together with traditional
cardiovascular risk factors, large vessel disease explains about 60% of the variance of
incident cardiovascular disease.’

Yet, a growing body of evidence shows that microvascular disease is also an important
contributor to the development of cardiovascular disease.® Retinal imaging provides a great
opportunity to study the microvasculature in vivo, and retinal microvascular damage —
assessed as retinopathy signs, arteriolar narrowing, and venular widening — has been widely
used as markers of microvascular disease.” As such, studies have related these markers to
incident hypertension,® stroke,® and coronary heart disease,'® supporting the notion of a
microvascular component in cardiovascular disease. In view of these observations, we
hypothesize that vitamin D could be linked to cardiovascular disease through the presence
of a microvascular component.™ Studies investigating the link between vitamin D and
indices of microvascular disease have shown that vitamin D deficiency was associated with
poor coronary microcirculation,' endothelial dysfunction,™ nephropathy**, and with
markers of cerebral small vessel disease.” Although these studies suggest a microvascular
component in the link of vitamin D with cardiovascular disease, no study has investigated
the direct relation of vitamin D with markers of microvascular damage in humans.

In this study, we investigated associations between vitamin D and direct visualization of
microvascular damage using retinal imaging in a community-dwelling population.



METHODS

Study setting and population

This study was performed as part of the Rotterdam Study (RS), a prospective population-
based cohort study.'® All inhabitants of the Ommoord district in the city Rotterdam, the
Netherlands, aged 55 years or older were invited to the study in 1990 (RS-I, n = 7,932) and
2000 (RS-I1, n = 3,011). In 2006 a further extension of the cohort was initiated and
participants aged 45 years or older were invited (RS-111, n = 3,932). Vitamin D was
measured in RS-I1 and RS-111. Signs of retinopathy were graded on fundus photographs in
both cohorts, and retinal vascular calibers were measured only in RS-I11. In total, data on
vitamin D were available in 5,918 persons. Of these 5,918 persons, 243 persons had no
(gradable) fundus photographs centered on the macula, or did not undergo ophthalmic
examinations. Thus, data on both vitamin D and retinopathy were available in 5,675
persons. In RS-111, data on vitamin D were available in 3,445 persons. Of these, 472 had no
(gradable) fundus photographs centered on the optic disc, or did not undergo ophthalmic
examinations, resulting in 2,973 persons with complete data on vitamin D and retinal
vascular calibers. Baseline home interviews and examinations were performed in each
cohort. 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.

Assessment of 25-hydroxyvitamin D

Plasma levels of 25-hydroxyvitamin D were measured using an electrochemiluminescence-
based assay (Elecsys Vitamin D Total, Roche Diagnostics, Mannheim, Germany). This
assay has a functional sensitivity of 10 nmol/L with 18.5% coefficient of variation for intra-
analyses. The repeatability is given by the within-run precision of < 6.5% and the
reproducibility by the intermediate precision of < 11.5%. Vitamin D deficiency was
considered as a level lower than 50 nmol/L.!

Assessment of retinopathy signs

Participants underwent a full eye examination of both eyes including fundus photography
centered on the macula and optic disc with a 35° visual field camera (TRV-50VT (in RS-I1)
and TRC-50EX (in RS-111), Topcon Optical Company, Tokyo, Japan) after
pharmacological mydriasis on both eyes. Fundus photographs were checked for quality and
the presence of age-related maculopathy by two experienced graders. These graders, each
having 20 years of experience, divided their work and graded all fundus photographs
particularly focusing on fundus signs of age-related maculopathy. Consensus sessions and
between-grader comparisons were performed regularly, and weighted «k coefficients ranged
from 0.58 to 0.80 for various fundus lesions. Retinopathy was defined as the presence of
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one or more dot/blot hemorrhages, microaneurysms, hard exudates, cotton wool spots, or
evidence of laser treatment for retinopathy in one eye (Figure 1A). Retinopathy was also
considered to be present in participants with central retinal artery or vein occlusion.

Assessment of retinal vascular calibers

Retinal vascular calibers were measured in RS-111 on fundus photographs centered on the
optic disc (Figure 1B). For each participant the image of one eye with the best quality was
analyzed with a semi-automated system (IVAN, University of Wisconsin-Madison,
Madison, Wisconsin), and one summary value was calculated for the arteriolar calibers (in
um) and one for the venular calibers (in pm).'” As eyes may have different magnification
due to refractive changes, we adjusted vessel measurements for possible magnification
variations with Littmann formula to approximate absolute measures.'® We verified in a
random subsample of 100 participants that individual measurements in the left and right eye
were similar. Measurements were performed by one rater, masked for participant
characteristics. Pearson correlation coefficients for interrater and intrarater agreement (n =
100) were 0.85 and 0.86 for arteriolar calibers, and 0.87 and 0.87 for venular calibers,
respectively.

Figure 1. Fundus photographs showing (A) signs of retinopathy and (B) measurements of retinal vascular calibers.
In (A), white arrow: small hemorrhages; black arrow: hard exudates. In (B), red lines: arteriolar calibers; blue
lines: venular calibers.

Assessment of other measurements

Blood pressure was measured twice in sitting position at the right brachial artery with a
random-zero sphygmomanometer. We used the average of two readings for analysis. We
defined hypertension as a systolic blood pressure of 140 mmHg or more, a diastolic blood
pressure of 90 mmHg or more, use of antihypertensive medication, or any combination of
these 3 factors. Body mass index was computed as weight (kg) divided by height squared
(m?). Fasting serum total and high-density lipoprotein cholesterol concentrations were
determined by an automated enzymatic procedure.'® Diabetes mellitus was considered to be

66



present if participants reported use of antidiabetic medication or when fasting serum
glucose level was equal to or greater than 7.0 mmol/L. Serum levels of C-reactive protein
were determined by a near-infrared particle immunoassay method (Immage, Beckman
Coulter, Fullerton, California). Carotid plaques were assessed by ultrasound at the carotid
artery bifurcation, common carotid artery, and internal carotid artery on both sides.
Presence of plaques were defined as focal thickening of the vessel wall of at least 2 mm
relative to adjacent segments with or without calcified components at any site. Information
on smoking (never, former or current), antihypertensive and lipid-lowering medication use,
and vitamin D supplement use was obtained during the home interview by a computerized
questionnaire. In RS-111, dietary intake data were collected using a semi-quantitative 289-
item food-frequency questionnaire. Vitamin D intake from foods was calculated using the
Dutch Food Composition Table of 2006. Prevalent cardiovascular disease was assessed as a
history of myocardial infarction, coronary artery bypass graft, percutaneous coronary
intervention, or stroke. An extensive description on definitions of cardiovascular outcomes
has been described previously.? % Kidney function was assessed by calculating an
estimated glomerular filtration rate for serum creatinine and cystatin combined, according
to the Chronic Kidney Disease Epidemiology Collaboration formula.?> An estimated
glomerular filtration rate lower than 60 mL/min/1.73 m? was considered as having kidney
disease.

Statistical analyses

We standardized vitamin D values by creating z-scores (individual value minus study mean,
divided by the standard deviation (SD)). In addition, we categorized participants into
quartiles on the basis of vitamin D levels. We assessed associations of vitamin D with
retinopathy using logistic regression models and with retinal vascular calibers using linear
regression models. In Model 1, we adjusted for age, sex, season when the blood was drawn,
the other vascular caliber (if applicable), and subcohort (if applicable). In Model 2, we
additionally adjusted for the following cardiovascular risk factors: systolic blood pressure,
diastolic blood pressure, use of antihypertensive and lipid-lowering medication, body mass
index, total cholesterol, high-density lipoprotein cholesterol, C-reactive protein, and
smoking. As the use of vitamin D supplements could influence these associations, we
repeated our analyses after adjusting for use of any vitamin supplements, and again after
excluding these persons. Also, in RS-I11, we adjusted for vitamin D from food intake. We
explored effect modification by stratifying for sex, history of cardiovascular disease,
hypertension, diabetes mellitus, and kidney disease. We also created interaction terms with
corresponding p-values in the statistical models. Missing values for covariates, if present,
occurred in less than 3% of the cases, and were dealt with using fivefold multiple
imputations based on determinant, outcome, and covariates. We explored the possibility of
collinearity, given the Pearson correlation coefficient between arteriolar and venular
diameter (r = 0.53), by calculating the variance inflation factor, but no indication of high



collinearity was identified (variance inflation factor < 1.2). Statistical tests were performed
at the 0.05 level of significance (two-tailed) using SPSS version 21.0 (IBM Corporation,
Armonk, New York) for Windows.

RESULTS

The characteristics of the study population are reported in Table 1. Of the total 5,675
participants, 56% were women and the average age was 60.1 years (SD: 8.1). The average
vitamin D level was 60.8 nmol/L (range: 8 to 175 nmol/L), and 40% of the participants had
vitamin D deficiency. Persons with retinopathy had an average vitamin D level of 52.3
nmol/L (SD: 27.7), and persons without retinopathy had an average vitamin D level of 61.2
nmol/L (SD: 28.1).

Table 2 shows the associations between vitamin D and the presence of retinopathy. Lower
levels of vitamin D were significantly associated with the presence of retinopathy: odds
ratio (OR) per SD decrease of vitamin D 1.42 (1.21-1.66). This association attenuated after
adjusting for cardiovascular risk factors, but remained statistically significant (OR: 1.28
(1.09-1.50)). Adjusted OR for the presence of retinopathy was 1.62 (1.05-2.49) for persons
in the first quartile of vitamin D compared to persons in the fourth quartile.

Table 3 shows associations of vitamin D with retinal vascular calibers. We found that lower
levels of vitamin D were significantly associated with larger venular calibers, irrespective
of cardiovascular risk factors: adjusted mean difference per SD decrease of vitamin D 1.37
(0.65; 2.09). On the other hand, lower vitamin D levels were weakly associated with
narrower arteriolar calibers: adjusted mean difference 0.15 (-0.32; 0.61).

Furthermore, the associations between vitamin D and microvascular damage remained
similar after adjusting for vitamin supplement use, or excluding supplement users (n =
1,343).

Also, in RS-111, adjusting for vitamin D from food intake attenuated the associations, but it
remained statistically significant: adjusted OR for the presence of retinopathy was 1.58
(1.18-2.13), and adjusted mean difference for venular calibers was 0.99 (0.14; 1.83). In
stratified analyses (Table 4), we found that sex modified the associations of vitamin D with
venules with a significant p-value for formal interaction term (p-value for interaction =
0.023).



Table 1. Characteristics of the study population.

Retinopathy signs Retinal vascular calibers

Characteristic (RS-11 and RS-111) (RS-111)
Sample size, n 5,675 2,973
Age, years 60.1 (8.1) 56.8 (6.5)
Female sex 3,157 (56) 1,784 (57)
Systolic blood pressure, mmHg 137.2 (20.8) 132.4 (18.8)
Diastolic blood pressure, mmHg 81.2 (11.1) 82.5 (10.9)
Antihypertensive medication 1,558 (28) 787 (27)
Lipid-lowering medication 1,059 (19) 670 (23)
Body mass index, kg/m? 27.5(4.4) 27.7 (4.6)
Total cholesterol, mmol/L 5.6 (1.0) 5.6 (1.1)
HDL cholesterol, mmol/L 1.4 (0.4) 1.4 (0.4)
Diabetes mellitus type 2 555 (10) 247 (8)
C-reactive protein, mg/L 2.5(4.6) 2.6 (4.5)
Carotid plaque 2,936 (52) 1,046 (35)
Current smoker 1,223 (22) 679 (23)
eGFR, mL/min/1.73 m? 84.0 (14.7) 86.2 (13.7)
Vitamin D, nmol/L 60.8 (28.1) 60.2 (27.6)
Retinopathy signs 264 (5) 87 (3)
Arteriolar caliber, um NA 158.4 (15.5)
Venular caliber, um NA 239.6 (22.8)

Values are presented as means (standard deviation) or as numbers (percentage).
Abbreviations: RS, Rotterdam Study; HDL, high-density lipoprotein; eGFR, estimated glomerular filtration
rate; NA, not applicable.

Table 2. Associations between vitamin D and retinopathy.

Presence of retinopathy
Odds ratio (95% CI)

Vitamin D n/N Model 1 Model 2
Per SD decrease 264/5,675 1.42 (1.21-1.66) 1.28 (1.09-1.50)
Quartiles (range)
4" quartile (79.2-175.0) 97/1,414 1.00 (reference) 1.00 (reference)
3" quartile (57.7-79.2) 72/1,413 1.26 (0.87-1.81) 1.14 (0.78-1.65)
2" quartile (38.8-57.6) 49/1,431 2.13 (1.40-3.22) 1.79 (1.17-2.74)
1% quartile (7.5-38.8) 46/1,417 2.07 (1.37-3.13) 1.62 (1.05-2.49)
P-value for trend <0.001 0.006
Vitamin D deficiency
(<50 nmol/L)
Absent 119/3,396 1.00 (reference) 1.00 (reference)
Present 145/2,279 1.86 (1.39-2.48) 1.54 (1.14-2.08)

Abbreviations: Cl, confidence interval; n/N, number of persons with retinopathy among total number of
persons; SD, standard deviation.

Model 1: adjusted for age, sex, season, and subcohort.

Model 2: as Model 1, additionally adjusted for systolic blood pressure, diastolic blood pressure,
antihypertensive medication, lipid-lowering medication, body mass index, total cholesterol, high-density
lipoprotein cholesterol, diabetes mellitus, C-reactive protein, carotid plaque, estimated glomerular filtration
rate, and smoking.




Table 3. Associations between vitamin D and retinal vascular calibers.

Arteriolar caliber Venular caliber
Mean difference (95% CI) Mean difference (95% ClI)
Vitamin D Model 1 Model 2 Model 1 Model 2
Per SD decrease -0.27 (-0.75;0.21)  0.15(-0.32; 0.61) 2.07 (1.36; 2.77) 1.37 (0.65; 2.09)
Quartiles (range)
4™ quartile (79.2-175.0) 0 (reference) 0 (reference) 0 (reference) 0 (reference)

3" quartile (57.7-79.2) 0.47 (-0.85; 1.77) 0.71 (-0.54; 1.95) 0.74 (-1.21; 2.69) 0.50 (-1.45; 2.41)

2" quartile (38.8-57.6) 0.35 (-0.98; 1.67) 1.06 (-0.21; 2.34) 2.77 (0.79; 4.74) 1.67 (-0.28; 3.62)

1% quartile (7.5-38.8) -0.68 (-2.00; 0.64)  0.44 (-0.85; 1.73) 5.42 (3.46; 7.38) 3.58 (1.61; 5.55)
P-value for trend 0.300 0.433 <0.001 <0.001

Abbreviations: Cl, confidence interval; SD, standard deviation.

Model 1: adjusted for age, sex, season, and the other vascular caliber.

Model 2: as Model 1, additionally adjusted for systolic blood pressure, diastolic blood pressure, antihypertensive
medication, lipid-lowering medication, body mass index, total cholesterol, high-density lipoprotein cholesterol,
diabetes mellitus, C-reactive protein, carotid plaque, estimated glomerular filtration rate, and smoking.

Table 4. Stratified analyses for associations between vitamin D levels and retinal microvascular damage.

Presence of retinopathy Venular caliber
n/N Odds ratio (95% CI) N Mean difference (95% CI)

Men 145/2,518 1.34 (1.08-1.66) 1,275 2.38 (1.32; 3.45)
Women 119/3,157 1.21 (0.94-1.57) 1,698 0.75 (-0.22; 1.71)
Cardiovascular disease, yes 40/409 1.53 (0.88-2.65) 184 0.80 (-2.67; 4.27)
Cardiovascular disease, no 223/5,241 1.25 (1.06-1.49) 2,771 1.33 (0.60; 2.07)
Hypertension, yes 187/3,196 1.20 (0.98-1.46) 1,491 1.79 (0.74; 2.83)
Hypertension, no 772,479 1.43 (1.07-1.91) 1,482 1.01 (0.02; 2.00)
Diabetes mellitus, yes 82/555 1.67 (1.16-2.42) 247 2.72 (-0.33; 5.78)
Diabetes mellitus, no 182/5,120 1.18 (0.99-1.42) 2,726 1.24 (0.50; 1.98)
Kidney disease, yes 44/357 1.32(0.93-4.13) 102 1.73 (-2.80; 6.26)
Kidney disease, no 220/5,318 1.25(1.05-1.48) 2,871 1.37 (0.64; 2.10)

Abbreviations: n/N, number of persons with retinopathy among total number of persons; Cl, confidence interval;
SD, standard deviation.

Adjusted for age, sex, season, subcohort, the other vascular caliber, systolic blood pressure, diastolic blood pressure,
antihypertensive medication, lipid-lowering medication, body mass index, total cholesterol, high-density lipoprotein
cholesterol, diabetes mellitus, C-reactive protein, carotid plaque, estimated glomerular filtration rate, and smoking.




DISCUSSION

In this population-based study, we found that lower vitamin D serum levels were associated
with the presence of microvascular damage, independent of cardiovascular risk factors.
Vitamin D has been widely recognized to play an important role in the development of
cardiovascular disease, and investigators have repeatedly shown that patients deficient in
vitamin D are more likely to develop coronary heart disease®, stroke,? and cardiovascular
mortality.?® Despite robust evidence of vitamin D to be a risk factor for cardiovascular
disease, exact mechanisms through which vitamin D leads to the development of
cardiovascular disease remain unclear. Thus far, studies have suggested that vitamin D
affects cardiovascular health through its association with cardiovascular risk factors such as
diabetes mellitus,? an unfavorable lipid profile,?” inflammation,? and indices of large
vessel disease.” Apart from these factors, it has been suggested that vitamin D may act on
cardiovascular health through changes in the microvasculature. Given the increasing
importance of microvascular disease in the development of cardiovascular disease,* it is
possible that the link between vitamin D and cardiovascular disease may be explained by a
microvascular component. Indeed, recent studies have shown that vitamin D is associated
with nephropathy and with structural MRI markers of microvascular disease in the brain i.e.
white matter lesions and lacunar infarcts.™ Extending these previous findings, the main
novelty of our study is that we show a link between vitamin D and direct visualization of
microvascular damage, as reflected by qualitative and quantitative retinal parameters.
Several explanations can be proposed for the association of vitamin D with microvascular
damage. First, vitamin D may alter the structure and arrangement of microvasculature by
endothelium activation. Both in large vessel disease, and in microvascular disease,
endothelium is the key component that initiates pathological vascular processes. As such,
vitamin D receptors (i.e. DNA-binding transcription factors) expressed on endothelial cells
modulate endothelial cell function by binding to these receptors. Subsequently, the
activated endothelium promotes endothelial cell proliferation and migration by stimulating
the production of nitric oxide, and reducing the production of reactive oxygen species.® It
also inhibits innate inflammatory process by modulating specific signaling pathways and
reduces vascular tone via the production of endothelium-derived contracting factors.*
Against this background, it is conceivable that these antioxidative and vasodilatory
processes may not be initiated in case of low vitamin D levels, and therefore damage to the
blood vessels may occur. It is noteworthy to mention that in recent years, apart from
arterioles, the role of venules in cardiovascular disease has gained attention, and converging
evidence shows wider venules to be an important marker for cardiovascular disease. Also in
our study, vitamin D was particularly related to venules and not arterioles, which further
points towards the importance of venules in cardiovascular disease. Given that both lower
vitamin D levels and wider venules are related to ischemia, it is likely that vitamin D and
venules are connected in the pathways of ischemia.®



How exactly these two factors are connected should be investigated in further research.
Other potential mechanisms through which vitamin D could lead to microvascular damage
include inflammation, lipid metabolism, and renin-angiotensin-aldosterone system, which
are all processes involved in the pathogenesis of arteriosclerosis.? In our study, adjusting
for markers of these processes (e.g. C-reactive protein, cholesterol and blood pressure)
showed that the associations between vitamin D and retinal microvascular damage greatly
attenuated, pointing further towards some effects of these processes. However, the
associations remained statistically significant, indicating that other processes likely also
play a role or that measurement error in covariates led to insufficient adjustment.

Several limitations need to be discussed. First, the cross-sectional design of our study limits
our ability to infer a temporal link between vitamin D and retinal microvascular damage.
Another limitation is that retinal fundus photographs were taken at a single point in time,
and thus, we were unable to measure dynamic measures synchronized on the cardiac cycle.
This may have caused random misclassification, leading to an underestimation of our
associations. Third, we were not able to measure important confounding factors such as
(lifetime) sun-exposure, and food intake. These factors could confound the effect of vitamin
D on microvascular damage. Finally, participants in the Rotterdam Study are mainly
middle-class white persons, which limits the generalizability of our findings. Strengths of
our study are the population-based setting, large study size and the extensive information
on covariates.

In conclusion, lower vitamin D serum levels are associated with the presence of retinal
microvascular damage, suggesting that the link of vitamin D with cardiovascular risk may
partly run through changes in the microvasculature.
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Chapter 3.2
N-terminal Pro-B-Type Natriuretic Peptide is Related to
Retinal Microvascular Damage: the Rotterdam Study
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Caroline C.W. Klaver, M. Kamran Ikram

ABSTRACT

Background: N-terminal pro-B-type natriuretic peptide (NT-proBNP) is a marker of
cardiac dysfunction and has been linked to various indices of large vessel disease.
However, it remains unclear whether NT-proBNP also relates to indices of microvascular
disease. In a community-dwelling population, we studied the association between NT-
proBNP and retinal microvascular damage.

Methods: From the population-based Rotterdam Study, we included 8,437 participants
(mean age 64.1 years and 59% women) without a history of cardiovascular disease, with
NT-proBNP data and gradable retinal images. NT-proBNP serum levels were measured
using an immunoassay. Retinopathy signs i.e. exudates, microaneurysms, cotton wool spots
and dot/blot hemorrhages, present on fundus photographs were graded in the total study
population; retinal vascular calibers i.e. arteriolar and venular calibers, were semi-
automatically measured in a subsample (n = 2,763) of the study population. We conducted
cross-sectional analyses on the association between NT-proBNP and retinal microvascular
damage using logistic and linear regression models, adjusting for age, sex, and
cardiovascular risk factors.

Results: We found that NT-proBNP was associated with the presence of retinopathy
(adjusted odds ratio (95% confidence interval) per standard deviation (SD) increase in
natural log-transformed NT-proBNP: 1.14 (1.03-1.27)). We also found that higher NT-
proBNP was associated with narrower arteriolar calibers (adjusted mean difference in
arteriolar caliber per SD increase in natural log-transformed NT-proBNP: -0.89 pm (-1.54;
-0.24)). This association remained unchanged after excluding persons with retinopathy
signs.

Conclusions: In persons free of clinical cardiovascular disease, higher levels of NT-
proBNP are associated with retinal microvascular damage, suggesting a potential role for
NT-proBNP as marker for microvascular disease.



INTRODUCTION

An important cornerstone in cardiovascular research has been the identification of markers
that not only relate to clinical disease, but are also indicative of subclinical disease. In
recent years, N-Terminal pro-B-type Natriuretic Peptide (NT-proBNP) has emerged as such
a marker, associated in particular with heart failure.” * NT-proBNP is a biologically inactive
metabolite secreted together with its biologically active counterpart BNP from cardiac
myocytes in response to cardiac stress. Typically, studies have measured NT-proBNP
instead of BNP, given its lower cost and easier availability of assays. Importantly, NT-
proBNP is not only informative about clinically overt heart failure but is also increased in
persons with subclinical cardiac dysfunction.? Given the strong link between cardiac
disease and large vessel disease, studies have also shown NT-proBNP to be related to
various indices of large vessel disease such as coronary atherosclerosis,* carotid-pulse wave
velocity,” aortic valve disease,® and aortic stenosis.” Although cardiac disease has a
substantial component due to large vessel disease, nevertheless, up to 40% of patients with
symptoms of cardiac ischemia have normal arteries on coronary angiography.®
Observations primarily from cardiac imaging studies have indeed demonstrated that these
patients have impaired myocardial blood flow and coronary flow reserve despite normal
arteries, pointing towards other mechanisms of cardiac ischemia.’ Currently, such patient
populations are being recognized as a distinct entity representing a wide spectrum of
coronary microvascular dysfunction.™

Against this background, it is conceivable that NT-proBNP — as marker of subclinical
cardiac dysfunction — may also be related to indices of small vessel disease. As such,
studies have repeatedly shown the usefulness of NT-proBNP as biomarker for clinical
endpoints in patients with renal disease.™™ *? Thus, the link between NT-proBNP and renal
function may reflect cardiac stress and signifies the presence of microvascular pathology.
However, the link of NT-proBNP with direct visualization of microvascular damage has not
been studied, primarily because of a lack of noninvasive markers of small vessel disease.
The retina provides an opportunity to visualize the microvasculature in vivo. Microvascular
damage in the retina often manifests itself as exudates, microaneurysms, cotton wool spots,
dot/blot hemorrhages and narrower arterioles, which can be quantified on retinal imaging.
These measures of microvascular damage have been widely used in large-population based
studies, and findings from these studies have often shown that retinal microvascular
damage is related to subclinical and clinical cardiovascular disease.** '* In view of these
observations, we hypothesize that, besides large vessel disease, cardiac stress due to
microvascular dysfunction may also lead to higher levels of NT-proBNP.

Therefore, in a community-dwelling population free of clinical cardiovascular disease, we
investigated the association of NT-proBNP with the presence of retinopathy and retinal
vascular calibers.



METHODS

Study setting

This study is based on the Rotterdam Study (RS), a large prospective population-based
cohort study in the Netherlands that investigates the etiology of chronic diseases in the
general population.™ All inhabitants of the Ommoord district in the city Rotterdam, aged 55
years or older, were invited to the study in 1990 and 2000. In 2006 a further extension of
the cohort was initiated and participants aged 45 years or older were invited. Follow-up
examinations for participants take place every three to four years. NT-proBNP was
measured in the third visit of the first cohort (RS-1-3), and at the beginning of the second
(RS-I1-1) and third (RS-I11-1) cohort. Retinopathy signs were graded in all cohorts, whereas
retinal vascular calibers were only measured in RS-111-1. 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.

Study population

Out of 11,740 participants, NT-proBNP levels were measured in 9,946 participants
(84.7%). Of these 9,946, we excluded 1,048 participants with a history of myocardial
infarction, coronary artery bypass graft, percutaneous coronary intervention, heart failure,
and stroke. An extensive description on definitions of cardiovascular outcomes has been
described previously.*® *” We excluded persons with a history of cardiovascular disease
because it is a clinically detectable condition in which NT-proBNP levels are known to be
high. Also, participants with NT-proBNP values above the age-specific heart failure cut-
points (n = 135) were excluded from further analyses. Age-specific heart failure cut-points
were defined as NT-proBNP levels above 54 pmol/L for participants aged < 50 years, 108
pmol/L for participants aged 50-75 years, and 216 pmol/L for participants aged > 75
years.'® Furthermore, participants without (gradable) fundus photographs (n = 265), and
end-stage age-related macular degeneration (n = 61) were excluded from analyses, because
end-stage age-related macular degeneration has mostly a different pathogenesis than
hypertensive or diabetic retinopathy, and thus could affect our estimates if included. A total
of 8,437 participants with both NT-proBNP and retinopathy data were thus eligible for
analysis. As retinal vascular calibers were only measured in RS-111-1, complete data in
2,763 participants were available for this analysis. A flow diagram of the study population
is depicted in Figure 1.



Figure 1. Flow diagram of the study population.
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Assessment of NT-proBNP

Blood samples for NT-proBNP measurements were collected in glass tubes containing clot
activator and gel for serum separation. After collection, samples were allowed to stand for
30 min for clotting and then centrifuged for 20 min at 3000 rpm at 4°C. Subsequently,
serum was stored at —80°C. NT-proBNP was measured using commercially available
electrochemiluminescence immunoassay (Elecsys proBNP, F. Hoffman-La Roche Limited,
Basel, Switzerland) on an Elecsys 2010 analyzer. The precision, analytic sensitivity and
stability features of the system have been described previously.*

Assessment of retinopathy signs

Participants underwent a full eye examination of both eyes including fundus photography
centered on the macula and optic disc with a 35° visual field camera (TRV-50VT (in RS-1-3
and RS-11-1) and TRC-50EX (in RS-111-1), Topcon Optical Company, Tokyo, Japan) after
pharmacological mydriasis. Fundus photographs centered on the macula, were checked for
quality and presence of retinal pathology. The presence of exudates, microaneurysms,
cotton wool spots and the presence of dot/blot hemorrhages were graded by two trained
graders. An example of retinopathy signs is shown in Figure 2A. In addition, the presence
of laser coagulation scars was graded and the indication for laser therapy was categorized
into either retinopathy or other diseases, using available clinical data. Retinopathy was
defined as the presence of one or more dot/blot hemorrhages, microaneurysms, exudates,
cotton wool spots or evidence of laser treatment for retinopathy. Retinopathy was also
considered present in participants with central or branch retinal artery or vein occlusion.



Assessment of retinal vascular calibers

Retinal vascular calibers were measured in RS-111-1 with fundus photographs centered on
the optic disc. For each participant the image of one eye with the best quality was analyzed
with a semi-automated system (IVAN, University of Wisconsin-Madison, Madison,
Wisconsin). An example of retinal vascular caliber measurements is shown in Figure 2B.
For each participant one summary value was calculated for the arteriolar calibers (in um)
and one for the venular calibers (in um) enabling us to use the separate arteriolar and
venular caliber sum values.?’ Because eyes may have different magnification due to
refractive changes, we adjusted vessel measurements for possible magnification variations
with Littmann formula to approximate absolute measures.”* We verified in a random
subsample of 100 participants that individual measurements in the left and right eye were
similar. Measurements were performed by one rater, masked for participant characteristics.
Pearson correlation coefficients for interrater and intrarater agreement (n = 100) were 0.85
and 0.86 for arteriolar calibers, and 0.87 and 0.87 for venular calibers, respectively.

Figure 2. Fundus photographs showing (A) signs of retinopathy and (B) measurement of retinal vascular calibers.
In (A), white arrow: small hemorrhages; black arrow: hard exudates. In (B), red lines: arteriolar calibers; blue
lines: venular calibers.

Other measurements

Blood pressure was measured twice in sitting position at the right brachial artery with a
random-zero sphygmomanometer. We used the average of two readings for analysis.
Antihypertensive medication use was obtained during the home interview by a
computerized questionnaire. We defined hypertension as a systolic blood pressure of 140
mmHg or more, a diastolic blood pressure of 90 mmHg or more, use of antihypertensive
medication, or any combination of these 3 factors. Body mass index was computed as
weight (kg) divided by height squared (m?). Fasting serum total and high-density
lipoprotein cholesterol concentrations were determined by an automated enzymatic
procedure (Hitachi Analyzer, Roche Diagnostics, Indianapolis, Indiana). Diabetes mellitus
was considered present if participants reported use of antidiabetic medication or when



fasting serum glucose level was equal to or greater than 7.0 mmol/L. Serum levels of C-
reactive protein were determined by a near-infrared particle immunoassay method
(Immage, Beckman Coulter, Fullerton, California). Carotid plaques were assessed by
ultrasound at the carotid artery bifurcation, common carotid artery, and internal carotid
artery on both sides. Presence of plaques were defined as focal thickening of the vessel wall
of > 50% (in RS-1-3 and RS-11-1) or at least 2 mm thickening (in RS-I11-1) relative to
adjacent segments with or without calcified components. Information on smoking (never,
former or current) was obtained during the home interview.

Statistical analysis

We performed our analysis on two datasets: one dataset including data on retinopathy, and
one dataset including data on retinal vascular calibers. NT-proBNP levels were transformed
using natural logarithm to achieve a normal distribution. We standardized NT-proBNP
values by calculating z-scores (log-transformed NT-proBNP minus mean of log-
transformed NT-proBNP, divided by standard deviation of log-transformed NT-proBNP).
We assessed the association of NT-proBNP with the presence of retinopathy and retinal
vascular calibers using logistic and linear regression models, respectively. NT-proBNP was
treated as a continuous variable (per standard deviation increase in natural log-transformed)
as well as categorized into quartiles. In Model 1, we adjusted for age, sex, subcohort and
the other retinal vascular caliber (if applicable), and additionally in Model 2 for the
following cardiovascular risk factors: systolic blood pressure, diastolic blood pressure,
antihypertensive medication, body mass index, total cholesterol, high-density lipoprotein
cholesterol, diabetes mellitus, C-reactive protein, carotid plaque and smoking status. The
test of trend was determined by treating quartiles of NT-proBNP as a continuous variable in
the models. We explored effect modification by stratifying for sex, because it has been
hypothesized that small vessel disease may play a prominent role in the development of
cardiac disease in women.?” We redid the analyses with retinal vascular calibers after
excluding persons with retinopathy. Missing values for all variables, if present, were less
than 3% of the study population (except for carotid plaque which was 7%), which we dealt
with using fivefold multiple imputations based on determinant, outcome, and covariates.
We explored the possibility of collinearity, given the Pearson correlation coefficient
between arteriolar and venular diameter (r = 0.59), by calculating the variance inflation
factor, but no indication of high collinearity was present (variance inflation factor < 1.2).
Statistical tests were performed at the 0.05 level of significance (two-tailed) using SPSS
version 21.0 (IBM Corporation, Armonk, New York). for Windows



RESULTS

Table 1 shows the characteristics of the study population. Of the total 8,437 participants,
the average age was 64.1 years (standard deviation (SD): 9.4) and 59% were women.
Persons with retinopathy had a mean NT-proBNP level of 10.7 pmol/L (interquartile range:
5.5-21.1), whereas persons without retinopathy had a mean NT-proBNP level of 7.3 pmol/L
(interquartile range: 4.0-13.6).

Table 2 shows the association between NT-proBNP and the presence of retinopathy. We
found that higher levels of NT-proBNP were significantly associated with the presence of
retinopathy: odds ratio per SD increase of natural log-transformed NT-proBNP 1.22 (95%
confidence interval (Cl): 1.10-1.35). The association attenuated after adjusting for
cardiovascular risk factors, but it remained statistically significant. Furthermore, when
categorizing NT-proBNP levels into quartiles, we found a graded increase in the likelihood
of having retinopathy, although these effects attenuated slightly in Model 2.

Table 3 shows the association between NT-proBNP and retinal vascular calibers. Higher
levels of NT-proBNP (both continuously and in quartiles) were significantly associated
with narrower arteriolar calibers: mean difference in arteriolar caliber per SD increase of
natural log-transformed NT-proBNP: -1.36 (95% ClI: -2.03; -0.70). Adjusting for
cardiovascular risk factors attenuated the association, but it remained statistically
significant. In contrast, NT-proBNP levels were not associated with venular calibers.
Stratification on sex did not reveal any interaction with NT-proBNP (p-value for interaction
> 0.05). After excluding persons with retinopathy (n = 71) we found, if anything, stronger
associations with retinal vascular calibers: mean difference in arteriolar caliber per SD
increase of natural log-transformed NT-proBNP: -1.51 (-2.19; -0.83) in Model 1, and -1.01
(-1.64; -0.35) in Model 2.



Table 1. Characteristics of the study population.

Characteristic Total Subsample (RS-111-1)
N 8,437 2,763
Age, years 64.1 (9.4) 56.4 (6.2)
Females 5,006 (59) 1,623 (59)
Systolic blood pressure, mmHg 139.3 (21.0) 132.3 (18.6)
Diastolic blood pressure, mmHg 79.2 (11.3) 82.7 (10.9)
Antihypertensive medication 2,340 (28) 633 (23)
Body mass index, kg/m? 27.3(4.2) 27.6 (4.6)
Total cholesterol, mmol/L 5.8 (1.0) 5.6 (1.1)
High-density lipoprotein cholesterol, mmol/L 1.4 (0.4) 1.4 (0.4)
Diabetes Mellitus type 2 811 (10) 191 (7)
C-reactive protein, mg/L 3.0(5.4) 2.5 (4.4)
Carotid plaque 4,758 (56) 907 (33)
Current smoker 1,668 (20) 625 (23)
NT-proBNP*, pmol/L 7.6 (4.1-14.2) 55 (3.1-9.7)
Arteriolar caliber, um NA 158.5 (15.5)
Venular caliber, um NA 239.7 (22.7)
Retinopathy 729 (9) 71 (3)

Values are presented as means (standard deviation) or as numbers (percentage).

Abbreviations: NT-proBNP, N-terminal pro-B-type natriuretic peptide; NA, not applicable.
*Presented as medians (interquartile range) because of skewed distribution.

Table 2. The association of NT-proBNP with the presence of retinopathy.

Natural log-transformed

Presence of retinopathy
Odds Ratio (95% Cl)

Model 1

Model 2

NT-proBNP n/N
Per SD increase 729/8,437
Quartiles
1% quartile (0.59-4.08) 112/2,111
2" quartile (4.09-7.54) 147/2,106
3 quartile (7.55-14.20) 186/2,111
4™ quartile (14.21-216.20) 284/2,109

P-value for trend

1.22 (1.10-1.35)

1 (reference)
1.03 (0.79-1.34)
1.13 (0.87-1.47)
1.39 (1.07-1.80)

0.005

1.14 (1.03-1.27)

1 (reference)
1.04 (0.79-1.35)
1.11 (0.85-1.44)
1.25(0.95-1.63)

0.079

Abbreviations: NT-proBNP, N-terminal pro-B-type natriuretic peptide Cl, confidence interval; n/N, number of

persons with retinopathy among persons at risk; SD, standard deviation.

Model 1: adjusted for subcohort, age, and sex.

Model 2: as Model 1, additionally adjusted for systolic blood pressure, diastolic blood pressure, use of

antihypertensive medication, body mass index, total cholesterol, high-density lipoprotein cholesterol, diabetes
mellitus, C-reactive protein, carotid plaque, and smoking.




Table 3. The association of NT-proBNP with retinal vascular calibers.

Natural log-transformed
NT-proBNP

Arteriolar caliber
Mean difference (95% CI)

Venular caliber
Mean difference (95% CI)

Model 1 Model 2

Model 1 Model 2

Per SD increase

Quartiles (range)

1% quartile (0.59-3.33)

2" quartile (3.34-6.02)

3" quartile (6.03-11.24)
4" quartile (11.25-178.50)
P-value for trend

-1.36 (-2.03; -0.70) __ -0.89 (-1.54; -0.24)

0 (reference)
-1.18 (-2.55; 0.19)

0 (reference)
-1.38 (-2.69; -0.08)
-1.94 (-3.36; -0.51) -1.72 (-3.09; -0.36)
-2.87 (-4.34; -1.40) -2.03 (-3.46; -0.59)

<0.001 0.01

0.61(039;1.60)  0.19 (-0.81; 1.19)

0 (reference)
-0.46 (-2.52; 1.59)

0 (reference)
-0.06 (-2.07; 1.95)
-1.57 (-3.70; 0.56)  -1.25 (-3.35; 0.85)
1.18 (-1.02; 3.39) 0.53 (-1.67; 2.73)

0.46 0.90

Abbreviations: NT-proBNP, N-terminal pro-B-type natriuretic peptide; Cl, confidence interval; SD, standard deviation.
Model 1: adjusted for age, sex, and the other vascular caliber.
Model 2: as Model 1, additionally adjusted for systolic blood pressure, diastolic blood pressure, use of antihypertensive

medication, body mass index, total cholesterol, high-density lipoprotein cholesterol, diabetes mellitus, C-reactive protein,

carotid plaque, and smoking.

DISCUSSION

We found that in persons without cardiovascular disease, higher levels of NT-proBNP were
associated with microvascular damage as reflected by the presence of retinopathy and
narrower retinal arterioles. These associations were independent of cardiovascular risk

factors.

Thus far, evidence of a role of NT-proBNP in cardiovascular disease comes primarily from
research focused on coronary heart disease? and heart failure.?* In addition, it is
increasingly being suggested that NT-proBNP might be a general marker of vascular
disease beyond specific heart disease. For instance, previous studies have shown that higher
NT-proBNP levels were associated with indices of large vessel disease,? stroke,? and
mortality.”” In this sense, the strong link of NT-proBNP with various cardiovascular
diseases may be explained by the strong link of cardiac dysfunction with vascular damage
(i.e. atherosclerosis, arteriosclerosis, and endothelial dysfunction), which is a substantial
component of cardiovascular diseases. Although most studies investigating the association
of NT-proBNP with vascular damage revolved around large vessel disease, there are now
indications that NT-proBNP also relates to small vessel disease. Indeed, recent studies have
shown NT-proBNP to be associated with kidney disease,”® and cerebral small vessel
disease®® such as white matter lesions and silent brain infarcts. However, no study has
investigated the association of NT-proBNP with direct visualization of microvascular

damage.

Our findings showed an independent link between higher NT-proBNP levels and markers
of retinal microvascular damage. Several mechanisms may explain this association. NT-
proBNP is a biologically inactive metabolite, whereas BNP is the physiologically active




hormone, which both are in 1:1 ratio the product of the precursor proBNP. Physiologically,
BNP leads to vasodilatation through inhibition of the renin and aldosterone production,
inhibition of the sympathetic nervous system activity, and induction of diuresis.** > Beside
these indirect effects on the vessels, BNP may exert its effect also directly. In vitro studies
have demonstrated that BNP activates the guanylate cyclase receptors on both endothelial
and vascular smooth muscle cells, which subsequently activate potassium and calcium
channels promoting arterial vasodilatation.®* Another important feature of BNP is that it
stimulates the production of nitric oxide which also leads to vasodilatation.**

Given that BNP leads to vasodilatation of the arteries, and our findings demonstrate an
association with narrower arterioles, we hypothesize that most likely high levels of NT-
proBNP may occur in response to systemic microvascular damage. Previous studies have
shown narrower arterioles to be associated with the risk of hypertension, and coronary heart
disease.?* * Also, a recent study has shown that higher NT-proBNP levels were related to
incident hypertension.® Altogether, those findings support the hypothesis that narrower
arterioles may lead to higher cardiac output or hypoxia, and thus, initiate NT-proBNP
release in cardiac myocytes due to myocardial stress or ischemia.® Nevertheless, higher
NT-proBNP levels may reflect a substantial component in cardiac dysfunction that is due to
microvascular damage.

Another explanation linking NT-proBNP to microvascular damage is shared cardiovascular
risk factors i.e. residual confounding. After adjusting for these factors, the associations
attenuated greatly, indeed showing some effect of these mechanisms. However, the
associations remained statistically significant, indicating that other processes likely also
play a role. Future studies should further elucidate what mechanisms underlie the interplay
of these (sub)clinical markers of cardiovascular disease.

Several methodological issues need to be discussed. A limitation of our study is the cross-
sectional design that prevents us inferring causality of the outcomes. Another limitation
might be that we used a static measure of the microcirculation instead of dynamic
functional measures synchronized on the cardiac cycle. A variation of 2-17% in retinal
vascular caliber has been reported.®” This may have caused random misclassification,
leading to an underestimation of our associations.

Furthermore, in our study, besides retinopathy signs, we did not have data on AV-nicking
and focal arteriolar narrowing. Despite presumed differences in etiology of specific retinal
signs (e.g. AV-nicking and focal arteriolar narrowing are driven by hypertensive damage),
both retinopathy signs, and AV-nicking and focal arteriolar narrowing, are considered
markers of microvascular pathology. As such, previous studies have shown the most
consistent and strongest association of these retinal signs with subclinical and clinical
cardiovascular diseases.® Although a positive association of NT-proBNP with AV-nicking
and focal arteriolar narrowing would have further supported our findings, we think that our
current findings with retinopathy signs and NT-proBNP are in themselves in line with
previous findings on retinopathy signs and cerebrovascular diseases.



Strengths of our study are the population-based setting, large study size and extensive
available data on cardiovascular risk factors, and clinical outcomes.

In conclusion, we found that higher NT-proBNP levels were associated with retinal
microvascular damage, independent of cardiovascular risk factors. Our findings add
important corroboration to a growing body of evidence implicating NT-proBNP as a
general marker of vascular disease, representing damage to not only large vessels, but also
small vessels.
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Retinal Microvasculature and White Matter Microstructure:
the Rotterdam Study
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ABSTRACT

Background: Microvascular pathology on retinal imaging has been linked to structural
MRI markers of microvascular brain damage, including white matter lesions. However,
damage to the white matter is often more widespread than is visible as structural MRI
markers, and can be detected as microstructural damage. We studied whether retinal
vascular calibers are related to normal-appearing white matter microstructure.
Methods: We included 2,436 participants (aged > 45 years) from the population-based
Rotterdam Study (2005-2009) who had gradable retinal images and brain MRI scans.
Retinal arteriolar and venular calibers were measured semi-automatically on fundus
photographs. White matter microstructure was assessed using diffusion tensor MRI. We
used linear regression models to investigate the associations of retinal vascular calibers
with markers of normal-appearing white matter microstructure, adjusting for age, sex, the
fellow vascular caliber, and additionally for structural MRI markers and cardiovascular risk
factors.

Results: Narrower arterioles and wider venules were associated with poor white matter
microstructure: adjusted mean difference in fractional anisotropy per standard deviation
decrease in arteriolar caliber -0.061 (95% confidence interval (Cl): -0.106; -0.016) and
increase in venular caliber -0.054 (-0.096; -0.011), adjusted mean difference in mean
diffusivity per standard deviation decrease in arteriolar caliber 0.048 (0.007; 0.088), and
increase in venular caliber 0.047 (0.008; 0.085). The associations for venules were more
prominent in women.

Conclusions: Retinal vascular calibers are related to normal-appearing white matter
microstructure. This suggests that microvascular damage in the white matter is more
widespread than visually detectable on MRI.



INTRODUCTION

With aging populations, the number of persons with age-related neurologic disorders such
as stroke and dementia will rise substantially.* VVascular brain pathology has been
recognized as an important contributor to the development of both these disorders.**
Besides large vessel disease, pathology of the cerebral small vessels (< 200 um) has also
been implicated as a crucial substrate in stroke and dementia.” However, the direct
examination of cerebral small vessels is difficult with current neuroimaging modalities.
Alternatively, the retinal microvasculature is thought to reflect the condition of the cerebral
microvasculature, and is therefore increasingly being used to study vascular brain
pathology.® ” Indeed, several studies have shown a link of retinal vascular calibers with
stroke and dementia.® ° By extension, these retinal markers have also been associated with
brain MRI markers such as white matter lesions, lacunar infarcts, and cerebral
microbleeds.’® **

However, these structural MRI markers of microvascular damage are considered the tip of
the iceberg of a more widespread vascular brain pathology.*? In the last decade, advanced
MRI techniques such as diffusion tensor MRI (DT-MRI) have enabled us to visualize and
quantify the microstructure of normal-appearing white matter, which is presumed to be
affected already at early stages of vascular brain disease.®* However, the exact link of
microvascular damage with such microstructural MRI markers has never been investigated.
Therefore, our primary aim was to investigate the relation between retinal vascular calibers
and microstructure of normal-appearing white matter. As a secondary aim, we examined
the association of retinal vascular calibers with structural MRI markers of cerebral
microvascular damage.



METHODS

Study population

This study is embedded within the second extension of the Rotterdam Study (2005-2009), a
prospective population-based cohort study in the Ommoord district in the city Rotterdam,
the Netherlands, including 3,932 participants aged > 45 years.™ A total of 976 participants
did not undergo a MRI for the following reasons: did not visited the research center (n =
410), refused or physically/mentally unable to attend (n = 277), non-respondent (n = 108),
had MRI contraindications (n = 154), or could not complete MRI (n = 27). From the
remaining 2,956 participants who underwent a multi-sequence MRI, we excluded persons
with cortical infarcts (n = 76) and those who had scans with artifacts that hampered
automated analysis (n = 55). This left 2,825 persons with available DT-MRI data, of whom
a further 389 had no (gradable) fundus photographs. For the current study, 2,436 persons
were included with available DT-MRI and retinal data. 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. All participants gave written informed consent. Baseline home interviews and
examinations were performed between 2005 and 2009.

Grading of retinal vascular calibers

A full ophthalmic examination was done including fundus color photography of the optic
disc with a 35° visual field camera (TRC-50EX, Topcon Optical Company, Tokyo, Japan)
after pharmacological mydriasis. We analyzed for each participant the fundus photograph
of one eye with the best quality with a semi-automated system (IVAN, University of
Wisconsin-Madison, Madison, Wisconsin). Then we calculated one summary value for the
arteriolar calibers (in um) and one for the venular calibers (in um) for each participant.”®
Subsequently, we adjusted these summary measures for refractive errors to approximate
absolute measures.™ We verified in a random subsample (n = 100) that individual
measurements in both eyes were similar. Measurements were performed by two trained
raters masked for participant characteristics. Pearson correlation coefficients for interrater
and intrarater reliability (n = 100) were 0.85 and 0.86 for arteriolar calibers, and 0.87 and
0.87 for venular calibers, respectively.

Assessment of DT-MRI parameters

All brain MRI scanning was performed on a single 1.5 Tesla MRI scanner (GE Healthcare,
Milwaukee, Wisconsin). Scan protocol details are described extensively elsewhere.*® For
DT-MRI, we performed a single shot, diffusion-weighted spin echoplanar imaging
sequence with maximum b value of 1,000 s/mm? in 25 non-collinear directions. A
standardized pipeline was used to preprocess all diffusion data, including correction for
motion and eddy currents, and registration to tissue segmentation to obtain global mean



DT-MRI measures of the normal-appearing white matter. The normal-appearing white
matter is being considered as the white matter volume without white matter lesion volumes.
The global DT-MRI measures included fractional anisotropy (FA), mean diffusivity (MD),
axial diffusivity (AxD), and radial diffusivity (RD). In general, lower values of FA and
higher values of MD are indicative of poorer white matter microstructure. Also, changes in
AxD and RD values may give extra information about the underlying cause of poor white
matter microstructure. In 1,338 participants, the diffusion acquisition scheme was rotated
with the phase and frequency encoding directions swapped, which led to a mild ghost
artifact in the phase encoding direction. Therefore, we treated the phase encoding direction
as a covariate in the analyses.'’

Other MRI markers

Volumetric measures of normal-appearing white matter volume, intracranial volume, and
white matter lesion volume (in milliliters) were obtained supratentorially using a validated
tissue segmentation approach that included conventional k-nearest-neighbor brain tissue
classification and white matter lesion segmentation.’® ** The presence of cerebral
microbleeds and lacunar infarcts was rated by 1 of 5 trained research physicians, blinded to
the participants’ data, on a 3D T2-weighted gradient-recalled echo MRI. The presence of
lacunes of presumed ischemic origin was rated on fluid-attenuated inversion recovery,
proton density-weighted and T1-weighted sequences.” We defined lacunes as focal lesions
>3 and < 15 mm in size with the same signal intensity as cerebrospinal fluid on all
sequences and a hyperintense rim on fluid-attenuated inversion recovery.

Assessment of cardiovascular risk factors

We measured the systolic and diastolic blood pressure twice in sitting position at the right
upper arm with a random-zero sphygmomanometer. The mean of these two readings was
used for further analysis. We calculated the body mass index as weight (kg) divided by
height squared (m?). An automated enzymatic procedure measured fasting serum
concentrations of total and high-density lipoprotein cholesterol.”* We defined diabetes
mellitus as present if fasting serum glucose concentration was > 7.0 mmol/L, or if
participants reported antidiabetic medication use. C-reactive protein serum concentration
was measured by a near-infrared particle immunoassay method (Immage, Beckman
Coulter, Fullerton, California ). We determined the presence of carotid plaques at the
carotid artery bifurcation, common carotid artery, and internal carotid artery on both sides
by ultrasound. Presence of these plaques was defined as focal thickening of the vessel wall
> 2 mm with or without calcified components relative to adjacent segments. We retrieved
data on smoking (non, former, or current) and antihypertensive medication use by a
computerized questionnaire.



Statistical analysis

We used analysis of covariance, adjusted for age and sex, to assess difference in population
characteristics between participants and non-participants. White matter lesion volumes
were transformed using natural logarithm to account for a skewed distribution. We
calculated z-scores for retinal vascular calibers, log-transformed white matter lesion
volumes, and DT-MRI parameters to better compare the arteriolar and venular effects on
imaging parameters. Associations of retinal vascular calibers with DT-MRI parameters
were evaluated using linear regression models. Mean differences and corresponding 95%
confidence intervals (CI) in DT-MRI parameters were estimated per standard deviation
(SD) decrease in arteriolar caliber or increase in venular caliber, and in tertiles of retinal
vascular calibers. We adjusted for age, sex, and the other vascular caliber (Model 1), and
additionally for white matter volume, intracranial volume, white matter lesion volume,
lacunar infarcts, and cerebral microbleeds (Model 2). We further adjusted for systolic and
diastolic blood pressure, antihypertensive medication, body mass index, total and high-
density lipoprotein cholesterol, diabetes mellitus, C-reactive protein, carotid plaque and
smoking (Model 3). We explored effect modification by stratifying for age (median: 56
years), sex, hypertension, diabetes mellitus, and smoking, and by adding interaction terms
to the statistical models. In all analyses, we treated the phase encoding direction for the
diffusion acquisition as a confounder. We compared the effect estimates of arterioles and
venules with age — an established risk factor for poor white matter microstructure — to have
an impression about the magnitude of these associations. First, we calculated the effect
estimates for the association of age with FA and MD. Then, we divided the betas (per SD)
of retinal vascular calibers by the betas of age in relation to DT-MRI measures and reported
the corresponding ratios. Furthermore, to assess the relation of retinal vascular calibers with
white matter lesion volumes, cerebral microbleeds and lacunar infarcts, we used linear and
logistic regression models. Missing values, if present, were less than in 4% of the cases,
which we dealt with using fivefold multiple imputations based on determinant, outcome,
and covariates. Given the Pearson correlation coefficient between systolic and diastolic
blood pressure (r = 0.77), we examined the possibility of collinearity by calculating the
variance inflation factor, but no indication of high collinearity was identified (variance
inflation factor < 2.9). Statistical tests were performed at the 0.05 significance level (two-
tailed) using SPSS 21.0 for Windows (IBM Corporation, Armonk, New York).



RESULTS

Table 1 shows the characteristics of the study population. Of the total 3,932 participants,
1,496 (38%) did not participate in this study. After adjusting for age and sex (if applicable),
non-participants were on average older, had higher blood pressure, had higher body mass
index, had higher C-reactive protein levels, and were more smokers compared to
participants. Of the 2,436 (62%) participants, 56% were women and the average age was
56.5 years (SD: 6.2).

Table 2 shows the associations between retinal vascular calibers and white matter
microstructure. Both narrower arterioles and wider venules were associated with lower FA,
higher MD, higher AxD, and higher RD. After adjusting for other MRI markers, the
associations between retinal vascular calibers and DT-MRI parameters attenuated, but
remained statistically significant. Additional adjustments for cardiovascular risk factors
marginally changed the results.

Figure 1 shows absolute mean differences in FA and MD by tertiles of arteriolar and
venular calibers (adjusted for age and sex). In stratified analyses (Figure 2), adjusted for
variables in Model 3, we found that the association of arterioles with MD was modified by
hypertension (P-value for interaction = 0.021), whereas for venules, the associations with
FA and MD were in both cases modified by sex (P-value for interaction = 0.006, and 0.034,
respectively). With respect to diabetes mellitus, we observed that the effects of arterioles
and venules on DT-MRI parameters were more pronounced in persons with diabetes
mellitus. However, p-values for the formal interaction terms were not significant: for
arterioles these were 0.180 for FA and 0.172 for MD, whereas for venules these were 0.091
for FA and 0.097 for MD.

In an additional analysis to compare the magnitude of the associations with age, we
observed that each year increase in age was associated with lower FA (-0.009 (-0.016; -
0.002)) and higher MD (0.023 (0.016; 0.029)). We found that each SD narrower arterioles
and wider venules in relation to FA had the magnitude equal to 6.8 years and 6.0 years of
increase in age, respectively. Similarly, each SD narrower arterioles and wider venules in
relation to MD had the magnitude equal to 2.1 and 2.0 years increase in age, respectively.
Table 3 shows the associations between retinal vascular calibers and structural MRI
markers of cerebral microvascular damage. Both narrower arterioles and wider venules
were significantly associated with larger white matter lesion volumes. Additional
adjustment for cardiovascular risk factors (Model 3) attenuated these associations.
Narrower arterioles and wider venules were also associated with the presence of cerebral
microbleeds and lacunar infarcts in Model 1. Statistical significance of these associations
disappeared after adjusting for other MRI markers and cardiovascular risk factors.



Table 1. Characteristics of the eligible study cohort.

Participants Non-participants

Characteristic (n=2,436) (n=1,496)
Age, years 56.5 (6.2) 58.2 (8.6)*
Female 1374 (56) 878 (59)
Systolic blood pressure, mmHg 131.9 (18.5) 134.1 (20.3)*
Diastolic blood pressure, mmHg 82.3 (10.8) 83.2 (11.4)*
Antihypertensive medication 406 (28) 523 (22)*
Hypertension 1,117 (46) 726 (56)*
Body mass index, kg/m? 27.5(4.3) 28.4 (5.2)*
Total cholesterol, mmol/L 5.6 (1.1) 55(1.1)
High-density lipoprotein cholesterol, mmol/L 1.4 (0.4) 1.4 (0.4)
Diabetes mellitus type 2 190 (8) 131 (9)
C-reactive protein, mg/L 25(4.4) 3.0 (5.3)*
Carotid plaque 604 (25) 476 (32)
Smoking status

Non-smoker 786 (32) 459 (31)

Former smoker 1,116 (46) 608 (41)*

Current smoker 534 (22) 417 (28)*
Arteriolar caliber, um 158.7 (15.4) -
Venular caliber, um 239.8 (22.7) -
White matter volume, ml 418.7 (57.3) -
Intracranial volume, ml 1,129.0 (119.2) -
White matter lesion volumet, ml 2.0(1.3-3.5) -
Cerebral microbleeds 302 (12) -
Lacunar infarcts 87 (4) -
Fractional anisotropy 0.34 (0.01) -
Mean diffusivity, 10° mm?%s 0.73(0.02) -
Axial diffusivity, 10° mm?%s 1.01 (0.02) -
Radial diffusivity, 10° mm?%s 0.59 (0.02) -

Values are presented as means (standard deviation) or as numbers (percentage).

*Significantly different from included persons (age and sex adjusted p-value < 0.05).

TPresented as median (interquartile range) because of skewed distribution.

The following variables had missing values: systolic and diastolic blood pressure (n = 7), use of
antihypertensive medication (n = 18), body mass index (n = 2), total cholesterol (n = 27), high-density
lipoprotein cholesterol (n = 29), diabetes mellitus (n = 18), C-reactive protein (n = 92), carotid plaque (n = 6),
smoking (n = 5).




Table 2. The association between retinal vascular calibers and white matter microstructure.

Fractional anisotropy

Mean diffusivity

Axial diffusivity

Radial diffusivity

Arteriolar caliber,
per SD decrease

Model 1 -0.121 (-0.166; -0.077)
Model 2 -0.061 (-0.104; -0.018)
Model 3 -0.061 (-0.106; -0.016)

Venular caliber,
per SD increase

Model 1 -0.086 (-0.130; -0.043)
Model 2 -0.060 (-0.101; -0.019)
Model 3 -0.054 (-0.096; -0.011)

0.108 (0.065; 0.150)
0.054 (0.015; 0.092)
0.048 (0.007; 0.088)

0.080 (0.038; 0.123)
0.054 (0.016; 0.091)
0.047 (0.008; 0.085)

0.065 (0.022; 0.108)
0.032 (-0.006; 0.070)
0.025 (-0.016; 0.065)

0.045 (0.003; 0.087)
0.027 (-0.010; 0.064)
0.023 (-0.016; 0.061)

0.119 (0.075; 0.162)
0.059 (0.019; 0.099)
0.055 (0.013; 0.097)

0.090 (0.048; 0.133)
0.062 (0.023; 0.101)
0.054 (0.015; 0.094)

Values represent difference in z-scores of DT-MRI parameters with 95% confidence interval.

Abbreviation: SD, standard deviation.

Model 1: adjusted for age, sex and the other vascular caliber.
Model 2: as Model 1, additionally adjusted for white matter volume, intracranial volume, white matter lesion volume,

lacunar infarcts and cerebral microbleeds.

Model 3: as Model 2, additionally adjusted for systolic blood pressure, diastolic blood pressure, antihypertensive
medication, body mass index, total cholesterol, high-density lipoprotein cholesterol, diabetes mellitus, C-reactive protein,

carotid plagque and smoking

Figure 1. Absolute mean difference in (A) fractional anisotropy and (B) mean diffusivity by tertiles of retinal

vascular calibers.
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Figure 2. Stratified analyses on the association of (A) arteriolar and (B) venular calibers with white matter
microstructure measures.
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Table 3. The association between retinal vascular calibers and markers of cerebral small vessel disease.

White matter lesion

Presence of cerebral

Presence of lacunar

volume microbleeds infarcts
Difference in z-score Odds ratio Odds ratio
(95% CI) (95% ClI) (95% CI)

Avrteriolar caliber,
per SD decrease

Model 1
Model 2
Model 3

Venular caliber,
per SD increase

Model 1
Model 2
Model 3

0.145 (0.100; 0.189)
0.146 (0.104; 0.188)
0.101 (0.057; 0.145)

0.061 (0.018; 0.104)
0.059 (0.018; 0.100)
0.030 (-0.012; 0.071)

1.20 (1.04; 1.40)
1.15 (0.99; 1.34)
1.14 (0.97; 1.33)

1.09 (0.95; 1.26)
1.07 (0.92; 1.24)
1.09 (0.94; 1.27)

1.34 (1.03; 1.75)
1.10 (0.84; 1.43)
1.10 (0.83; 1.45)

1.31(1.02; 1.68)
1.17 (0.90; 1.52)
1.15 (0.88; 1.51)

White matter lesion volumes are natural log-transformed.

Abbreviations: Cl, confidence interval; SD, standard deviation.

Model 1: adjusted for age, sex and the other vascular caliber.

Model 2: as Model 1, additionally adjusted for intracranial volume, white matter lesion volume, lacunar infarcts
and cerebral microbleeds (if applicable).

Model 3: as Model 2, additionally adjusted for systolic blood pressure, diastolic blood pressure,
antihypertensive medication, body mass index, total cholesterol, high-density lipoprotein cholesterol, diabetes
mellitus, C-reactive protein, carotid plaque and smoking.

DISCUSSION

In this study, we found that retinal microvascular pathology is related to poorer
microstructure of normal-appearing cerebral white matter.

With respect to retinal vascular imaging as a tool in assessing vascular brain pathology,
several large population-based studies have shown that retinal microvascular damage is
related to subclinical and clinical vascular brain diseases. Community-based cohorts of
predominantly healthy people have shown that retinopathy signs were associated with
incident stroke, cognitive decline and dementia.”> > Apart from clinical outcomes, these
studies also showed that persons with retinopathy signs had more often subclinical
microvascular brain damage such as white matter lesions, cerebral infarcts and cerebral
microbleeds.?*?® Overall these findings suggest that both retinal and cerebral microvascular
damage may appear simultaneously as part of systemic microvascular disease with common
pathogenesis.?® However, signs of retinopathy are relatively late manifestations of organ
damage and presumably reflect advanced stages of microvascular damage including blood-
retina barrier disruption.”” There are ongoing efforts to unravel earlier retinal markers (e.g.
narrower arterioles and wider venules), as they likely represent a point in the
pathophysiologic cascade that is potentially reversible, offering great potential for the



development of preventive strategies or surrogate markers for trials.

Interestingly, cross-sectional data from the Rotterdam Study showed that the association of
retinal vascular calibers with markers of cerebral small vessel disease was not significant.?®
In contrast, longitudinal data from the same study showed that wider venular caliber was
associated with progression of white matter lesions in both periventricular and subcortical
regions, and with incident lacunar infarcts on MRI.% Overall, these findings indicate that
changes in retinal vascular calibers may precede the development of white matter lesions
and lacunar infarcts. Findings from our current study are in line with these observations.
We found that retinal vascular calibers were strongly related to markers of normal-
appearing white matter on DT-MRI, independently of structural MRI markers of cerebral
small vessel disease. Moreover, the joint effect of narrower arterioles and wider venules on
white matter microstructure appears to be much stronger than their individual effect.
Pathophysiologically, a narrow retinal arteriolar caliber may reflect not only active
vasoconstriction, but also systemic structural changes such as arteriolosclerosis.”® These
processes may concomitantly occur in the brain, where they affect the ability of cerebral
arterioles to maintain control of local blood flow. Thus, predisposed areas as served by
these vessels may lead to ischemic damage, and eventually to a state of chronic
hypoperfusion of the white matter with subsequent demyelination and axonal damage.
has been shown that subtle changes in the white matter due to demyelination and axonal
damage can be detected using DT-MRI.*® With respect to the venous system, several
histopathological studies have reported venular abnormalities such as venous collagenosis
in areas affected by white matter lesions.* In line with these observations, our findings
show that subtle changes in retinal venular calibers are associated with DT-MRI markers of
normal-appearing white matter.

A growing body of evidence now suggests that microvascular damage primarily affects
women.*? Indeed, narrower arterioles were found to increase the risk of coronary heart
disease in women, but not in men.*® In addition, cardiovascular risk factors typically
associated with female sex such as an unfavorable lipid profile and inflammatory markers
were also found to be associated with wider venules.” Our findings provide further evidence
suggesting that the pathogenesis of vascular brain diseases is different between men and
women. Furthermore, we found that the relation of retinal microvasculature with white
matter microstructure is more pronounced in persons with diabetes mellitus. It is well-
known that diabetes mellitus primarily affects small vessels due to chronic exposure to
hyperglycemia, which can lead to impaired function of endothelium as well as pericytes.®
It is conceivable that such more severe damage to the microcirculation might translate into
stronger associations among diabetics compared to non-diabetics. At the same time, persons
with diabetes mellitus very often have other cardiometabolic comorbidities, such as
dyslipidemia and subclinical inflammation, all of which can further aggravate the small
vessel damage.® Although we did adjust for covariates that are considered proxies for these
processes, a substantial residual effect remains likely and may explain the stronger
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associations among diabetics compared to non-diabetics.

DT-MRI is highly sensitive to changes in water diffusion in the white matter microstructure
and thus a robust method to detect microstructural changes.*® Experimental studies have
suggested that perpendicular diffusivity may reflect myelin loss, whereas axial diffusivity
may point towards axonal degeneration.* Although it is not completely clear which
pathophysiological processes underlie alterations in white matter DT-MRI measures,
possible mechanisms besides microvascular lesions include inflammation, demyelination
and blood-brain barrier disruption. Nevertheless, DT-MRI is a useful research tool to probe
not only cerebrovascular pathology, but also other brain diseases such as multiple sclerosis
and other inflammatory demyelinating diseases. With respect to our study, given the rarity
of these other diseases, it is unlikely that our findings may have been affected by these
conditions.

Several methodological issues need to be discussed. First, the cross-sectional design of our
study prevented us from assessing the temporal link between the retinal microvasculature
and white matter microstructure. Second, persons excluded from these analyses had a
slightly worse cardiovascular risk profile, suggesting a limited role for selection bias. Third,
retinal caliber measurements were assessed at a single point in time and were not
synchronized to the cardiac cycle. Hence, we were not able to assess dynamic changes in
the microcirculation. This random misclassification suggests that the true effect sizes may
have been larger. Fourth, we were unable to measure some confounding factors such as
previous blood pressure or cholesterol levels, which could have influenced our associations
by introducing residual confounding. Furthermore, participants in the Rotterdam Study are
mainly middle-class white persons, which limits the generalizability of our findings. Also,
due to the low number of incident clinical endpoints (stroke/dementia) in this extended
cohort, we were not able to examine the association between retinal vascular calibers and
DT-MRI markers with these endpoints. Finally, we acknowledge that the sensitivity of DT-
MRI to a broad spectrum of other factors (e.g. noise, artifacts, and crossing white matter
tracts) makes interpretation difficult, thus inferences should be drawn carefully.

Strengths of our study are the population-based setting including relatively young and
healthy individuals, the large study size and available data on macrostructural and
microstructural brain imaging markers, enabling us to assess independent associations.

In this study, we have shown that retinal vascular calibers are associated with poorer white
matter microstructure in normal-appearing white matter. These findings suggest that
microvascular damage in the white matter is more widespread than visually detectable on
MRI. Future studies with longitudinal data on incident clinical cerebrovascular diseases are
needed to examine the clinical implications of these retinal and DT-MRI markers.
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Chapter 4.2
Retinal Microvascular Calibers are Associated with Enlarged
Perivascular Spaces in the Brain

Unal Mutlu, Hieab H.H. Adams, Albert Hofman, Aad van der Lugt, Caroline C.W. Klaver,
Meike W. Vernooij, M. Kamran Ikram, M. Arfan Ikram

ABSTRACT

Background: Perivascular enlargement in the brain is a putative imaging marker for
microvascular brain damage, but this link has not yet been confirmed using direct in vivo
visualization of small vessels. We investigated the relation between microvascular calibers
on retinal imaging, and enlarged perivascular spaces on brain magnetic resonance imaging
(MRI).

Methods: We included 704 participants from the Rotterdam Study. Retinal arteriolar and
venular calibers were measured semi-automatically on fundus photographs. Enlarged
perivascular spaces were counted in the centrum semiovale, basal ganglia, hippocampus,
and mesencephalon, using a standardized rating method. We determined the association
between retinal microvascular calibers and enlarged perivascular spaces using negative
binomial regression models, adjusting for age, sex, the other vascular caliber, structural
brain MRI markers, and cardiovascular risk factors.

Results: Both narrower arteriolar and wider venular calibers were associated with more
enlarged perivascular spaces in the centrum semiovale and hippocampal region. Rate ratios
(95% confidence interval) for arterioles in the centrum semiovale and hippocampus were
1.07 (1.01-1.14) and 1.13 (1.04-1.22), respectively, and for venules 1.08 (1.01-1.16) and
1.09 (1.00-1.18), respectively. These associations were independent from other brain MRI
markers, and cardiovascular risk factors.

Conclusions: Retinal microvascular calibers are related to enlarged perivascular spaces,
confirming the putative link between microvascular damage and enlarged perivascular
spaces.



INTRODUCTION

Enlarged perivascular spaces in the brain, also known as Virchow-Robin spaces, have
emerged as a promising imaging biomarker for vascular brain pathology. These are spaces
filled with interstitial fluid that surround the blood vessels as they extend into the brain.
Increasing evidence suggests that enlarged perivascular spaces are affected by vascular risk
factors, including high blood pressure and inflammation.? Additionally, enlarged
perivascular spaces are strongly associated with other structural brain imaging markers,
such as white matter lesions and lacunes, both hallmarks of cerebral small vessel disease.’
In histopathology, enlarged perivascular spaces and characteristics of small vessel disease
are often found concomitantly, further indicating that enlarged perivascular spaces might
reflect damage to cerebral microvessels.* However, the link between microvascular damage
and enlarged perivascular spaces has not yet been shown in vivo. The main difficulty is to
directly assess the cerebral microvessels (< 200 pum) in vivo with current brain imaging
techniques. A robust alternative is visualization of the retinal microvasculature, as the
retinal and cerebral microvasculature share similarities in anatomy, physiology and
embryology.® Indeed, there is convincing evidence showing links between retinal
microvascular damage and (sub)clinical vascular brain disease.® Here, we investigated the
association of retinal microvasculature with enlarged perivascular spaces in the general
population.



METHODS

Study setting and population

This study was performed as part of the Rotterdam Study, a prospective population-based
cohort study, details of which have been described previously.” In brief, the original cohort
started in 1990 and from 2000 to 2002 the cohort was extended with 3,011 persons (aged >
55 years). Home interviews and physical examinations, including eye examinations, were
performed during both the baseline (2000-2002) and a follow-up examination (2004-2006)
of this extended cohort.

Between August 2005 and May 2006, we randomly invited 1,073 of the 3,011 persons to
undergo brain magnetic resonance imaging (MRI) as part of the Rotterdam Scan Study.®
The institutional review board approved the study. After exclusion of individuals who were
demented or had MRI contraindications, 977 persons were eligible, of whom 905
participated and gave written informed consent (response 93%). Due to physical inabilities,
imaging could not be performed or completed in 8 individuals. Therefore, a total of 897
individuals had complete scans. Of these 897, 193 persons were excluded because they did
not undergo ophthalmic examinations or had ungradable fundus transparencies on both
eyes, leaving a total of 704 persons in the present study. 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.

Retinal vascular calibers

Fundus photographs were taken centered on the optic disc with a 35° visual field camera
(TRC-50EX, Topcon Optical Company, Tokyo, Japan) after pharmacological mydriasis,
and digitized with a high resolution scanner (LS-4000, Nikon, Tokyo, Japan). For each
participant the image of one eye with the best quality was analyzed with a semi-automated
system (IVAN, University of Wisconsin-Madison, Madison, Wisconsin). For each
participant one summary value was calculated for the arteriolar calibers (in um) and one for
the venular calibers (in um) enabling us to use the separate arteriolar and venular caliber
sum values.? Because eyes may have different magnification due to refractive changes, we
adjusted vessel measurements for possible magnification variations with Littmann formula
to approximate absolute measures.'® We verified in a random subsample of 100 participants
that individual measurements in the left and right eye were similar. Two trained graders
performed the assessments masked to participant characteristics. Pearson correlation
coefficients for intergrader agreement were 0.87 for arteriolar and 0.91 for venular
diameters. Intragrader agreement was 0.65-0.85 for arteriolar and 0.82-0.86 for venular
diameters.



Perivascular spaces

Brain scans were performed on a 1.5 Tesla MRI unit (GE Healthcare, Milwaukee,
Wisconsin). The protocol has been extensively described and includes axial T1-, T2-
weighted, and fluid-attenuated inversion recovery sequences (FLAIR).® Perivascular
enlargements were counted in 4 brain regions: the centrum semiovale, basal ganglia,
hippocampus, and mesencephalon. This choice was based on the pronounced presence of
perivascular enlargements in these regions, which was reported earlier, and is known from
our own experience. ¥ For differential diagnosis with lacunar infarcts, symmetry of the
lesions, sharp demarcation, and absence of a hyperintense rim on the FLAIR sequence
supported rating them as enlarged perivascular spaces. White matter lesions are mostly
confluent and were differentiated from enlarged perivascular spaces by signal intensity not
equivalent to cerebrospinal fluid on T2. Perivascular spaces were identified by their linear,
ovoid, or round shape depending on the slice direction and considered enlarged when their
diameter was > 1 mm. Scans were counted and graded by one investigator, blinded to
clinical data, according to a recent developed rating protocol with excellent intraclass
correlation coefficients (ICC) for intrarater variability (ICC > 0.8) and good interrater
variability (ICC: 0.6-0.8)."

Other MRI markers

Image preprocessing and the tissue classification algorithm have been described elsewhere.
Briefly, preprocessing included co-registration, non-uniformity correction and intensity
normalization. Afterwards, we used the k-nearest-neighbor classifier to classify voxels into
cerebrospinal fluid, grey matter, white matter, and white matter lesions.'* Intracranial
volume was defined as the sum of these volumes. To remove non-cerebral tissue, we used
non-rigid transformation to register to each brain a template scan, in which all non-cerebral
tissue was manually masked.™ Validation methods and results showed very good to
excellent agreement between automated classification and manual classification as
reference.’® All scans were rated by 1 of 5 trained research physicians to determine the
presence and location of infarcts and microbleeds. The raters were blinded to clinical data.
The presence of lacunes and cortical infarcts was rated on FLAIR, proton density-weighted
and T1-weighted sequences, and were defined as focal lesions > 3 and < 15 mm in size,
with the same signal intensity as cerebrospinal fluid on all sequences and a hyperintense
rim on FLAIR (when located supratentorially). Infarcts showing involvement of grey
matter were classified as cortical infarcts. The presence of cerebral microbleeds was rated
as small, focal, round to ovoid areas of signal loss on 3D T2-weighted gradient-recalled
echo MRLY



Covariates

Blood pressure was measured twice in sitting position at the right brachial artery with a
random-zero sphygmomanometer. We used the average of two readings for analysis. Body
mass index was computed as weight (kg) divided by height squared (m?). Serum total and
high-density lipoprotein cholesterol concentrations were determined by an automated
enzymatic procedure. Diabetes mellitus was considered present if participants reported use
of antidiabetic medication or when fasting serum glucose level was equal to or greater than
7.0 mmol/L. Serum levels of C-reactive protein were determined by a near-infrared particle
immunoassay method (Immage, Beckman Coulter, Fullerton, California). Participants
underwent ultrasonography of both carotid arteries to assess the presence of plaques in the
common carotid artery, bifurcation, and internal carotid artery. Carotid plaques were
defined as focal thickening of the vessel wall of more than 50% relative to adjacent
segments, composed of calcified or non-calcified components. The plaque score reflected
the total number of sites with plaques and ranged from 0 to 6 (left- and right sided common
carotid artery, bifurcation, and internal carotid artery).*® Information on smoking
(categorized as non or current) and antihypertensive medication use was obtained during
the home interview by a computerized questionnaire. We defined hypertension as a systolic
blood pressure of 140 mmHg or more, a diastolic blood pressure of 90 mmHg or more, use
of antihypertensive medication, or any combination of these 3 factors. Assessment of stroke
events has been described previously.™

Statistical analysis

We calculated z-scores for retinal vascular calibers (individual vascular caliber minus mean
vascular caliber, divided by the standard deviation (SD)) to enable better comparison
between the effects of arterioles and venules on perivascular enlargements. Initially, we
used Poisson regression models to determine the association between retinal vascular
calibers and perivascular enlargements count. However, the variances of the estimates were
larger than the mean estimate (i.e. overdispersion), thus violating the assumption of Poisson
regression. Therefore, we applied the negative binomial distribution, which gave a better fit
to the data. Rate ratios with corresponding 95% confidence intervals (Cls) were estimated
per SD decrease in arterioles, or increase in venules. We adjusted for age, sex, and the other
vascular caliber (Model 1). We further constructed two models in addition to Model 1. In
Model 2 we adjusted for intracranial volume, white matter lesion volume, presence of
infarcts, and presence of cerebral microbleeds. In Model 3, we adjusted for systolic blood
pressure, diastolic blood pressure, antihypertensive medication, body mass index, total
cholesterol, high-density lipoprotein cholesterol, diabetes mellitus, C-reactive protein,
carotid plaque score and smoking (Model 3). We explored effect modification by stratifying
for sex, hypertension, diabetes mellitus, and smoking. We stratified for these variables
because sex differences might influence microvascular function,?® and hypertension
typically affects the small perforating end-arteries of the deep grey nuclei and deep white



matter.”* We also considered diabetes mellitus and smoking as potential effect modifiers,
because differential contribution of these factors in cerebral small vessel disease has
already been demonstrated.?* 2 Statistical tests were performed at the 0.05 level of
significance (two-tailed) using SPSS version 21.0 (IBM Corporation, Armonk, New York)
for Windows.

RESULTS

Study population characteristics are reported in Table 1. Average age was 66.0 years, and
52% were females. We found that narrower arteriolar calibers and, to a lesser extent, wider
venular calibers were significantly associated with more enlarged perivascular spaces in the
hippocampus and centrum semiovale. Adjusting for structural brain MRI markers and
cardiovascular risk factors slightly attenuated these associations, but these remained
statistically significant (Table 2). Figure 1 shows the difference in count of enlarged
perivascular spaces for tertiles of arterioles and venules compared to the reference tertile.
Excluding participants with a history of stroke (n = 11) did not change the associations.
Stratified analyses revealed no interactions (p-value for interaction > 0.05).

Table 1. Characteristics of the study population, n = 704.

Characteristic Descriptive
Age, years 66.0 (5.1)
Female 365 (52%)
Systolic blood pressure, mmHg 143.1 (17.8)
Diastolic blood pressure, mmHg 81.0 (10.3)
Antihypertensive medication 249 (35%)
Body mass index, kg/m? 27.5(3.9)
Total cholesterol, mmol/L 5.7 (0.9)
High-density lipoprotein cholesterol, mmol/L 1.4(0.4)
Diabetes mellitus 65 (9%)
C-reactive protein, mg/L 21(3.7)
Carotid plaque score >4 173 (25%)
Current smoker 89 (13%)
Intracranial volume, mi 1138.4 (115.5)
White matter lesion volume*, ml 3.5(2.1-7.0)
Infarcts 58 (8%)
Cerebral microbleeds 111 (16)
Central retinal artery equivalent, um 149.3 (15.3)
Central retinal vein equivalent, um 232.4 (22.1)
Regions of enlarged perivavascular spaces*
Centrum semiovale 6.0 (3.0-11.0)
Basal ganglia 3.0 (1.0-5.0)
Hippocampus 3.0 (1.0-5.0)
Mesencephalon 2.0 (0.0-3.0)

Values are presented as means (standard deviation) or as numbers (percentage).
*Values are presented as median (interquartile range).




Table 2. The association between retinal vascular calibers and enlarged perivascular spaces.

Retinal vascular caliber

Centrum semiovale

Basal ganglia

Hippocampus

Mesencephalon

Avrteriolar caliber,

per SD decrease

Model 1*
Model 21
Model 3%

Venular caliber,
per SD increase

Model 1
Model 2
Model 3

1.07 (1.01-1.14)
1.07 (1.01-1.14)
1.07 (1.01-1.14)

1.07 (1.00-1.15)
1.07 (1.00-1.14)
1.08 (1.01-1.16)

1.06 (0.99-1.13)
1.03 (0.97-1.10)
1.05 (0.98-1.13)

1.05 (0.97-1.12)
1.03 (0.96-1.10)
1.05 (0.98-1.13)

1.14 (1.05-1.24)
1.12 (1.04-1.22)
1.13 (1.04-1.22)

1.08 (1.00-1.17)
1.06 (0.98-1.15)
1.09 (1.00-1.18)

1.07 (0.99-1.16)
1.07 (0.99-1.15)
1.06 (0.98-1.14)

1.05 (0.97-1.15)
1.05 (0.97-1.14)
1.06 (0.98-1.16)

Values are rate ratios for count of enlarged perivascular spaces (95% confidence interval).

Abbreviation: SD, standard deviation.

*adjusted for age, sex, and the other vascular caliber.

‘tas Model 1, additionally adjusted for intracranial volume, white matter lesion volume, infarcts, and cerebral
microbleeds.

tas Model 1, additionally adjusted for systolic blood pressure, diastolic blood pressure, antihypertensive
medication, body mass index, total cholesterol, high-density lipoprotein cholesterol, diabetes mellitus,
C-reactive protein, carotid plaque score, smoking.

Figure 1. Number of enlarged perivascular spaces in tertiles of retinal vascular calibers in centrum semiovale (A)
and hippocampus (B), after adjusting for age, sex, and cardiovascular risk factors. Asterisk indicates significant
difference (p < 0.05) compared to the reference tertile.
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DISCUSSION

We found that narrower arteriolar and wider venular calibers were associated with more
enlarged perivascular spaces, independently of structural brain MRI markers, and
cardiovascular risk factors.

Previous studies showed that enlarged perivascular spaces are related to subclinical and
clinical vascular brain disease,* ? supporting the notion that perivascular enlargements
reflect microvascular damage. However, no study has directly investigated in vivo the
association of enlarged perivascular spaces with microvasculature. We provide the first in
vivo evidence that microvascular calibers are related to enlarged perivascular spaces, but
the mechanism remains undetermined.

First, perivascular spaces drain interstitial and cerebrospinal fluid to the subarachnoid
space, and eventually into cervical lymph nodes. Hence, a failure in this transmission may
result in hemodynamic pressure differences that might manifest themselves in changed
vascular calibers. Future studies are warranted to show how that would specifically lead to
narrower arterioles. Second, narrower arterioles may lead to a state of cerebral
hypoperfusion, eventually resulting in atrophy, and thus to perivascular enlargement. This
ischemic mechanism is further supported by findings showing wider venular calibers to be
associated with cerebral hypoxia.?* Finally, it is also possible that shared risk factors
explain the relation between retinal microvascular calibers and enlarged perivascular
spaces. Structural MRI markers of cerebral small vessel disease, or cardiovascular risk
factors, are likely candidates as confounders, but these factors did not fully explain the
association in our study, indicating that other processes also play a role. These include
arteriolosclerosis, inflammation, venous collagenosis, and cerebral amyloid angiopathy.
Interestingly, enlarged perivascular spaces in the brain regions most associated with the
retinal microvessels, namely the centrum semiovale and hippocampus, are related to
cerebral amyloid angiopathy.”® The perivascular drainage system in the basal ganglia is
thought to process amyloid more efficiently and enlarged perivascular spaces there are
associated more to vascular pathology. However, we did not find a significant association
of retinal vascular calibers and enlarged perivascular spaces in the basal ganglia.
Strengths of our study are the population-based setting, the standardized rating protocol,
and the extensive available data on brain MRI markers and cardiovascular risk factors.

A limitation is the cross-sectional design of our study, which precludes inferences on the
temporal link between microvascular damage and enlarged perivascular spaces. Also, it is
difficult to completely rule out misclassification of small infarcts as perivascular
enlargements. This potential differential misclassification may have led to overestimation
of our associations. However, because we used count data on perivascular spaces as
outcome, a single or even a few misclassified infarcts are unlikely to have majorly
influenced our results. Finally, we used a static measure of the microcirculation instead of
dynamic functional measures synchronized on the cardiac cycle. This may have caused



random misclassification, leading to an underestimation of our associations.

In conclusion, our study shows that microvascular calibers are related to enlarged
perivascular spaces, independent of structural MRI markers of cerebral small vessel
disease, and cardiovascular risk factors.
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ABSTRACT

Background: A relation between retinal neurodegeneration, quantified on optical
coherence tomography (OCT), and cerebral atrophy and small vessel disease has been
suggested, but evidence is lacking. We investigated the association of specific retinal layer
thickness on OCT with markers of cerebral atrophy and small vessel disease on MRI.
Methods: We included 2124 persons (mean age 67.0 years; 56% women) from the
Rotterdam Study who had gradable retinal OCT images and brain MRI scans. Thickness of
retinal nerve fiber layer (RNFL), ganglion cell layer (GCL), and inner plexiform layer (IPL)
were measured on OCT images. Volumetric, microstructural, and focal markers of brain
tissue were assessed on MRI.

Results: We found that thinner RNFL, GCL and IPL were associated with smaller grey
matter and white matter volume. Furthermore, we found that thinner RNFL and GCL were
associated with worse white matter microstructure. No association was found between
retinal layer thickness and white matter lesion volumes, cerebral microbleeds or lacunar
infarcts.

Conclusions: Markers of retinal neurodegeneration are associated with markers of cerebral
atrophy, suggesting that retinal OCT may provide information on neurodegeneration in the
brain.



INTRODUCTION

With an increase in life expectancy, the prevalence of common neurodegenerative disorders
such as Alzheimer’s disease is likely to rise accordingly.! Typically, these disorders are
clinically recognized at the stage of dementia, or even mild cognitive impairment, when
extensive neurodegeneration or vascular damage in the brain is already present, and
modification of disease progression is ineffective.? Currently, magnetic resonance imaging
(MRI) markers of diffuse brain atrophy such as grey matter and white matter loss, and
markers of small vessel disease such as white matter lesions, cerebral microbleeds and
lacunar infarcts, are implicated as pathologic substrates in dementia.>*® In addition, white
matter abnormalities, assessed on diffusion tensor (DT-MRI), are presumed to be more
widespread than visually detectable on MRI, and have been associated with cognitive
deficits.” Although these brain MRI markers are widely used in the assessment of brain
diseases, undergoing MRI scanning is time-consuming, costly, and some patients may have
contraindications for undergoing MRI.

Advances in noninvasive optical imaging techniques enable us to assess neurodegeneration
in the retina.? Particularly, optical coherence tomography (OCT) provides the opportunity
to visualize retinal structures in vivo with biopsy-like precision (spatial resolution < 10
pm). Given that the retina is formed embryonically from neuronal tissue, and connected to
the brain by the optic nerve, it is possible that certain abnormalities in the brain may be
reflected in the retina.’ Indeed, previous histopathological and clinical studies have shown
that patients with Alzheimer’s disease have extensive loss of retinal ganglion cells and
reduced thickness of retinal nerve fiber layer (RNFL) compared to controls.’**® Findings
from those studies implicate that thinner RNFL may be present before onset of clinical
disease, and thus may be a manifestation of subclinical brain disease. However, whether
retinal degeneration may be a marker of subclinical brain disease needs to be studied in
large samples of relatively healthy persons.

Apart from the RNFL, with improvements in OCT devices and segmentation algorithms,
we are now able to segment other retinal layers including the ganglion cell layer (GCL) and
inner plexiform layer (IPL). These three layers form together the ganglion cell complex, in
which the RNFL is composed of axons, the GCL is composed of cell bodies and the IPL is
composed of the dendrites. Hence, it is possible that the GCL may reflect more the
condition of the cerebral grey matter, whereas the RNFL and IPL may reflect more the
condition of the cerebral white matter. This hypothesis is further supported by a previous
study examining the link between OCT measurements and cerebral atrophy on MRI.**

In this population-based study, we aimed to investigate the association of retinal layer
thicknesses on OCT with volumetric, microstructural and focal markers of brain tissue on
MRI in a community-dwelling elderly population free of dementia and mild cognitive
impairment.



METHODS

Study population

This study was part of the Rotterdam Study (RS): a prospective population-based cohort
study that investigates causes and consequences of chronic diseases in residents of the
Ommoord district in the city Rotterdam, the Netherlands, aged 45 years or older.*® The
original cohort started in 1990 (n = 7,983), and was extended in 2000 (n = 3,011) and 2006
(n = 3,932). Follow-up examinations take place every three to four years. In brief,
participants were interviewed at home and examined at the research center. In 2007,
spectral-domain OCT scanning was added to the protocol, and thus was performed in the
fifth visit of the first cohort (RS-I1-5), the third visit of the second cohort (RS-11-3), and at
the baseline visit in about half of the third cohort (RS-111-1), see Figure 1. Since the
introduction of OCT in the Rotterdam Study, a total of 5,065 persons were eligible for
OCT-scanning, but 664 persons did not undergo OCT-scanning due to logistic reasons (e.g.
lack of personnel, device maintenance or replacement) or personal reasons (e.g. sickness or
unable to attend). A further 803 persons were excluded because OCT scans had motion
artefacts, segmentation failures, missing data, or poor signal strength. We also excluded
persons with dementia (n = 43) or history of clinical stroke (n = 115), persons that did not
undergo dementia screening (n = 21), and persons with mild cognitive impairment (n =
198). History of clinical stroke was assessed and verified as described previously.*® From
the remaining 3,221 persons, 855 persons had no brain MRI scans or the scans were
unusable for the following reasons: non-respondent or not visited the research center,
refused or physical/mentally unable to attend, had MRI contra-indications, could not
complete MRI scan, or poorly segmented scans. Subsequently, we only included persons if
they had data on GCL and IPL thicknesses measured at the macular region, and RNFL
thickness measured at the peripapillary region on the same eye. Finally, we excluded
persons with age-related macular degeneration (n = 9), glaucoma (n = 42), and hypertensive
or diabetic retinopathy that could affect retinal thickness measurement (n = 56). This
resulted in 2,124 persons from which primarily the right eye (94%) was chosen for further
analysis. At the beginning of the study, only the right eyes were scanned in the interest of
time. This was the case for 883 persons. To maintain consistency, we chose primarily the
right eye.

The Rotterdam Study has been approved by the Medical Ethics Committee of the Erasmus
MC and by the Ministry of Health, Welfare and Sport of the Netherlands, implementing the
Wet Bevolkingsonderzoek: ERGO (Population Studies Act: Rotterdam Study). All
participants provided written informed consent to participate in the study and to obtain
information from their treating physicians



Figure 1. Flow diagram of the study population.
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Spectral domain optical coherence tomography

From September 2007 to June 2011 participants underwent a standard ophthalmic
examination after pharmacological mydriasis, including fundus photography of the macula
and optic nerve, and OCT scanning. Initially, participants’ eyes were scanned with the
Topcon 3D OCT-1000 (n = 1,730; Topcon Optical Company, Tokyo, Japan). From August
2011 onwards, due to an update during the study, this device was replaced with the
Topcon 3D OCT-2000 (n = 394). The macula and optic nerve head were scanned in the
horizontal direction in an area of 6 x 6 x 1.68 mm with 512 x 512 x 480 voxels for OCT-
1000 and in an area of 6 x 6 x 2.30 mm with 512 x 512 x 885 voxels for OCT-2000,
enabling us to detect structures with a resolution of 5 um (Figure 2). Thickness of the
peripapillary RNFL was measured automatically by Topcon’s built-in segmentation
algorithm. This was done in twelve peripapillary segments of 30° each, and the average
RNFL thickness was derived from the calculation circle. For the macula, volumes were
segmented using lowa Reference Algorithms 3.6, which has been validated for most widely
available commercial OCT scanners (available from
https://www.iibi.uiowa.edu/content/shared-software-download).!” Thicknesses of the GCL
and IPL were measured in nine regions of the Early Treatment Diabetic Retinopathy Study
Grid. The average retinal layer thicknesses were calculated and used in further statistical
analyses. Scans in our study had a segmentation index of more than 30%, an undefined
region of less than 20%, and a quality factor of more than 30, which is considered
acceptable quality.'® Because the retinal layer thicknesses varies with the axial length of
eyes, we treated the axial length, measured using Lenstar LS900 (Haag-Streit AG, Kéniz,
Switzerland), as a covariate in the statistical analyses.

Brain imaging markers

Brain MRI scanning was performed on a 1.5 Tesla MRI-scanner (GE Healthcare,
Milwaukee, Wisconsin).™ The scan protocol included four high-resolution axial sequences:
a 3D T1-weighted (slice thickness 1.6 mm, zero-padded to 0.8), a proton-density-weighted
(slice thickness 1.6 mm), a fluid-attenuated inversion recovery (FLAIR, slice thickness 2.5
mm) and a 3D T2*-weighted gradient-recalled echo scan (slice thickness 1.6 mm, zero-
padded to 0.8). After preprocessing, we used k-nearest-neighbor classifier to segment
voxels into grey matter, white matter, white matter lesion and cerebrospinal fluid. Summing
all voxels of a certain tissue across the whole brain and multiplying by the voxel volume (1
voxel = 1.25 mm®) yielded volumes in cubic milliliters. Supratentorial intracranial volume
was defined as the sum of total grey matter volume, white matter volume, white matter
lesion volume, and cerebrospinal fluid.?® %! Total brain volume was defined as the sum of
grey matter and white matter volume. Individual lobes have been segmented by non-rigidly
registering a template image in which the lobes have been outlined manually.?? For the
hippocampus, left and right hippocampal volumes were segmented separately ona 3D T-
weighted sequence using an automated method as described previously.?


https://www.iibi.uiowa.edu/content/shared-software-download

We used the average of the left and right hippocampus volume for further analysis.

For diffusion tensor-MRI (DT-MRI), we performed a single-shot, diffusion-weighted, spin-
echo, echo-planar imaging sequence with maximum b-value of 1,000 s/mm2 in 25 non-
collinear directions (slice thickness 3.5 mm). To obtain global mean DT-MRI measures in
the normal-appearing white matter, all diffusion data were preprocessed using a
standardized pipeline, including correction for motion and eddy currents, estimation of the
diffusion tensor, and registration to tissue segmentation. DT-MRI maps were combined
with the tissue segmentation results, from which the mean global DT-MRI measures were
derived including fractional anisotropy (FA) and mean diffusivity (MD).? In general, FA is
lower and MD is higher in older and damaged brains, which is thought to reflect worse
white matter microstructure. In 513 persons, the diffusion acquisition scheme was rotated
with the phase and frequency encoding directions swapped, which led to a mild ghost
artifact in the phase encoding direction. Therefore, we treated the phase encoding direction
as a covariate in the statistical analyses.

The presence of cerebral microbleeds, lacunar infarcts and cortical infarcts was counted
visually by one of five trained research physicians. These focal measures were found
incidentally on brain MRI. The raters were blinded to the clinical data. The presence of
cerebral microbleeds was rated on 3D T2*-weighted gradient-recalled echo MRI.?® The
presence of lacunar and cortical infarcts were rated on FLAIR, proton density-weighted and
3D T1-weighted sequences. Lacunar infarcts were defined as focal lesions > 3 and < 15 mm
in size with the same signal intensity as cerebrospinal fluid on all sequences and a
hyperintense rim on FLAIR (when located supratentorially). Infarcts showing involvement
of cortical grey matter were classified as cortical infarcts. Volumetric measures comprised
total brain, grey matter, white matter, white matter lesion and hippocampal volume.
Microstructural measures comprised fractional anisotropy and mean diffusivity. Focal
measures comprised cerebral microbleeds and lacunar infarcts.



Figure 2. Output of the Topcon OCT-2000 device focusing on the macula (A) and optic nerve (B) with
corresponding cross-sectional view of the retina (C and D, respectively).

Cognitive screening

During center visits, participants underwent a cognitive test battery, and dementia-
screening was done using the Mini-Mental State Examination (MMSE) and the Geriatric
Mental State Schedule (GMS) organic level ® Those with MMSE < 26 or GMS > 0
underwent examination and informant interview using the Cambridge Examination for
Mental Disorders of the Elderly. In addition, continuous monitoring of the cohort for
incident dementia took place 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 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-I11-R). In our study, mild
cognitive impairment was assessed using the following criteria: 1) presence of subjective
memory complaints, 2) presence of objective cognitive impairment, and 3) absence of



dementia.?” Subjective complaints were assessed by interview, and objective cognitive
impairment was assessed using a cognitive test battery including letter-digit substitution
task, Stroop test, verbal fluency test, and 15-word verbal learning test. For objective
cognitive impairment, compound scores for various cognitive domains including memory
function, information processing speed, and executive function were calculated, and those
with < 1.5 standard deviation of the age-and education adjusted means were classified as
cognitively impaired.?” Educational level was measured based on degree of literacy as this
measures educational attainment more directly and might therefore be a good marker of
cognitive reserve. Participants were classified having low (primary, unfinished secondary
and lower vocational), intermediate (secondary or intermediate vocational) or high
education (higher vocational or university).

Cardiovascular risk factors

Blood pressure was measured twice in sitting position at the right brachial artery with a
random-zero sphygmomanometer, and the average of two readings was used for analysis.
Body mass index was computed as weight (kg) divided by height squared (m?). Fasting
serum total cholesterol concentration was determined by an automated enzymatic
procedure. Diabetes mellitus was considered present if fasting serum glucose level was
equal to or greater than 7.0 mmol/L, or when persons reported use of antidiabetic
medication. Information on smoking (never, former or current), and blood pressure
lowering medication use was obtained during the home interview by a computerized
questionnaire.

Statistical analysis

As eyes were scanned with two different devices and in order to standardize the
measurements, we calculated z-scores for the OCT measurements of each device. White
matter lesion volumes were transformed using natural logarithm due to a skewed
distribution. We also calculated z-scores for grey matter and white matter volumes, log-
transformed white matter lesion volume, and DT-MRI measures to enable better
comparison between the effects of RNFL, GCL and IPL on these different imaging
parameters. Z-scores were calculated by subtracting individual value from the mean value,
and dividing by the standard deviation. We used linear regression models to investigate the
association of retinal layer thickness with volumetric, and microstructural measures. We
used logistic regression models to investigate the association of retinal layer thickness with
the presence of cerebral microbleeds and lacunar infarcts. Mean differences in z-score and
odds ratios with corresponding 95% confidence intervals (Cls) were estimated per standard
deviation decrease (SD) of retinal layer thickness. We adjusted for age, sex, education,
subcohort, axial length of the eyes, intracranial volume, and for the following
cardiovascular risk factors: mean arterial blood pressure, use of blood pressure lowering
medication, body mass index, total cholesterol, diabetes mellitus, and smoking.



Missing values for covariates were dealt with using fivefold multiple imputations based on
determinant, outcome, and covariates. In our analyses with DT-MRI measures, we excluded
persons with cortical infarcts (n = 63) as tissue loss and gliosis surrounding cortical infarct
may cause unreliable white matter lesion segmentations. In these analyses, we additionally
adjusted for white matter volume and the phase encoding direction for the diffusion
acquisition. Furthermore, in our analyses with white matter lesion volumes, cerebral
microbleeds and lacunar infarcts, in persons free of cortical infarcts, we adjusted these
measures for each other. For instance, in our analyses with white matter lesion volume as
an outcome, we adjusted for cerebral microbleeds and lacunar infarcts. In sensitivity
analyses, we assessed the effect of aging on the retinal layer thicknesses by using linear
regression models. Also, we explored the effect of aging on the association of retinal layer
thickness with volumetric and microstructural measures by stratifying for age in tertiles and
by constructing interaction terms in the linear regression models.

Finally, in our analysis of retinal layer thickness with brain MRI markers, we have
additionally adjusted for the two OCT devices to check whether our results were affected
by the measurements of these two OCT devices. All analyses were performed at the 0.05
level of significance (two-tailed) using R version 3.2.3.

RESULTS

Table 1 shows the characteristics of the study population. Mean age was 67.0 years (SD:
9.8), and 1,180 (56%) of the participants were women.

Figure 3 shows the association of retinal layer thickness with volumetric and
microstructural measures. Thinner RNFL, GCL and IPL were all three significantly
associated with smaller brain volume, mean difference in z-score (95% CI) per SD decrease
in retinal layer thickness, respectively: -0.025 (-0.040; -0.011, p < 0.001), -0.036 (-0.050; -
0.022, p < 0.001) and -0.023 (-0.037; -0.009, p = 0.001). These associations were driven by
the association of thinner retinal layers with both grey matter and white matter volume. We
did not find strong evidence for an association between retinal layer thickness and white
matter lesion volumes. For the association of retinal layer thicknesses with white matter
microstructural measures, we found that both thinner RNFL and GCL were significantly
associated with a lower FA, mean difference in z-score of FA per SD decrease in RNFL
and GCL, respectively: -0.067 (-0.111; -0.024, p = 0.002) and -0.078 (-0.121; -0.035, p <
0.001). Moreover, thinner GCL was associated with a higher MD: 0.040 (0.007; 0.073, p =
0.018). In our analysis with hippocampal volume, we found that thinner RNFL, GCL and
IPL were associated with smaller hippocampal volume, mean difference in z-score (95%
Cl) per SD decrease in retinal layer thickness, respectively: -0.045 (-0.081; -0.010, p =
0.013), -0.043 (-0.078; -0.008, p = 0.016) and -0.031 (-0.065; 0.004, p = 0.083).



Table 2 shows the association of retinal layer thickness with grey matter and white matter
volume in different lobes. In general, among associations between retinal layer thickness
and lobe-specific volumes, we found the strongest associations within the occipital lobes.
Table 3 shows the association of retinal layer thicknesses with cerebral microbleeds and
lacunar infarcts. We did not find an association of retinal layer thicknesses with cerebral
microbleeds or lacunar infarcts.

Furthermore, we found that an increased age was associated with thinner RNFL, GCL and
IPL, mean difference in z-score per SD increase in age, respectively: -0.128 (-0.202; -0.054,
p < 0.001), -0.228 (-0.302; -0.153, p < 0.001), and -0.165 (-0.240; -0.089, p < 0.001). In
stratified analysis (Supplemental Table 1), we found that the associations of retinal layer
thickness with volumetric and microstructural measures were slightly modified by age. In
general, the associations were stronger in elderly people, but the interaction terms were not
significant. Finally, we found that our associations were not affected by the two OCT
devices as the results remained similar after adjusting for these devices.



Table 1. Characteristics of the study population.

Characteristic Descriptive
N 2,124
Age, years 67.0 (9.8)
Female sex 1,180 (56)
Systolic blood pressure, mmHg 143.9 (21.8)
Diastolic blood pressure, mmHg 84.7 (10.8)
Mean arterial blood pressure, mmHg 104.4 (13.4)
Blood pressure lowering medication 824 (39)
Body mass index, kg/m? 27.3 (4.0)
Diabetes mellitus 211 (10)
Total cholesterol, mmol/L 55(1.1)
Smoking status

Never smoker 686 (32)

Past smoker 1109 (52)

Current smoker 329 (16)
Education

Lower education 594 (28)

Intermediate education 1040 (49)

Higher education 490 (23)
Mini-mental state examination 28.0 (1.7)
Axial length, mm 235(1.2)
Peripapillar retinal nerve fiber layer, um 96.0 (14.1)
Macular ganglion cell layer, pm 33.9(5.1)
Macular inner plexiform layer, um 37.0(3.3)

Values are presented as means (standard deviation) or as numbers (percentage).

The following variables had missing data: blood pressure (n = 1), blood pressure lowering medication (n = 8),
body mass index (n = 0), diabetes mellitus (n = 33), total cholesterol (n = 26), smoking (n = 4), education (n =

30), and axial length (n = 202).




Figure 3. Association of retinal layer thickness with volumetric and microstructural brain measures.
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A. Brain volume; B. Grey matter; C. Total white matter; D. White matter lesion; E. Fractional anisotropy; F. Mean
diffusivity. G. Hippocampus. Total white matter volume is the sum of normal white matter and white matter lesion
volume. White matter lesion volumes are further natural log-transformed. Dots represent adjusted mean
differences in z-score per standard deviation decrease in retinal layer thickness. Values are adjusted for age, sex,
subcohort, education, axial length of the eye, intracranial volume, mean arterial blood pressure, blood pressure
lowering medication, body mass index, total cholesterol, diabetes mellitus, and smoking. Analyses with grey
matter, white matter lesion volumes, fractional anisotropy and mean diffusivity were also adjusted for white matter
volume, whereas the analysis with white matter were adjusted for grey matter volume. Furthermore, analysis with
white matter lesion volumes were adjusted for cerebral microbleeds and lacunar infarcts. Lines represent 95%
confidence interval.



Table 2. Association of retinal layer thicknesses with grey matter and white matter volume in different lobes.

Retinal nerve fiber layer P-value Ganglion cell layer P-value Inner plexiform layer P-value
Grey matter volume
Total volume -0.031 (-0.052; -0.010) 0.004 -0.046 (-0.067; -0.026) <0.001 -0.027 (-0.048; -0.007) 0.010
Temporal lobe -0.026 (-0.049; -0.003) 0.025 -0.045 (-0.067; -0.022) <0.001 -0.029 (-0.051; -0.007) 0.011
Parietal lobe -0.007 (-0.034; 0.020) 0.604 -0.047 (-0.073; -0.020) <0.001 -0.032 (-0.059; -0.006) 0.014
Occipital lobe -0.043 (-0.071; -0.015) 0.003 -0.081 (-0.108; -0.053) <0.001 -0.044 (-0.071; -0.017) 0.002
Frontal lobe -0.024 (-0.048; -0.001) 0.040 -0.014 (-0.037; 0.009) 0.237 -0.006 (-0.029; 0.016) 0.599
White matter volume
Total volume -0.034 (-0.056; -0.012) 0.002 -0.049 (-0.071; -0.027) <0.001 -0.033 (-0.054; -0.011) 0.003
Temporal lobe -0.043 (-0.067; -0.019) <0.001 -0.061 (-0.084; -0.037) <0.001 -0.038 (-0.062; -0.015) 0.001
Parietal lobe -0.022 (-0.047; 0.003) 0.078 -0.056 (-0.080; -0.031) <0.001 -0.045 (-0.069; -0.021) <0.001
Occipital lobe -0.039 (-0.067; -0.011) 0.006 -0.080 (-0.107; -0.052) <0.001 -0.057 (-0.084; -0.030) <0.001
Frontal lobe -0.035 (-0.059; -0.010) 0.005 -0.027 (-0.051; -0.002) 0.031 -0.016 (-0.040; 0.008) 0.183

Values represent mean difference in z-score of grey or white matter volume (95% confidence interval) per standard deviation decrease in retinal layer
thickness. Values are adjusted for age, sex, subcohort, education, axial length of the eye, intracranial volume, grey matter or white matter volume (if
applicable), mean arterial blood pressure, blood pressure lowering medication, body mass index, total cholesterol, diabetes mellitus, and smoking.

Table 3. Association of retinal layer thicknesses with focal measures.

Cerebral microbleeds, n = 351 P-value Lacunar infarcts, n = 145 P-value
Retinal nerve fiber layer 1.02 (0.90-1.15) 0.745 1.11 (0.94-1.31) 0.212
Ganglion cell layer 0.95 (0.84-1.07) 0.426 1.16 (0.98-1.38) 0.089
Inner plexiform layer 0.90 (0.80-1.02) 0.095 1.17 (0.98-1.42) 0.095

Values represent odds ratio (95% confidence interval) per standard deviation decrease in retinal layer thickness adjusted for age, sex,
subcohort, education, axial length of the eye, intracranial volume, white matter lesion volume, cerebral microbleeds and lacunar infarcts
(if applicable).




Supplemental Table 1.

Age-stratified associations of retinal sublayer thicknesses with volumetric and microstructural brain measures.

Age in tertiles Retinal nerve fiber layer P-value Ganglion cell layer P-value Inner plexiform layer P-value
1" tertile, n =718
Brain volume -0.030 (-0.059; -0.001) 0.046 -0.017 (-0.043; 0.008) 0.173 -0.007 (-0.031; 0.017) 0.561
Grey Matter -0.053 (-0.097; -0.008) 0.020 -0.016 (-0.055; 0.022) 0.403 -0.004 (-0.040; 0.032) 0.838
White matter -0.028 (-0.071; 0.016) 0.210 -0.027 (-0.065; 0.010) 0.152 -0.013 (-0.048; 0.022) 0.467
FA -0.065 (-0.151; 0.020) 0.132 -0.052 (-0.125; 0.021) 0.161 -0.025 (-0.095; 0.045) 0.490
MD 0.032 (-0.026; 0.090) 0.273 0.023 (-0.027; 0.073) 0.363 0.005 (-0.043; 0.053) 0.847
Hippocampus -0.049 (-0.121; 0.022) 0.176 -0.046 (-0.107; 0.016) 0.144 -0.044 (-0.102; 0.013) 0.133
2" tertile, n = 737
Brain volume -0.004 (-0.028; 0.021) 0.765 -0.038 (-0.062; -0.013) 0.002 -0.025 (-0.049; -0.002) 0.034
Grey Matter -0.023 (-0.058; 0.011) 0.187 -0.055 (-0.089; -0.021) 0.002 -0.021 (-0.055; 0.012) 0.208
White matter 0.006 (-0.032; 0.044) 0.753 -0.046 (-0.084; -0.008) 0.017 -0.040 (-0.076; -0.004) 0.031
FA -0.037 (-0.110; 0.037) 0.324 -0.109 (-0.180; -0.036) 0.003 -0.008 (-0.078; 0.061) 0.816
MD 0.012 (-0.046; 0.070) 0.693 0.055 (0.002; 0.113) 0.058 -0.001 (-0.055; 0.054) 0.983
Hippocampus -0.016 (-0.076; 0.045) 0.610 -0.055 (-0.115; 0.005) 0.071 -0.050 (-0.107; 0.008) 0.091
3" tertile, n = 669
Brain volume -0.025 (-0.048; -0.003) 0.027 -0.035 (-0.058; -0.011) 0.004 -0.029 (-0.054; -0.005) 0.020
Grey Matter -0.022 (-0.056; 0.012) 0.207 -0.048 (-0.083; -0.012) 0.008 -0.045 (-0.082; -0.007) 0.019
White matter -0.042 (-0.077; -0.007) 0.017 -0.047 (-0.084; -0.011) 0.011 -0.037 (-0.075; 0.001) 0.058
FA -0.087 (-0.163; -0.011) 0.025 -0.057 (-0.138; 0.023) 0.161 -0.049 (-0.131; 0.034) 0.245
MD 0.035 (-0.027; 0.097) 0.266 0.033 (-0.032; 0.097) 0.315 0.055 (-0.012; 0.121) 0.109
Hippocampus -0.014 (-0.073; 0.044) 0.624 -0.003 (-0.064; 0.057) 0.910 -0.011 (-0.053; 0.007) 0.736

Abbreviations: FA, fractional anisotropy; MD, mean diffusivity.
Values are adjusted mean difference in z-score per standard deviation decrease in retinal sublayer thickness. Minimum to maximum (mean) age was 47 to
61 years (55.4) for the first tertile, 62 to 72 years (68.6) for the second tertile, 73 to 96 years (77.7) for the third tertile. P-value for interaction between age
and the retinal sublayer thicknesses was not significant (p > 0.05).




DISCUSSION

In this population-based cohort study, we found that markers of retinal neurodegeneration
assessed on OCT were associated with smaller brain volumes including hippocampal
volume, and with worse white matter microstructure, whereas no association was found
with white matter lesion volume, cerebral microbleeds and lacunar infarcts. As both
neurodegeneration and vascular pathology in the brain often occur simultaneously, our
current findings suggest that retinal OCT may provide information specifically on
neurodegeneration in the brain.

Initial studies by Hinton et al.*? and Blanks et al.?® using postmortem specimen showed that
patients with Alzheimer’s disease had substantial loss of retinal ganglion cells and
reduction in RNFL thickness compared to controls. However, inferences from these initial
studies were difficult to draw due to small sample sizes and inclusion of highly selected
individuals on whom postmortem tissues were obtained. Others have since then established
this putative link in clinical settings by using in vivo optical imaging techniques. Findings
from those patient-based studies have repeatedly shown that patients with Alzheimer’s
disease or cognitive impairment have reduced RNFL and GC-IPL complex thickness
compared to controls.® %

Given that cerebral atrophy is a crucial substrate for cognitive impairment in dementia, we
have now shown in a population-based setting that thinner RNFL, GCL and IPL are
associated with smaller grey matter, white matter and hippocampal volume. Our findings
suggest that neuronal damage may occur simultaneously in the retina and throughout the
brain. In addition, this neuronal damage in the retina and brain may already be present in a
subclinical period, during which there are no symptoms. In line with our findings, one study
(n = 164) found that thinner RNFL was associated with smaller grey matter volume only in
the temporal lobe, whereas thinner GC-IPL complex was associated with smaller grey
matter and white matter volumes in the temporal lobe, and with smaller grey matter volume
in the occipital lobe.™* More recently, another study (n = 79) found thinner RNFL and GCL
to be related to medial temporal lobe atrophy, demonstrating the concurrent relation of the
retina with Alzheimer’s disease related brain structures.®

By extension, we have further shown that thinner RNFL and GCL were associated with
worse white matter microstructure. Measures of DT-MRI provide additional information
about the white matter microstructure beyond macrostructural assessment of white matter
on MRI. Given that in patients with Alzheimer’s disease, structural abnormalities of the
white matter is present throughout the entire brain, our findings suggest that thinner RNFL
and GCL may even reflect subtle changes in the white matter that are visually not
detectable.

Interestingly, in our study, we have also found that thinner RNFL and GCL were associated
with smaller hippocampal volume. Given that hippocampus atrophy is one of the
characteristic features of Alzheimer’s disease, these findings emphasize the involvement of



the retina in the pathogenesis of Alzheimer’s disease. Moreover, together with our findings
that thinner RNFL and GCL were associated with occipital lobe atrophy, these findings
may also provide a basis for mechanisms underlying specific visual symptoms in patients
with Alzheimer’s disease such as reduced performance on vision, motion perception, or
visual memory. Finally, we did not find a relation between retinal layer thickness and white
matter lesion volume, cerebral microbleeds and lacunar infarcts, suggesting that thinner
retinal layers reflect more neurodegenerative processes in the brain than vascular processes.
Although white matter has been widely recognized for its susceptibility for vascular
damage, it should be noted that the white matter, but more importantly the white matter
microstructure, is very sensitive to other factors as well. For instance, inflammation,
healthy aging, and neurodegeneration might also affect the white matter. In our study,
adjusting for cardiovascular vascular risk factors and grey matter volume attenuated the
associations indicating that cardiovascular risk factors and grey matter volume indeed have
an effect on the association between retinal layer thickness and white matter volume. Yet,
the associations remained significant indicating that other processes such as healthy aging
or neurodegeneration are more likely to play a role. With regard to healthy aging, although
we observed that increased age was associated with thinner retinal layers, the association of
these layers with brain MRI markers remained after adjusting for and stratifying by age.
Within strata of age, we did not find strong evidence for an aging effect in the association
of retinal layer thickness with brain MRI markers. Although the associations were in
general stronger in elderly people, indicating some aging effect, the interaction terms were
not significant. Moreover, for some associations, the magnitude of the effect estimates
varied across the strata, with stronger associations among younger people. These findings
suggest that aging plays an important, but limited role in the association of retinal layer
thickness with brain MRI markers.

With regard to the pathophysiology of our findings, it is possible that region-specific or
global brain atrophy leads to retinal neurodegeneration. For instance, damage to brain
regions involved in visual processing may result in damage to or disruption of connections
within the visual tract and thereby causing retrograde degeneration of the optic nerve.
Indeed, subjective visual complaints and symptoms have repeatedly been reported in
persons with traumatic brain injury, implicating structural changes in retinal structures and
the presence of axonal damage along the visual pathways.*?® In addition, findings from a
recent mouse study showed thinner inner retina in mice with traumatic brain injury
compared to control mice.* At the same time, existing evidence showed that in patients
with Alzheimer’s disease, the neuritic plaque density was the highest in the occipital lobes,
and that these plaques were associated with the earliest symptoms of Alzheimer’s disease,
including vision problems.®” 3 Altogether, findings from those studies suggest that certain
abnormalities in the brain may manifest in the retina as thinner RNFL, GCL or IPL. On the
other hand, it is also possible that ganglion cell apoptosis may cause anterograde
degeneration, leading to thinner RNFL, and eventually resulting in smaller white matter and



grey matter volume particularly in brain regions covering the visual tract.*® However, there
is little evidence supporting this hypothesis.

As a final explanatory mechanism, a neurodegenerative process with common pathogenesis
may cause structural loss of neurons both in the retina and brain. While aging has been
recognized as the greatest risk factor for neurodegeneration, other important processes that
may contribute concomitantly to neurodegeneration in the retina and brain include
oxidative stress and protein misfolding.*’ Yet, whether damage to retinal and cerebral
structures occur simultaneously from the same systemic disease or occur after damage to
the other, needs to be further explored in future studies. Given that the GCL is composed of
neuronal cell bodies, and the RNFL of axons, it has been thought that the retinal layers may
reflect the condition of their cerebral counterpart (e.g. GCL reflects the grey matter, and
RNFL reflects the white matter). However, the fact that RNFL and GCL were associated
with both the grey and white matter volumes, implicates that that notion is less likely to be
the case. Of note, given that our study included relatively healthy persons, inferences about
the underlying neurodegenerative disease should be drawn carefully.

The results of our study should be interpreted in light of several limitations. First, the cross-
sectional design of our study limits us to draw conclusions about temporality and causality.
Second, persons excluded from our study had an eye or brain disease, resulting in selection
of relatively healthy persons in our analysis, which might have caused underestimation of
the effect sizes. Finally, we did not use other retinal layer thickness, because the reliability
of the segmentation for deeper layers were poor and their thickness measurements were not
comparable across the two OCT devices. Strengths of our study include the population-
based setting, large sample size, and the quantitative assessment of retinal layer thickness
on OCT and different brain structures on (DT-)MRI.

In conclusion, we found that in a community-dwelling elderly population free of dementia
and mild cognitive impairment, markers of retinal neurodegeneration were associated with
smaller brain volumes, and with worse white matter microstructure. Our findings suggest
that retinal OCT may provide information on atrophy in the brain, and that neuronal
damage may occur simultaneously in the retina and throughout the brain.
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ABSTRACT

Background: There is growing evidence that markers of retinal neurodegeneration such as
thinner retinal nerve fiber layer (RNFL) and ganglion cell layer (GCL), assessed on optical
coherence tomography (OCT), are reflective of global brain atrophy. Yet, little is known on
the relation of these layers with specific brain regions. Using voxel-based analyses (VBA)
of both cerebral grey matter density and white matter microstructure, we aimed to unravel
which specific brain regions are associated with these retinal layers.

Methods: We included 2,235 persons (mean age: 67.3 years, 55% women) from the
Rotterdam Study (2007-2012), who had gradable retinal OCT images and brain magnetic
resonance imaging (MRI) scans, including diffusion tensor imaging. Thickness of
peripapillary RNFL and perimacular GCL were measured on OCT images using an
automated segmentation algorithm. VVoxel-based morphometry protocols were applied to
process MRI data. We investigated the association of thickness of retinal layers with voxel-
wise grey matter density and white matter microstructure by performing linear regression
models adjusting for age, sex, education, axial length of the eye, intracranial volume, and
cardiovascular risk factors.

Results: We found that thinner RNFL and GCL were associated with lower grey matter
density in the visual cortex, and with lower fractional anisotropy and higher mean
diffusivity in white matter tracts of the optic radiation and of tracts coursing adjacent to the
optic radiation. Furthermore, thinner GCL was associated with lower grey matter density of
the thalamus, close to the presumed location of the lateral geniculate nucleus.

Conclusions: Thinner RNFL and GCL are associated with grey and white matter changes
in the visual pathway suggesting that retinal thinning on OCT may be specifically
associated with changes in the visual pathway rather than with global changes in the brain.



INTRODUCTION

In search of identifying novel biomarkers for Alzheimer’s disease, markers of retinal
neurodegeneration are increasingly being recognized as potential candidates.’*® Markers of
retinal neurodegeneration such as thinner retinal nerve fiber layer (RNFL) and ganglion cell
layer (GCL) assessed on optical coherence tomography (OCT) have repeatedly been
observed in Alzheimer’s disease patients indicating that atrophy in the brain and the retina
may occur concomitantly.* ® Indeed, studies have shown that thinner RNFL and GCL were
associated with global cerebral grey matter and white matter atrophy, even in non-demented
individuals.®® It has been suggested that the retina and the brain suffer from a shared
underlying pathology such as a vascular disease or the accumulation of misfolded proteins,
leading to concomitant atrophy. Yet, another possibility is that retinal thinning may be
directly linked to changes in specific brain areas, most likely those that are anatomically
connected and involved in visual processing. As previous studies have exclusively focused
on global brain changes, we aim to unravel whether retinal thinning in non-diseased
individuals reflects changes in specific brain regions. Voxel-based analysis (VBA) enables
studying the relation between retinal layer thicknesses and brain tissues on the voxel level.
Within a large population of non-demented aging people, we conducted a VBA to identify
whether RNFL and GCL thickness are associated with local cerebral grey matter and white
matter density.



METHODS

Study setting and population

This study was part of the Rotterdam Study (RS): a prospective population-based cohort
study that investigates causes and consequences of chronic diseases in residents of the
Ommoord district in the city Rotterdam, the Netherlands, aged 45 years or older.’ The
original cohort started in 1990 (n = 7,983), and was extended in 2000 (n = 3,011) and 2006
(n = 3,932). Follow-up examinations take place every three to four years. Participants were
interviewed at home and examined at the research center. In 2007, spectral-domain OCT
scanning was added to the protocol, and thus was performed in the fifth visit of the first
cohort (RS-1-5), the third visit of the second cohort (RS-11-3), and at the baseline visit in
about half of the third cohort (RS-111-1), see Figure 1. Since the introduction of OCT in the
Rotterdam Study, a total of 5,065 persons were eligible for OCT-scanning, but 664 persons
did not undergo OCT-scanning due to logistic reasons (e.g. lack of personnel, device
maintenance or replacement) or personal reasons (e.g. sickness or unable to attend). A
further 803 persons were excluded because OCT scans were ungradable due to motion
artefacts, segmentation failures, missing data, or poor signal strength. We also excluded
persons with dementia (n = 43), persons that did not undergo dementia screening (n = 21),
and persons with a history of clinical stroke (n = 137). From the remaining 3,397 persons,
907 persons had no brain MRI scans (n = 799) or the scans were unusable (n = 108) for the
following reasons: non-respondent or not visited the research center, refused or
physical/mentally unable to attend, had MRI contra-indications, could not complete MRI
scan, or poorly segmented scans. Subsequently, we only included persons if they had data
on GCL thicknesses measured at the macular region, and RNFL thickness measured at the
peripapillary region on the same eye (n = 2,340). Finally, we excluded persons with age-
related macular degeneration (n = 10), glaucoma (n = 45), and hypertensive or diabetic
retinopathy (n = 50), that could affect retinal thickness measurement. This resulted in 2,235
persons from which primarily the right eye (94%) was chosen for further analysis.

The Rotterdam Study has been approved by the Medical Ethics Committee of the Erasmus
MC and by the Ministry of Health, Welfare and Sport of the Netherlands, implementing the
Wet Bevolkingsonderzoek: ERGO (Population Studies Act: Rotterdam Study). All
participants provided written informed consent to participate in the study and to obtain
information from their treating physicians.



Figure 1. Flow diagram of the study population.
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Abbreviations: RS, Rotterdam Study; OCT, optical coherence tomography; MRI, magnetic resonance imaging;
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Spectral domain optical coherence tomography

From September 2007 to June 2011 participants underwent a standard ophthalmic
examination after pharmacological mydriasis, including fundus photography and OCT
scanning of the macula and optic nerve. Initially, participants’ eyes were scanned with the
Topcon 3D OCT-1000 (n = 1,805; Topcon Optical Company, Tokyo, Japan). From August
2011 onwards, due to an update during the study, this device was replaced with the

Topcon 3D OCT-2000 (n = 430). The macula and optic nerve head were scanned in the
horizontal direction in an area of 6 x 6 x 1.68 mm with 512 x 512 x 480 voxels for OCT-
1000 and in an area of 6 x 6 x 2.30 mm with 512 x 512 x 885 voxels for OCT-2000,
enabling us to detect structures with a resolution of five um (Figure 2). We measured the
RNFL at the peripapillary region, and the GCL at the perimacular region as these layers are
the thickest in those regions. Thickness of the peripapillary RNFL was measured
automatically by Topcon’s built-in segmentation algorithm. This was done in twelve
peripapillary segments of 30° each, and the average RNFL thickness was derived from the
calculation circle. For the macula, volumes were segmented using lowa Reference
Algorithms 3.6, which has been validated for most widely available commercial OCT
scanners (available from https://www.iibi.uiowa.edu/content/shared-software-download
Thickness of the GCL was measured in nine regions of the Early Treatment Diabetic
Retinopathy Study Grid. The average retinal layer thickness were calculated and used in
further statistical analyses. Indices of quality control were used to preserve good quality
images (high signal, low noise) and to exclude scans with segmentation errors. Scans
included in our study had a segmentability index of more than 30%, an undefined region of
less than 20%, and a quality factor of more than 30, as explained previously.” ™3

).10

Brain image acquisition and processing

Brain MRI scanning was performed on a 1.5 Tesla MRI scanner (GE Healthcare,
Milwaukee, Wisconsin).™ Scan protocol consisted of four high-resolution axial sequences:
a 3D T1-weighted spoiled-gradient echo (slice thickness 1.6 mm, voxel size 1 mm?, zero-
padded to 0.8), a proton-density-weighted (slice thickness 1.6 mm), a fluid-attenuated
inversion recovery (slice thickness 2.5 mm) and a 3D T2-weighted gradient-recalled echo
sequence. For the diffusion tensor imaging (DTI) sequence, we performed a single-shot,
diffusion-weighted, spin-echo, echo-planar imaging sequence with maximum b-value of
1,000 s/mm? in 25 non-collinear directions (slice thickness 3.5 mm). Using a k-nearest-
neighbor classifier algorithm trained on manually segmented data acquired on the same
scanner, we classified supratentorial voxels on T1 images into grey matter, white matter,
and cerebrospinal fluid.® After quality control, persons with insufficient registration quality
were excluded. Of the 2,235 persons with successfully segmented tissues, 39 did not have
DTI sequences.


https://www.iibi.uiowa.edu/content/shared-software-download

Figure 2. Output of the Topcon OCT-2000 device focusing on the macula (A) and optic nerve (B) with
corresponding cross-sectional view of the retina (C and D, respectively) .

Voxel-based analysis of grey matter

Voxel-based analysis of the grey matter was performed with an optimized protocol using
the FSL software,'® " and as previously described.*® Briefly, grey matter density maps
derived from T1-weighted images were non-linearly registered to the International
Consortium of Brain Mapping Montreal Neurological Institute 152 template. To preserve
the grey matter volume, a spatial modulation procedure was applied, and voxel densities
were multiplied by the Jacobian determinants of transformation field. Finally, images were
smoothed using an isotropic Gaussian kernel of 3 mm (full width at half maximum 8 mm).
Brain regions were segmented using atlas-based segmentation method based on the
Hammer atlas."® The modulation step in the voxel-based morphometry pipeline preserves
the volume of a particular tissue within a voxel. The multiplication of the voxel values in
the segmented images by the Jacobian determinants derived from the spatial normalization
step allows us to calculate volumes by aggregating voxels.



Given that the lateral geniculate nucleus is part of the visual pathway, we used the Oxford
thalamic connectivity atlas to identify probability of anatomical connections from
subthalamic regions.?

Voxel-based analysis of white matter tracts

We performed a VBA of DTI data according to the voxel-based morphometry method.*
FSL software'® was used for VBA data processing. All fractional anisotropy (FA) and mean
diffusivity (MD) maps were non-linearly registered to the standard FA template from the
FSL package with a 1 x 1 x 1 mm? voxel resolution. Additionally, to assess location of
associations and to compare VBA results with global DTI measures, the Rotterdam Study
tract template that was used for analyzing the DT1 measures per tract, was mapped to the
Montreal Neurological Institute space. Participants’ specific tract segmentation masks were
registered to Montreal Neurological Institute template in the same way as FA and MD maps
and then merged to one tract probability atlas image.? We used a 10% probability cutoff to
define tract boundaries. In general, FA is lower and MD is higher in older and damaged
brains, which is thought to reflect worse white matter microstructure. Because the
Rotterdam Study tract atlas did not contain segmentation of the optic radiation, we used the
Jilich histological atlas to assess changes in the optic radiation.? A representative
tractogram of the visual pathway has been shown previously.

Covariates

The axial length of eyes was measured using Lenstar LS900 (Haag-Streit AG, Koniz,
Switzerland). Blood pressure was measured twice in sitting position at the right brachial
artery with a random-zero sphygmomanometer, and the average of two readings was used
for analysis. Body mass index was computed as weight (kg) divided by height squared
(m?). Fasting serum total and high-density lipoprotein cholesterol concentrations were
determined by an automated enzymatic procedure. Diabetes mellitus was considered
present if fasting serum glucose level was equal to or greater than 7.0 mmol/L, or when
persons reported use of antidiabetic medication. Information on smoking (non, former, or
current), and blood pressure lowering medication use was obtained during the home
interview by a computerized questionnaire.

Statistical analysis

As eyes were scanned with two different devices and in order to standardize the
measurements, we calculated z-scores for the OCT measurements of each device. We
investigated the association of retinal layer thickness (per SD increase) with neuroimaging
outcomes using linear regression models adjusted for age, sex, education, subcohort, axial
length of the eyes, intracranial volume, and for the following cardiovascular risk factors:
systolic blood pressure, diastolic blood pressure, use of blood pressure lowering
medication, body mass index, total cholesterol, high-density lipoprotein cholesterol,



diabetes mellitus, and smoking. Missing data on covariates were handled using fivefold
multiple imputations based on determinant, outcome, and included covariates. Since the
voxels are correlated, the actual number of independent tests was calculated using 10,000
permutations. For a = 0.05 and corrected by number of tested models, this yielded a p-value
threshold for statistical significance of 9.97*10° for the VBA of grey matter, 1.97*10°® for
the VBA of fractional anisotropy, and 2.16*10°® for the VBA of mean diffusivity.

RESULTS

Table 1 shows the characteristics of the study population. Mean age at time of OCT
scanning was 67.3 years (SD: 9.7), and 55% of the participants were women.

Figures 3 and 4 show the projection of voxel-based grey matter areas and white matter
tracts on axial coupes associated with RNFL and GCL, respectively. We found that mainly
thinner RNFL and to a lesser extent thinner GCL was associated with lower grey matter
density of the occipital lobe, in the area of the calcarine sulcus. In addition, thinner GCL
was associated with lower grey matter density of the thalamus. Furthermore, we found that
both thinner RNFL and GCL were associated with lower fractional anisotropy and higher
mean diffusivity in white-matter tracts that are part of the optic radiation as well as in major
neighboring tracts such as the inferior longitudinal fasciculus and inferior fronto-occipital
fasciculus.

Table 2 shows the grey matter regions from voxel-based analysis that were significantly
associated with RNFL and GCL. All grey matter regions associated with thinner RNFL and
GCL belong to the visual cortex, except for the lingual gyrus and thalamus. Furthermore,
comparing RNFL with GCL, the number of significant voxels were higher and the lowest
p-values were smaller for associations with RNFL. All significant voxels showed a positive
association, i.e. with an increase in retinal layer thickness, the voxel-wise grey matter
density was also increasing. We used the Oxford thalamic connectivity atlas to identify
probability of anatomical connections from subthalamic regions that were associated with
the retinal layers. This showed that the associated thalamic structures had their connections
to the posterior parietal cortex and occipital cortex with probabilities up to 0.84.

Tables 3 and 4 show for fractional anisotropy and mean diffusivity, respectively, the white
matter tract voxels that were significantly associated with RNFL and GCL. In general,
comparing RNFL with GCL, the number of significant voxels was lower and the lowest p-
values were larger for associations with RNFL. All significant voxels for the fractional
anisotropy showed a positive association, whereas the significant voxels for the mean
diffusivity showed a negative association, as expected. These tables together with the
figures show us that even within specific tracts, certain parts are more strongly associated.
For instance, the inferior fronto-occipital fasciculus passes along the frontal lobe, but the
figures show us that only the posterior part is associated with RNFL and GCL. Finally, we
found that particularly the GCL was associated with the corpus callosum.



Table 1. Characteristics of the study population.

Characteristic Descriptive
N 2,235
Age, years 67.3 (9.7)
Female sex 1,235 (55)
Systolic blood pressure, mmHg 144.2 (21.7)
Diastolic blood pressure, mmHg 84.7 (10.8)
Blood pressure lowering medication 881 (39)
Body mass index, kg/m? 27.3(3.9)
Diabetes mellitus 231 (10)
Total cholesterol, mmol/L 55(1.1)
High-density lipoprotein cholesterol, mmol/L 1.5 (0.4)
Smoking status

Never smoker 715 (32)

Past smoker 1,171 (52)

Current smoker 349 (16)
Education

Lower education 632 (28)

Intermediate education 1,088 (49)

Higher education 515 (23)
Right eyes 2,100 (94)
Axial length, mm 235(1.1)
Retinal nerve fiber layer optic nerve, um 96.1 (14.3)
Ganglion cell layer macula, pm 33.9(5.2)
Inner plexiform layer macula, um 37.0(3.3)

Values are presented as means (standard deviation) or as numbers (percentage).




Figure 3. Areas of grey matter (GM) density and white matter microstructure from voxel-based analysis that were significantly associated with retinal nerve fiber layer
thickness. Colors correspond to t-values and reflect the direction of the associations from regression models: red for a positive association (increase of GM, fractional
anisotropy (FA), or mean diffusivity (MD)), blue for a negative association (decrease of GM, FA, or MD) per SD increase of retinal nerve fiber layer thickness.

t-value




Figure 4. Areas of grey matter (GM) density and white matter microstructure from voxel-based analysis that were significantly associated with ganglion cell layer
thickness. Colors correspond to t-values and reflect the direction of the associations from regression models: red for a positive association (increase of GM, fractional
anisotropy (FA), or mean diffusivity (MD)), blue for a negative association (decrease of GM, FA, or MD) per SD increase of ganglion cell layer thickness.




Table 2. Retinal layer thickness associated with voxel-based grey matter areas.

Retinal nerve fiber layer

Ganglion cell layer

Number of Lowest Number of Lowest Number of
voxels p-value significant voxels p-value significant voxels

Cuneus left 14454 1.2%10"° 307 9.2*10° 84
Cuneus right 13755 4.3*10° 131 9.4*107 0

LROOL left 64895 1.7%10%° 189 2.1*10° 18
LROOL right 66957 5.8*10° 9 5.3*10°° 0

Lingual gyrus left 18132 1.3*107%° 143 1.6*10°® 31
Lingual gyrus right 18495 1.3*10°® 33 6.3*107 0

Thalamus left 10524 7.9%10° 2 8.5%10° 101
Thalamus right 10429 3.5%107 0 3.2*10° 249

Table shows the grey matter regions from voxel-based analysis that were significantly associated with retinal

nerve fiber layer and ganglion cell layer.

Numbers indicate total number of voxels within a region, the lowest p-value observed in that region, and the
number of voxels that had a p-value lower than the p-value threshold for significance: 9.97*10°.
Abbreviation: LROOL, lateral remainder of occipital lobe.




Table 3. Fractional anisotropy of white matter tracts from voxel-based analysis.

Retinal nerve fiber layer Ganglion cell layer
Number Lowest Number of Lowest Number of
of voxels p-value significant voxels p-value significant voxels
ATR left 14618 4.2%10" 628 3.1*10%° 17
ATR right 15241 1.7%10™" 808 1.0%10 12
CGC left 4183 6.6*10™ 204 3.7*108 789
CGC right 3903 1.2*10" 67 43*102 692
CGH left 2485 2.2*101 56 3.9*10% 5
CGH right 2336 2.2*10% 46 5.8*10% 0
CST left 18423 1.4*10% 260 2.7*10% 597
CST right 18322 6.0¥10% 1249 1.9%10% 278
FMA 19451 1.3*10% 300 6.5*10™ 254
FMI 11974 6.4*10™ 80 6.4*10™" 1197
Fornix right 2870 7.6%10% 0 2.4*10% 4
IFO left 15152 1.4*10%° 1687 1.7*10% 2324
IFO right 15706 3.6*10™ 2002 2210 3218
ILF left 16422 1.4*10%° 2047 1.7*10% 2462
ILF right 17938 7.1*10% 2869 2210 3655
ML left 4846 15*10%° 17 3.0%10™ 85
ML right 4552 3.4*10%° 32 2.1*10%° 10
*Optic radiation, left 51440 4.7*10" 2509 5.9*10Y 2953
*Optic radiation, right 48435 5710 3186 3.2*10% 3485
PTR left 13000 4.7%10™ 2045 5.9*10™" 2818
PTR right 13943 4.3*10" 2768 2.2%10™"° 3736
SLF left 23378 6.1*10™° 114 6.1*10° 21
SLF right 24206 7.8*10™ 204 4.9%10% 6
STR left 14096 9.3*10"° 8 6.2%10° 2
STR right 14096 1.5*10™ 159 4,0%10 0
Uncinatus left 5443 2.0*10™%° 33 1.5*10% 0
$Corpus callosum 30572 2.1*10™%° 288 6.6%10™" 4583

Table shows the white matter tracts from voxel-based analysis that were significantly associated with retinal nerve
fiber layer and ganglion cell layer.

Numbers indicate total number of voxels within a tract, the lowest p-value observed in that tract, and the number of
voxels that had a p-value lower than the p-value threshold for significance: 1.97*10%.

Abbreviations: ATR, anterior thalamic radiation; CGC, cingulate gyrus part of cingulum; CGH, parahippocampal
part of cingulum; CST, corticospinal tract; FMA, forceps major; FMI, forceps minor; IFO, inferior fronto-occipital
fasciculus; ILF, inferior longitudinal fasciculus; ML, medial lemniscus; PTR, posterior thalamic radiation; SLF,
superior longitudinal fasciculus; STR, superior thalamic radiation.

*based on Jilich histological atlas.

ibased on Hammer atlas.




Table 4. Mean diffusivity of white matter tracts from voxel-based analysis.

Retinal nerve fiber layer Ganglion cell layer
Number Lowest Number of Lowest Number of
of voxels p-value significant voxels p-value significant voxels

ATR right 15241 4,010 0 6.9*10° 37

CGC left 4183 5.4%10° 0 4.1*10% 11

CGH left 2485 1.2*10° 0 45%10M 275
CST left 18423 7.9%10% 37 2.2*10%° 55

CST right 18322 2.6%10% 0 1.5*10™"2 60

FMA 19451 3.4*10% 0 43*10™ 288
FMI 11974 2.4*10% 0 5.2*10"? 631
IFO left 15152 1.6*10%° 256 1.4*10™ 981
IFO right 15706 7.1*107%° 158 2.6%10™ 810
ILF left 16422 1.6*10%° 233 1.4*10™ 899
ILF right 17938 7.1*107%° 281 2.6%10™ 903
ML right 4552 2.3*10% 0 2.3*10° 19

*Qptic radiation, left 51440 1.7*10%° 666 43*107%° 1854
*Optic radiation, right 48435 7.1*107%° 287 5.2*107"° 1387
PTR left 13000 1.7*107%° 688 4.3*10 2012
PTR right 13943 7.1*107%° 273 5.2*107"° 2209
SLF left 23378 1.6*10% 0 9.9%10%° 44

$Corpus callosum 30572 2.0*10% 0 5.2*10™"? 1614

Table shows the white matter tracts from voxel-based analysis that were significantly associated with retinal nerve
fiber layer and ganglion cell layer.

Numbers indicate total number of voxels within a tract, the lowest p-value observed in that tract, and the number of
voxels that had a p-value lower than the p-value threshold for significance: 2.16*10%,

Abbreviations: ATR, anterior thalamic radiation; CGC, cingulate gyrus part of cingulum; CGH, parahippocampal
part of cingulum; CST, corticospinal tract; FMA, forceps major; FMI, forceps minor; IFO, inferior fronto-occipital
fasciculus; ILF, inferior longitudinal fasciculus; ML, medial lemniscus; PTR, posterior thalamic radiation; SLF,
superior longitudinal fasciculus.

*based on Jiilich histological atlas.

tbased on Hammer atlas.

DISCUSSION

In this large population-based study of non-demented persons, we found that thinner retinal
layers, i.e. RNFL and GCL, were significantly associated with lower grey matter density of
the visual cortex and with worse white matter microstructure of the optic radiation and of
the tracts coursing adjacent to the optic radiation.

Previous studies investigating the association of retinal thickness with brain MRI markers
in non-demented individuals found that thinner RNFL and GCL were associated with
cerebral grey matter and white matter atrophy.®® In addition, we have previously
demonstrated that both thinner RNFL and GCL were associated with worse brain white
matter microstructure (lower fractional anisotropy and higher mean diffusivity) suggesting




that RNFL and GCL may even reflect subtle changes in the white matter that are visually
not detectable.”’

Extending upon findings from previous studies, we have now shown that thinner RNFL and
GCL are associated with the grey matter density of the visual cortex, and with the
microstructural integrity of white matter tracts of the optic radiation and of tracts coursing
adjacent to the optic radiation. Furthermore, we found that the GCL is associated with the
grey matter density of the thalamus, close to the presumed location of the lateral geniculate
nucleus, a relay center for the visual pathway.? Also, we have shown that the RNFL and
GCL are associated with the lingual gyrus, and the GCL with the corpus callosum. While
these structures are not directly recognized as being part of the visual pathway, they are
connected to the visual cortex and are involved in visual information processing.?*?
Similarly, most white matter tracts that were found to be associated with RNFL and GCL
are not directly recognized as being part of the optic radiation, but in fact, are shown to be
neighboring tracts to the optic radiation with their projections to the visual cortex.** That
these associations were more widespread for fractional anisotropy than mean diffusivity
may demonstrate that there are fewer crossing fibers in those tracts, i.e. that these tracts are
rather homogenous with a single fiber population.*

Our findings show that in relatively healthy persons, normal variations in structure of the
retina and brain are linked, but more importantly these findings may provide new insights
into mechanisms underlying aging.

A possible mechanism that may link the retina to the brain is that damage to the visual
cortex may lead to retrograde degeneration down to the optic nerve and retinal layers. Our
voxel-based analyses between retinal layers and brain tissue exclusively showed
associations along the visual pathway, including the optic radiation, and the visual cortex.
Although it may be that associations in other brain regions did not survive the threshold for
statistical significance, these results do indicate that the relation seems more region-specific
than widespread. Indeed, a growing body of evidence suggests that damage to the visual
cortex by means of an infarction, atrophy, or lobectomy may lead to retinal
neurodegeneration by causing degeneration of the axons and their accompanying myelin
sheaths.***" For instance, a study showed that a decrease of 1 mL in visual cortex volume
relates to a reduction of 0.6 um in RNFL thickness after 1 year.*! Similarly, another study
demonstrated a 9 um reduction in RNFL thickness per log year following occipital lobe
damage due to stroke.*

Conversely, ganglion cell apoptosis in the retina may lead to anterograde degeneration
along the visual pathway, leading to thinner RNFL, and eventually resulting in atrophy of
the visual cortex. As support of this, clinical studies have shown that optic nerve axotomy,
or optic neuropathy due to intraocular hypertension, glaucoma or Leber’s disease, may lead
to changes in the lateral geniculate nucleus and visual cortex.*®*** It should be noted that
inferences from previous studies investigating retrograde or anterograde degeneration are
difficult to draw due to inclusion of animals or diseased individuals (i.e. selection bias).



Moreover, those studies consisted of small sample sizes and adjustment for potential
confounders was not always done. We have now investigated the retina-brain connection in
a large sample of relatively healthy persons being able to take potential confounders into
account. Nonetheless, findings from previous studies together with our findings indicate the
existence of a direct association between thinning of retinal layers and structural changes in
the visual pathway.

Yet, our findings also support another hypothesis, which is that the presence of a common
underlying process may affect both the retina and the brain simultaneously. Findings from
previous studies demonstrating an association between retinal layer thickness and global
brain structures were suggestive of a more widespread underlying process, and would
support this hypothesis.” For instance, in Alzheimer’s disease pathology, vascular processes
and the accumulation of misfolded proteins such as amyloid-beta and tau are well-known
causes of Alzheimer’s disease.*® These processes could affect both the retina and the brain,
and thus could be considered as shared factors. Although we lacked information on cerebral
amyloid pathology, we tried to control for potential cardiovascular risk factors, which did
not change the associations. This indicates that other processes may play a role between the
association of thinner RNFL and GCL with lower grey and white matter densities.

Some limitations of our study merit attention. First, the cross-sectional design of our study
limits us to draw conclusions about temporality and causality. Second, persons excluded
from our study had an eye or brain disease, or had unusable OCT or MRI scans, resulting in
a selection of relatively healthy persons in our analysis, which may have caused
underestimation of the effect sizes. Strengths of our study include the population-based
setting, large sample size, the assessment of retinal layers on OCT, the assessment of brain
structures on MRI, and the extensive data on covariates.

In conclusion, in a population-based setting of non-demented individuals, we found that
thinner RNFL and GCL were significantly associated with grey and white matter changes
along the visual pathway, including the optic radiation and the visual cortex. Our findings
suggest that thinner RNFL and GCL may reflect areas with lesser cell densities in the visual
pathway rather than reflecting lesser cell densities throughout the global brain. Longitudinal
research is needed to assess temporality and direction of this association.
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Chapter 5.1
The Retinal Microcirculation in Migraine:
the Rotterdam Study

Ke-xin Wen, Unal Mutlu, M. Kamran Ikram, Maryam Kavousi, Caroline C.W. Klaver,
Henning Tiemeier, Oscar H. Franco, M. Arfan Ikram

ABSTRACT

Background: To explore the role of microvascular pathology in migraine, we investigated
the association between migraine and retinal microvascular damage.

Methods: We included 3270 participants (aged > 45 years, 63% women) from the
population-based Rotterdam Study (2006-2009). Participants with migraine were identified
using a validated questionnaire based on ICHD-II criteria (n = 562). Retinopathy signs were
graded on fundus photographs. Retinal arteriolar and venular caliber were measured by
semi-automatic assessment of fundus photographs. Associations of migraine with
retinopathy and retinal microvascular calibers were examined using logistic and linear
regression models, respectively, adjusting for age, sex, and cardiovascular risk factors.
Results: Migraine was not associated with the presence of retinopathy (odds ratio (OR):
1.09, 95% confidence interval (Cl) 0.62; 1.92). In the fully adjusted model adjusting for the
companion vessel, persons with migraine did not differ in retinal arteriolar or venular
caliber compared to persons without migraine (mean difference in standardized arteriolar
caliber -0.05 (95% CI -0.13; 0.03); in standardized venular caliber -0.00 (95% CI -0.09;
0.08)). Migraine subtypes, including migraine with aura, were also not associated with
retinal microvascular damage.

Conclusions: Our findings suggest that migraine is not associated with retinopathy or
difference in retinal microvascular caliber. Further studies are needed to confirm these
results.



INTRODUCTION

Migraine is a chronically recurring headache disorder that affects up to 14% of adults in
Europe.! Despite the high individual and societal burden of migraine, the exact
pathogenesis remains elusive. Migraine has been shown to have a substantial vascular
component. It is associated with an increased risk of cerebrovascular disease such as
stroke?* and markers of cerebrovascular damage such as white matter lesions.” It has also
been identified as a risk factor for coronary heart disease.” Large vessel disease biomarkers
such as atherosclerosis are linked to cerebrovascular disease®” and have been extensively
studied in migraine,®*° but have not yet elucidated common mechanisms. Increasing
evidence shows that microvascular pathology also contributes to stroke and coronary heart
disease.’™ *? In parallel, microvascular damage has also been implicated in the development
of migraine’® and may provide an important insight into mechanisms of migraine.
Microvascular damage visible on retinal vascular imaging, including retinal vessel diameter
and retinopathy signs, has been demonstrated as a useful marker for studying the
microcirculation in cerebrovascular diseases.** However, only a few studies have examined
the link between migraine and retinal markers of microvascular damage® *® and the nature
of the association remains uncertain. Therefore, in a large population-based cohort study,
we investigated the status of the retinal microvascular circulation, as represented by
retinopathy signs and retinal vessel diameter, in persons with migraine.



METHODS

Study setting and population

This study was based in the Rotterdam Study, a prospective population-based cohort among
the middle-aged and elderly inhabitants of the district Ommoord in Rotterdam, the
Netherlands.'” We included participants from the third cohort initiated in 2006 (n = 3892).
Participants were assessed by home interview and physical examination at the research
facility from 2006 to 2009. Time between migraine assessment and retinal imaging
averaged 6.4 weeks (standard deviation 9.6). All participants who provided information on
migraine in the questionnaire (n = 3892) and had data from retinal imaging were included
in the current study. Exclusion criteria were: persons classified as “probable migraine”
(fulfilling all but one of the migraine criteria (n = 177)); persons missing data on
retinopathy (n = 445); persons missing data on retinal vessel diameter (n = 326). The
population for analysis included participants with data on migraine and retinopathy (n =
3270, age range 45-89 years) and data on migraine and retinal vessel diameter (n = 2944,
age range 45-89 years), see Supplementary Figure 1.

The Rotterdam Study has been approved by the Medical Ethics Committee of the Erasmus
MC according to the Population Studies Act: Rotterdam Study. All participants provided
written informed consent.

Supplementary Figure 1. Flowchart of study participants.

3932 participants in
Rotterdam Study, third cohort

Excluded:
40 persons missing data
on migraine
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3892 participants with data on Excluded:
migraine characteristics
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445 participants without retinopathy

Y or retinal vessel data due to:
Population for analysis: refusal of mydriatics, physically unable to attend,
sickness, or lack of motivation, or poor image quality
3270 participants with data on due to cataract, incomplete mydriasis or
migraine and retinopathy no mydriatics used, eye movement or blinking.

2944 participants with data on
migraine and retinal vessel caliber




Assessment of migraine

Migraine was assessed at the home interview through administration of the migraine
questionnaire by trained interviewers; 634 participants completed the questionnaire by
phone interview. The migraine questionnaire was based on the migraine headache criteria
from the International Classification of Headache Disorders, second edition (ICHD-11)*
and was modified from the questionnaire validated for use in the Genetic Epidemiology of
Migraine (GEM) study in Leiden."® This questionnaire had a specificity of 0.93 and a
sensitivity of 0.36. The migraine questionnaire assessed lifetime occurrence of headache
attacks that fulfilled the diagnostic criteria of more than five headache attacks, with a
duration of 4-72 hours (when untreated), with typical migraine headache characteristics,
and accompanying symptoms of photophobia or nausea.

As described previously,”® the migraine headache criteria in our questionnaire differed
moderately from the ICHD-II criteria: we asked participants if they had ever experienced
headache with severe pain, affecting their activities, instead of moderate to severe pain
intensity. In addition, migraine with aura was classified as at least five (instead of two)
headaches fulfilling all migraine headache criteria in combination with headache
accompanied by aura symptoms lasting between five to 60 minutes.? All individuals who
met the criteria? for any lifetime history of migraine, including migraine with and without
aura, were classified as persons with migraine. Persons with migraine were also
dichotomized into active migraine (< 1 year since last attack) or non-active migraine (> 1
year since last attack).

Assessment of retinopathy signs and retinal microvascular calibers

Retinopathy and retinal microvascular calibers were assessed as part of a full eye
examination in the research center, including self-reported ophthalmic history and fundus
color photography of the optic disc with a 35° visual field camera (TRC-50EX, Topcon
Optical Company, Tokyo, Japan) after pharmacological mydriasis.**

Retinopathy signs were graded on fundus photographs of both eyes by two trained research
physicians. Retinopathy was defined as the presence of soft or hard exudates,
microaneurysms, macular edema, cotton wool spots, dot, blot or flame shaped
hemorrhages, artery or vein branch occlusion, and laser coagulation scars.?* For intrarater
and interrater agreement (n = 113), fundus photographs were checked for quality and the
presence of retinopathy signs by two experienced graders. These graders, each having
twenty years of experience, divided their work and graded all fundus photographs
particularly focusing on retinopathy signs. Consensus sessions and between-grader
comparisons were performed regularly, and weighted k coefficients ranged from 0.52 to
0.96 for various retinopathy signs.

For retinal microvascular calibers, per participant the fundus photograph of one eye with
the best quality was analyzed using a retinal vessel measurement system (IVAN, University
of Wisconsin-Madison, Madison, Wisconsin)? and a separate summary value was



calculated for the arteriolar and venular calibers (in um) after correction for differences in
magnification due to refractive status of the eye.? We verified in a random subsample of
100 participants that individual measurements in the left and right eye were similar.
Measurements were performed by two raters blinded to participant characteristics. For
interrater and intrarater agreement (n = 100) the Pearson correlation coefficients were 0.85
and 0.86 for arteriolar calibers, and 0.87 and 0.87 for venular calibers, respectively.”®
Persons who did not undergo ophthalmic examination, or had fundus images on both eyes
that could not be graded, were excluded.

Covariates

Covariates were selected as cardiovascular and lifestyle factors that may confound the
association between migraine and retinal microvascular damage. Education was assessed at
study entry and categorized into low (primary education only), intermediate (secondary
education) and high (higher vocational education or university) education level. Assessment
of cardiovascular risk factors (systolic blood pressure, diastolic blood pressure, total
cholesterol, high-density lipoprotein cholesterol, use of antihypertensive medication
indicated for hypertension, use of lipid-lowering medication, diabetes mellitus and
smoking) has been described previously.*” C-reactive protein was measured in frozen
serum samples using a near-infrared particle immunoassay method (Immage, Beckman
Coulter, Fullerton, California). The presence of carotid plaques was assessed by ultrasound
at the carotid artery bifurcation, common carotid artery, and internal carotid artery on both
sides. Missing values for all covariates were imputed using multiple imputation based on all
variables in the full regression model. All missing values were less than 5%. The
percentage of missing values for each covariate are described in Supplementary Table 1.

Supplementary Table 1. Number of missing values for each covariate.

No migraine (n = 2708) Definite migraine (n = 562)

Education level 20 (0.74) 2 (0.36)
Smoking 2 (0.07) 0

Systolic blood pressure, mmHg 13 (0.48) 0

Diastolic blood pressure, mmHg 13 (0.48) 0

C-reactive protein, mg/L (log-transformed) 92 (3.40) 27 (4.80)
Total cholesterol, mmol/L 33(1.22) 11 (1.95)
High-density lipoprotein cholesterol, mmol/L 33(1.22) 11 (1.95)
Serum lipid reducing medication use 25 (0.92) 1(0.18)
Antihypertensive use 25 (0.92) 2 (0.36)
Presence of carotid plaque 13 (0.48) 2 (0.36)
Diabetes mellitus 41 (1.51) 12 (2.14)

Values are given as counts with corresponding percentage.




Statistical analysis

Differences in characteristics between groups were tested by ANCOVA for continuous
outcomes and logistic regression for categorical outcomes, adjusted for age and sex.
Associations of migraine with retinopathy and retinal microvascular calibers were modeled
using logistic and linear regression models, respectively, with persons without migraine as
reference group. The covariate C-reactive protein was log-transformed because of its
skewed distribution. For analyses on retinopathy, two models were constructed. The first
model adjusted for age and sex, and the second model additionally adjusted for education
level, smoking, systolic and diastolic blood pressure, C-reactive protein, total cholesterol,
high-density lipoprotein cholesterol, lipid-lowering or antihypertensive medication use, the
presence of carotid plaque and diabetes mellitus. For analyses on retinal microvascular
caliber, values for retinal microvascular caliber were standardized by calculating z-scores
and three models were constructed. The first model adjusted for age and sex, and the
second model additionally adjusting for the caliber of the other vessel; the third model
additionally adjusted for education level, smoking, systolic and diastolic blood pressure, C-
reactive protein, total cholesterol, high-density lipoprotein cholesterol, lipid-lowering or
antihypertensive medication use, the presence of carotid plaque and diabetes mellitus.
Avrterial and venular calibers are highly correlated and are associated with clinical outcomes
in opposite directions.? This may lead to confounding when the calibers are modeled alone.
Therefore, adjusting the model for the caliber of the accompanying (other) vessel allows for
correction of this potential confounder. We also investigated retinopathy and retinal
microvascular caliber in migraine subtypes, including migraine with aura and active
migraine. The potential interaction of migraine with age and sex on retinopathy or
microvascular caliber was assessed by inclusion of interaction terms in the regression
models and by stratified analyses. Results for retinopathy are presented as odds ratios (OR)
with 95% confidence interval (CI). Results for retinal microvascular calibers are presented
as betas that correspond to mean difference in standardized arteriolar or venular caliber
with 95% CI. Statistical significance was considered to be two-sided p-values < 0.05. No
adjustment was made for multiple testing due to the exploratory nature of the study. All
statistical analyses were performed using the statistical software package SPSS (IBM
Corporation, Armonk, New York) version 21.0 for Windows.

RESULTS

Table 1 presents the descriptive of the study population. In all, 562 persons were classified
as persons with definite migraine, of which 126 participants had migraine with aura and
307 had active migraine. Persons with migraine were younger than those without migraine
and a higher percentage were women (Table 1). After adjusting for age and sex, a lower
percentage of persons with migraine were current smokers, while a higher percentage were
former smokers and used lipid-lowering medication.



Amongst persons without migraine, 3.3% had retinopathy while amongst persons with
migraine 2.8% had retinopathy (Table 1). After multivariable adjustment, persons with
migraine were not more likely to have retinopathy (OR 1.09, 95% CI 0.62; 1.92) compared
to persons without migraine (Table 2). Migraine subtypes, including migraine with aura,
were not associated with a higher prevalence of retinopathy (Table 2).

The presence of migraine was associated with a lower arteriolar caliber in the age and sex
adjusted model (-0.10, 95% CI -0.20; -0.01); the difference in venular caliber was in the
same direction, but not significant (-0.06, 95% CI -0.16; 0.04) (Table 3). However, these
differences were attenuated in both arteriolar and venular caliber after adjustment for the
other vessel and further adjustment for cardiovascular risk factors. Analyses of migraine
subtypes did not demonstrate any difference in the estimates (Table 3).

When investigating interaction effects, no significant interaction of migraine with age or
sex on the association of migraine with retinopathy was found (Table 4). There was also no
interaction of migraine with age in the association with the arteriolar or venular calibers.
However, there was interaction between migraine and sex on arteriolar caliber (p-value for
interaction = 0.005). Specifically, mean arteriolar caliber was narrower in women with
migraine compared to women without migraine (-0.11, 95% CI -0.20; -0.02), whereas in
men with migraine the mean difference in arteriolar caliber compared to men without
migraine was in the opposite direction (0.15, 95% CI -0.10; 0.31). No migraine-sex
interaction was found on venular caliber (p-value for interaction = 0.58).



Table 1. Descriptive of the study population (n = 3270).

No migraine Definite migraine p-value
(n=2708) (n =562)
Age, years 57.0 (6.8) 56.1 (6.3) 0.006*
Female 1383 (51.1%) 449 (79.9%) <0.001*
Education level Low 737 (27.2%) 158 (28.1%) 0.38
Intermediate 1240 (45.8%) 253 (45.0%) 0.66
High 731 (27.0%) 151 (26.9%) 0.13
Smoking Never 789 (29.1%) 186 (33.1%) 0.91
Current 765 (28.2%) 116 (20.6%) 0.003*
Former 1154 (42.6%) 260 (46.3%) 0.012*
Systolic blood pressure.mmHg 133.0 (19.3) 131.1 (18.9) 0.80
Diastolic blood pressure, mmHg 82.5(11.1) 82.8 (10.9) 0.14
C-reactive protein, mg/L (log-transformed) 0.12 (0.5) 0.13 (0.5) 0.64
Total cholesterol, mmol/L 55(1.1) 57(1.1) 0.52
High-density lipoprotein cholesterol, mmol/L 1.4 (0.4) 1.5(0.4) 0.17
Lipid-lowering medication use 600 (22.2%) 135 (24.0%) 0.010*
Antihypertensive use 627 (23.2%) 139 (24.7%) 0.07
Carotid plaque 979 (36.2%) 178 (31.7%) 0.65
Diabetes mellitus 275 (10.2%) 48 (8.5%) 0.94
Retinopathy 90 (3.3%) 16 (2.8%)
Mean arteriolar caliber, um 158.5 (15.6) 157.3 (15.6)
Mean venular caliber, um 239.7 (23.0) 238.0 (22.9)
Migraine with aura NA 126 (22.4%)

Values are presented as mean (standard deviation) or as count (percentage).

Reported values are obtained from the imputed dataset. Percentage of missing values imputed for each
covariate are described in Supplementary Table 1. Differences in characteristics between groups were tested by
ANCOVA for continuous outcomes and logistic regression for categorical outcomes, adjusted for age and sex.
*Significantly different compared to persons without migraine (p < 0.05). Abbreviation: NA, not applicable.

Table 2. Retinopathy in persons with migraine compared to persons without migraine.

n/N Model 1 p-value Model 2 p-value
No migraine 90/2618 1.00 (reference) 1.00 (reference)
Migraine 16/546 0.99 (0.57; 1.73) 0.98 1.09 (0.62; 1.92) 0.77
Migraine with aura 5/121 1.40 (0.55; 3.56) 0.48 1.65 (0.63; 4.30) 0.31
Migraine without aura 11/425 0.87 (0.46; 1.67) 0.68 0.96 (0.50; 1.85) 0.90
Active migraine 9/298 1.11 (0.54; 2.27) 0.78 1.31(0.63;2.72) 0.47
Non-active migraine 7/248 0.86 (0.39; 1.90) 0.71 0.90 (0.40; 2.01) 0.79

Values given for retinopathy are odds ratios and 95% CI (from logistic regression) in persons with migraine
and migraine subtypes compared to persons without migraine. Abbreviations: n, number of persons with
retinopathy; N, number of persons without retinopathy. Model 1: adjusted for age and sex. Model 2:
additionally adjusted for education level, smoking, systolic and diastolic blood pressure, C-reactive protein,
total cholesterol, high-density lipoprotein cholesterol, lipid-lowering or antihypertensive medication use,
presence of carotid plaque and diabetes mellitus. *Significantly different compared to persons without migraine
(p <0.05).




Table 3. Adjusted mean difference in retinal microvascular caliber between persons with and without migraine.

N Model 1 p-value Model 2 p-value Model 3 p-value
Avrterioles

No migraine 2439 0.00 (reference) 0.00 (reference) 0.00 (reference)

Migraine 505 -0.10 (-0.20; -0.01) 0.039* -0.07 (-0.15; 0.01) 0.10 -0.05 (-0.13; 0.03) 0.20
Migraine with aura 112 -0.15 (-0.34; 0.03) 0.11 -0.10 (-0.26; 0.06) 0.21 -0.10 (-0.25; 0.05) 0.18
Migraine without aura 393 -0.09 (-0.20; 0.02) 0.09 -0.06 (-0.16; 0.03) 0.16 -0.04 (-0.12; 0.05) 0.40
Active migraine 277 -0.08 (-0.20; 0.05) 0.23 -0.04 (-0.14; 0.07) 0.51 -0.05 (-0.15; 0.05) 0.34
Non-active migraine 228 -0.14 (-0.27; -0.01) 0.040* -0.12 (-0.23; -0.01) 0.039* -0.06 (-0.17; 0.05) 0.29

Venules

No migraine 2439 0.00 (reference) 0.00 (reference) 0.00 (reference)

Migraine 505 -0.06 (-0.16; 0.04) 0.22 -0.01 (-0.09; 0.08) 0.85 -0.00 (-0.09; 0.08) 0.92
Migraine with aura 112 -0.10 (-0.29; 0.09) 0.30 -0.02 (-0.18; 0.14) 0.80 -0.01 (-0.17; 0.15) 0.92
Migraine without aura 393 -0.05 (-0.16; 0.06) 0.34 -0.00 (-0.10; 0.09) 0.92 -0.00 (-0.09; 0.09) 0.92
Active migraine 277 -0.08 (-0.21; 0.05) 021 -0.04 (-0.15; 0.07) 0.46 -0.02 (-0.12; 0.09) 0.76
Non-active migraine 228 -0.04 (-0.18; 0.10) 0.57 0.04 (-0.08; 0.15) 0.56 0.01 (-0.10; 0.12) 0.85

Values given are mean difference and 95% confidence intervals (from linear regression) in standardized arteriolar and venular calibers of persons
with migraine compared to persons without migraine. Model 1: age and sex adjusted. Model 2: additionally adjusted for the other retinal vessel.
Model 3: additionally adjusted for education level, smoking, systolic and diastolic blood pressure, C-reactive protein, total cholesterol, high-density
lipoprotein cholesterol, lipid-lowering or antihypertensive medication use, presence of carotid plaque and diabetes mellitus. *Significantly different
compared to persons without migraine (p < 0.05).




Table 4. Retinopathy and retinal microvascular caliber in persons with migraine compared to persons without migraine, stratified on age and sex.

Retinopathy

Arteriolar caliber

Venular caliber

n/N OR (95% CI) p-value n/N Mean difference (95% CI) p-value Mean difference (95% CI) p-value
Age <65 529/2487  0.91 (0.50; 1.68) 0.77 478/2259 -0.03 (-0.11; 0.05) 041 -0.00 (-0.09; 0.08) 0.09
Age > 65 33/221 0.59 (0.11; 3.31) 0.55 27/180 -0.29 (-0.59; 0.02) 0.07 -0.06 (-0.38; 0.26) 0.72
p-interaction 0.99 0.59 0.23
Men 113/1325  0.79 (0.30; 2.09) 0.64 98/1168 0.15 (-0.10; 0.31) 0.07 -0.04 (-0.21; 0.13) 0.64
Women 449/1383  1.00 (0.49; 2.01) 0.99 407/1271 -0.11(-0.20; -0.02) 0.015* -0.00 (-0.10; 0.09) 0.96

p-interaction

0.78

0.005

0.58

Values given for retinopathy are odds ratios and 95% confidence intervals (from logistic regression) in persons with migraine for retinopathy compared to persons
without migraine. Values given for arterioles and venules are mean difference and 95% confidence intervals (from linear regression) of standardized arteriolar and
venular calibers of persons with migraine compared to persons without migraine. Abbreviations: n, number of persons with migraine, N, number of persons without
migraine. All estimates were obtained from the model adjusted for age, sex, education level, smoking, systolic and diastolic blood pressure, C-reactive protein, total
cholesterol, high-density lipoprotein cholesterol, lipid-lowering or antihypertensive medication use, presence of carotid plaque and diabetes mellitus; the model for

arteriolar and venular caliber was additionally adjusted for the other vessel caliber. *Significantly different compared to persons without migraine (p < 0.05).




DISCUSSION

In this population-based cohort study, we found that lifetime migraine was not associated
with markers of retinal microvascular damage. Importantly, migraine was not associated
with either subclinical or clinical retinal microvascular damage, as shown by retinal vessel
caliber and retinopathy, respectively. Findings from previous studies on these associations
have been equivocal. One previous study, reporting increased presence of retinopathy in
persons with migraine,*® had a higher prevalence of retinopathy of around 7.7% for persons
with migraine without aura compared to 2.8% for all persons with migraine in our study
population, despite a comparable age range. Retinopathy could be underestimated in our
study population as the use of only fundus photographs centered on the macula excludes
damage visible in other retinal fields. This may partially underlie the different findings.
Additionally, persons with migraine or other headaches were found to have smaller mean
arteriolar caliber™ *° and venular caliber than those without migraine.'® These studies had
mixed results for migraine subtypes: persons with migraine with aura were found to have
smaller arteriolar and venular caliber'® while the other study found only persons with
migraine without aura to have smaller arteriolar caliber.™® Notably, we found similar
estimates to previous studies when modeling the retinal vessel calibers separately, whereas
the differences became non-significant after modeling the arteriolar and venular caliber
simultaneously. The retinal vessel calibers are highly correlated but are associated in
opposite directions with cardiovascular disease.?® Therefore, simultaneous modeling of both
retinal vessels ensured adjustment for confounding by this correlation, which could have
influenced the previous findings.

The reported associations between microvascular damage and increased risk of
hypertension, coronary atherosclerosis and coronary heart disease™ 2> may provide
further indications regarding the mechanisms of a potential association between migraine
and cardiovascular disease.” ® Migraine has also been associated with microvascular
pathology in the brain in the form of cerebral microbleeds.** However, we were unable to
identify a link between migraine and extracerebral microvascular damage. One explanation
may be that our study population was much younger than the population investigated for
microbleeds and thus may have a lower load of microvascular damage. Furthermore,
migraine may not be unequivocally associated with vascular pathology traditionally linked
to cardiovascular disease. Persons with migraine in our study had a comparable
cardiovascular risk profile to persons without migraine, supporting this theory. Persons with
migraine have a shared genetic risk of stroke® and stroke has been strongly linked to
changes in retinal microvasculature.®® However, persons with migraine have a lower
genetic risk of coronary artery disease,* and in these persons cerebral perfusion may be
increased interictally.® The fact that we did not find an association between migraine and
retinal microvascular damage indicates that the shared etiology of migraine and stroke may
not be explained by well-established pathways such as atheroscleraosis.



Alternatively, persons with severe migraine may be non-participants in our study and
therefore the effects of chronic migraine could be underestimated. Analysis of migraine
subgroups indicated that persons with active migraine were at a greater (non-significant)
risk of retinopathy than those with non-active migraine, suggesting that any risk of
retinopathy due to migraine may only be present in the active period. Similarly, the
association of migraine and stroke is strongest in young women.* However, our analysis of
migraine subgroups may have been insufficiently powered to draw conclusions from.
Finally, when we explored the effects of age and sex on the association between migraine
and microvascular markers, women with migraine appeared to have narrower arterioles
than women without migraine. However, as the estimate amongst men was considerably in
the opposite direction (although non-significant), effect modification by sex may be a
spurious finding.

Our study has a number of limitations. Firstly, the migraine questionnaire used an adapted
ICHD-11 migraine criteria,” which could have misclassified persons with moderate
migraine headache but not severe headache into the control group. Those with migraine
with aura could have been misclassified as persons with migraine without aura due to
limited information on aura symptoms. This misclassification may have led to an
underestimation of our effects. Furthermore, retinopathy may be underestimated as
previously explained. Due to limited information, we were unable to adjust for potential
confounding effects of pain medication use in our study. Additionally, in subgroup
analyses, the numbers in each group may have been too small to obtain adequate estimates.
Finally, the cross-sectional design of the study precludes causal interpretation of our
findings. Strengths of this study include the large population-based sample and use of both
preclinical and clinical markers of retinal microvascular damage. Furthermore, adjustment
of retinal microvascular caliber by the other vessel caliber allowed for correction of
confounding from the positive correlation of the arteriolar and venular calibers.?®

In conclusion, we did not find persons with migraine or migraine with aura to be more
likely to have retinopathy than persons without migraine, and there was no difference in
retinal arteriolar or venular caliber between the two groups. More studies are needed to
corroborate the findings and understand the role of microvascular pathology in migraine.
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Retinal Neurodegeneration on Optical Coherence
Tomography and the Risk of Dementia
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ABSTRACT

Background: Retinal structures may serve as a biomarker for dementia, but longitudinal
studies examining this link are lacking. We aimed to investigate the association of retinal
layer thickness with prevalent and incident dementia in a general population of Dutch
adults.

Methods: Our study was part of the Rotterdam Study, a prospective population-based
cohort study in the Ommoord district in Rotterdam. From 2007 to 2012, we included
individuals aged > 45 years who had gradable retinal optical coherence tomography (OCT)
images and who at baseline were free from stroke, glaucoma, macular degeneration, and
retinopathy. Retinal nerve fiber layer (RNFL), ganglion cell layer (GCL), and inner
plexiform layer (IPL) thicknesses were measured on OCT images. Individuals were
followed up until January 1, 2015, for the onset of dementia. Associations of retinal layer
thickness with prevalent and incident dementia were examined using logistic and Cox
regression models adjusting for age, sex, axial length of the eye, education, and
cardiovascular risk factors.

Results: Of 3532 individuals (mean age 68.6 years,57% women), 45 individuals had
dementia. Thinner GCL was associated with prevalent dementia (odds ratio per standard
deviation decrease in GCL: 1.51 (95% confidence interval (Cl)): 1.11-2.06). No association
was found of RNFL and IPL thickness with prevalent dementia. During 15845 person-years
of follow-up (mean: 4.5 years), 90 individuals developed dementia of whom 70 had
Alzheimer’s disease. Thinner RNFL at baseline was associated with an increased risk of
developing dementia (hazard ratio per standard deviation decrease in RNFL: 1.45 (1.20-
1.75)), which was similar for Alzheimer’s disease (1.44 (1.16-1.79)). No association was
found of GCL and IPL thickness with incident dementia.

Conclusions: Thinner RNFL is associated with an increased risk of dementia, including
Alzheimer’s disease, suggesting that retinal neurodegeneration may serve as a preclinical
biomarker for dementia.



INTRODUCTION

Dementia is a major cause of morbidity and mortality among elderly populations
worldwide. Alzheimer’s disease (AD) is the most common type of dementia, characterized
by the accumulation of abnormally folded amyloid-beta and tau protein in the brain over a
long preclinical period.? Studies have shown that the accumulation of amyloid-beta deposits
also occurs in the retina of patients with AD and in the retina of transgenic mouse models
of AD.>* Hence, these findings not only underpin the involvement of the retina and the
visual pathway in AD-pathology, but also show the potential to use retinal structures as
biomarkers for AD.>”’

In recent years, noninvasive optical imaging techniques have increasingly been used to
study neurodegenerative disorders of the eye, such as macular degeneration and glaucoma,
as well as neurodegeneration of the brain. In particular, optical coherence tomography
(OCT) provides an excellent opportunity to visualize retinal nerve tissue in vivo with
biopsy-like precision (spatial resolution < 10 pm) and to detect neuroaxonal degeneration.
Several cross-sectional studies using OCT have shown that patients with AD have thinner
retinal nerve fiber layer (RNFL) and ganglion cell layer (GCL) compared to controls.®*?
Additionally, recent studies have shown that thinner RNFL and GCL were associated with
structural MRI markers of brain atrophy, suggesting that neuronal damage indeed occurs
simultaneously in the retina and throughout the brain.**** Although cross-sectional studies
have suggested that thinning of retinal layers may serve as a biomarker for various
dementias, including AD, it remains unclear whether retinal changes precede the
occurrence of dementia, or only occur once the disease has become clinically manifest.
Longitudinal studies examining the link between the retinal layers and incident dementia
are lacking, and are crucial to disentangle the temporal relation. Therefore, in order to
bridge this gap in the current literature, we investigated the association of retinal layer
thickness on OCT (i.e. RNFL, GCL, and inner plexiform layer (IPL)), with prevalent and
incident dementia in the general adult Dutch population. Given that thinning of these retinal
layers may reflect ongoing cerebral neurodegeneration, we hypothesize that thinner RNFL,
GCL and IPL are associated with both prevalent and incident dementia.



METHODS

Study setting and population

This study was embedded within the Rotterdam Study (RS): a prospective population-based
cohort study among individuals aged 45 years and older, residing in Ommoord, a district in
the city Rotterdam, the Netherlands.*® 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. All individuals
gave written informed consent.

The original cohort started in 1990 (n = 7983), and was extended in 2000 (h =3011) and in
2006 (n = 3932). Follow-up examinations take place every three to four years. In 2007,
spectral-domain OCT scanning was added to the protocol, and was performed in the fifth
visit of the first cohort (RS-1-5), the third visit of the second cohort (RS-11-3), and in about
half of the individuals at the first visit of the third cohort (RS-111-1), Figure 1.

Since the introduction of OCT in the Rotterdam Study, a total of 5065 individuals were
eligible for OCT scanning. Individuals were excluded if they did not undergo OCT
scanning, or had ungradable OCT scans due to poor quality scans (e.g. motion artifacts,
segmentation failures). We also excluded individuals with age-related macular
degeneration, glaucoma, and hypertensive or diabetic retinopathy that could affect retinal
thickness measurements. For the exact definitions of these eye diseases, we refer to
previous publications from our study. Briefly, for age-related macular degeneration and
retinopathy, both eyes of individuals were graded on retinal photographs by experienced
graders or physicians. For glaucoma, diagnosis was made based on the presence of visual
field loss with either high intraocular pressure or high cup-disk ratio. Next, we excluded
individuals with a history of clinical stroke, individuals who underwent insufficient
dementia screening, and individuals who did not provide informed consent to access
medical records and hospital discharge letters. Individuals with insufficient dementia
screening were those who did not undergo the Mini-Mental State Examination or Geriatric
Mental Schedule during the interview, which was required for dementia assessment (see
‘assessment of dementia’). These exclusions resulted in 3532 individuals for analysis with
the RNFL measured at the peripapillary region (sample 1), and in 3222 individuals for
analysis with the GCL and IPL measured at the macular region (sample I1), from which
primarily the right eye (95% for the RNFL and 94% for the GCL and IPL measurements)
was chosen for further analysis. From the macula towards the optic nerve, the RNFL
becomes thicker, whereas the GCL and IPL becomes thinner. For this reason, we have
measured the RNFL at the peripapillary region, and the GCL and IPL at the perimacular
region as these layers are the thickest in those regions.



Figure 1. Flow diagram of the study population.
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degeneration.

Assessment of retinal layer thickness

From September 2007 to June 2011, both eyes of each participant were scanned after
pharmacological mydriasis with the Topcon 3D spectral domain OCT-1000 (Topcon
Optical Company, Tokyo, Japan), n = 2886 (sample I) and n = 2575 (sample I1). From
August 2011 onwards, this device was replaced with the Topcon 3D spectral domain OCT-
2000 due to an update following the start of the study, n = 646 (sample I) and n = 647
(sample I1). The macula and optic nerve head were scanned in the horizontal direction in an
area of 6 x 6 x 1.68 mm with 512 x 512 x 480 voxels for OCT-1000 and in an area of 6 x 6
x 2.30 mm with 512 x 512 x 885 voxels for OCT-2000, enabling us to detect structures
with a resolution of 5um (Figure 2). Thickness of the peripapillary RNFL was measured
automatically by Topcon’s built-in segmentation algorithm. This was done in 12
peripapillary segments of 30° each, and the average RNFL thickness was derived from the
calculation circle. For the macula, volumes were segmented using lowa Reference




Algorithms 3.6 (available at https://www.iibi.uiowa.edu/content/shared-software-
download). The inter-session repeatability of segmentations and agreement between OCT
devices of this algorithm has been previously validated.*® *’ Thicknesses of the GCL and
IPL were measured in nine regions of the Early Treatment Diabetic Retinopathy Study
Grid. The average of the retinal layer thicknesses was calculated and used in further
statistical analyses.

Indices of quality control were used to preserve good quality images (high signal, low
noise) and to exclude scans with segmentation errors. Scans included in our study had a
segmentability index of more than 30%, an undefined region of less than 20%, and a quality
factor of more than 30. These quality metrics have been described previously.*"*° At the
beginning of the study, only the right eyes were scanned due to time constraints. This was
the case for 883 individuals. To maintain consistency, we chose primarily the right eye.

Figure 2. Output of the retinal optical coherence tomography (Topcon OCT-2000) focusing on the macula (A) and
optic nerve (B) with corresponding cross-sectional view of the retina (C and D, respectively).



https://www.iibi.uiowa.edu/content/shared-software-download
https://www.iibi.uiowa.edu/content/shared-software-download

Assessment of dementia

Participants were screened for dementia at baseline and at subsequent visits to the study
center, using the Mini-Mental State Examination and the Geriatric Mental Schedule organic
level. 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. In addition, the entire cohort
was continuously being monitored for dementia through electronic linkage of the study
center 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 a standard
criteria for dementia (Diagnostic and Statistical Manual of Mental Disorders, version Il11,
Revised), AD (National Institute of Neurological and Communicative Disorders and
Stroke-Alzheimer’s Disease and Related Disorders Association), and vascular dementia
(National Institute of Neurological Disorders and Stroke and Association Internationale
pour la Recherché et I’Enseignement en Neurosciences).”® ! Follow-up until January 1,
2015, was virtually complete (95% of potential person-years). Within this period,
participants were censored at date of dementia diagnosis, death, loss to follow-up, or
January 1, 2015, whichever came first.

Assessment of covariates

Blood pressure was measured twice in sitting position at the right brachial artery with a
random-zero sphygmomanometer, and the average of two readings was used for the
analysis. Body mass index was computed as weight (kg) divided by height squared (m?).
Fasting serum total and high-density lipoprotein cholesterol concentrations (mmol/L) were
determined by an automated enzymatic procedure. Diabetes mellitus was considered
present if fasting serum glucose level was equal to or greater than 7.0 mmol/L, or when use
of antidiabetic medication was reported. Information on smoking (non, former, or current),
education (low, intermediate, or high) and blood pressure lowering medication use was
obtained during the home interview by a questionnaire. The axial length of the eyes was
measured using Lenstar LS900 (Haag-Streit AG, Kdniz, Switzerland).

Statistical analysis

Analysis included all individuals who underwent OCT scanning at the research center. We
used analysis of covariance, adjusted for age and sex, to assess differences in baseline
characteristics between individuals included and excluded from the analysis.

Because the retinal layer thickness is a continuous measure, we first categorized this by
taking the median. Subsequently, given an overall cumulative incidence of 3% in our
sample and an a of 5%, we calculated a sample size of n = 3023 in order to achieve a power
of 80%. In view of this calculation our current sample size is sufficient to examine the



longitudinal associations.?? As two different generations of OCT devices were used during
the course of the study, we standardized the retinal thickness measurements for each device
by calculating z-scores. Missing data for the covariates were imputed using fivefold
multiple imputation based on determinant, outcome and included covariates. Covariates in
the imputed dataset had a similar distribution compared to covariates in the non-imputed
dataset. In cross-sectional analysis, we assessed the association of retinal layer thicknesses
with prevalent dementia using logistic regression. Using analysis of covariance, adjusted
for covariates as in Model 1, we assessed mean differences in retinal layer thickness
between individuals with and without dementia. In a subsample where both left and right
eyes were scanned, we assessed differences in retinal layer thickness between eyes using a
paired t-test. In longitudinal analysis, we excluded individuals with prevalent dementia, and
assessed the association of retinal layer thicknesses with the risk of developing dementia
and AD using Cox proportional hazards regression. We adjusted for covariates that are
generally considered to be important confounders for dementia. In Model 1, we adjusted for
age, sex, subcohort, OCT signal strength, axial length of the eye, and education. In Model
2, we additionally adjusted for systolic blood pressure, diastolic blood pressure, use of
blood pressure lowering medication, body mass index, total cholesterol, high-density
lipoprotein cholesterol, diabetes mellitus, and smoking. The proportionality assumption in
the Cox regression models was tested by plotting the Schoenfeld residuals against follow-
up time, which showed no deviation from a horizontal line. To avoid overfitting of Model
2, we also adjusted in longitudinal associations for the covariates by means of propensity
scores. We used exactly the same covariates as in Model 2 to make the propensity scores.
Furthermore, in longitudinal analysis, we studied the association of retinal layer thickness
with dementia and AD by making quartiles of the retinal layers and taking the highest
quartile as reference and adjusting for covariates as in Model 1. We determined Pearson
correlation coefficients between the retinal layers, and investigated the association of retinal
layers with prevalent and incident dementia by adjusting the retinal layers for each other.
Next, retinal layer thicknesses were combined to assess their combined effect. Finally, we
repeated abovementioned analysis for retinal layer thickness and dementia after censoring
for stroke, and excluding individuals who developed stroke prior to dementia. All analyses
were performed at the 0.05 level of significance (two-tailed) using SPSS version 21.0 (IBM
Corporation, Armonk, New York) for Windows.

RESULTS

Table 1 shows the baseline characteristics of the study population. Compared to individuals
included in the analysis, those who were excluded were significantly older, and had a worse
cardiovascular risk profile. Moreover, the prevalence of dementia cases in the excluded
individuals was nearly 2.5 times higher than those who were included in the analysis.
Among the included individuals, prevalent dementia was diagnosed in 45 (1.3%)



individuals in sample | and in 38 (1.2%) individuals in sample 1I. Among the excluded
individuals, these numbers were 50 (3.3%) for sample | and 57 (3.1%) for sample I1.

Table 2 shows the association of retinal layer thickness with prevalent dementia. This
revealed that thinner GCL was significantly associated with prevalent dementia (Model 1:
odds ratio (95% CI) per SD decrease in GCL: 1.53 (1.13-2.08)). For RNFL and IPL, the
odds ratios were 1.09 (0.82-1.45) and 1.10 (0.78-1.56), respectively. Mean thickness (um)
with adjusted mean difference (95% CI) in individuals with and without dementia was:
91.48 vs 95.13; -3.65 (-8.17; 0.87) for RNFL, 30.94 vs 33.59; -2.65 (-4.38; -0.92) for GCL,;
36.86 vs 36.76; 0.10 (-1.12; 1.32) for IPL. Furthermore, we did not find significant
differences in retinal layer thicknesses between the left and right eyes.

In longitudinal analysis, for sample I, total and mean person-time was 15845 years and 4.5
years, respectively (94.9% of potential person-years if there was no loss to follow-up). Of
the 3487 individuals at risk for dementia, 90 individuals developed dementia of whom 70
were diagnosed with AD, 4 with vascular dementia, 2 with Parkinson’s dementia, 6 with
another type of dementia, and 2 remained undetermined. For sample I, total and mean
person-time was 14573 years and 4.6 years (94.8% of potential person-years if there was no
loss to follow-up). In this sample, of the 3184 individuals at risk for dementia, 64
individuals developed dementia of whom 52 were diagnosed with AD, 3 with vascular
dementia, 2 with Parkinson’s dementia, 4 with another type of dementia, and 3 remained
undetermined.

Table 3 shows the association of retinal layer thicknesses with incident dementia. Thinner
RNFL at baseline was significantly associated with a higher risk of developing dementia
(hazard ratio (HR) per SD decrease in RNFL: 1.51 (95% CI: 1.26-1.82)). After adjustment
for cardiovascular risk factors, this association attenuated slightly, but remained statistically
significant (HR: 1.45, 95% ClI: 1.20-1.75). Similar associations were observed for AD
(adjusted HR: 1.44 (95% CI: 1.16-1.79). We found no significant association for the
association of GCL and IPL thickness with incident dementia. In order to avoid overfitting
of Model 2, adjustment for the covariates was undertaken by means of propensity scores.
Yet, all our effect associations remained similar to the effect estimates obtained by
adjusting for the covariates in Model 2.

Supplemental Table 1 shows the association of retinal layer thicknesses in quartiles with
incident dementia. We found that individuals in the lowest quartile of RNFL thickness had
a higher risk of developing dementia compared to individuals in the highest quartile, HR:
2.68 (1.44-5.00). For incident AD, the magnitude of the effect estimates across the quartiles
remained similar with particularly higher HRs for GCL.

Supplemental Table 2 shows the association of retinal layer thickness with prevalent and
incident dementia after adjusting the retinal layers for each other. Pearson correlation was
0.380 between RNFL and GCL; 0.099 between RNFL and IPL; 0.273 between GCL and
IPL. When combining the retinal layers, the associations were primarily driven by the
association of GCL (cross-sectional) and RNFL (longitudinal) with dementia



(Supplemental Table 3).

Of all dementia cases, 7 (sample 1) and 5 (sample 11) cases were preceded by a stroke, for
both samples, a median 2.5 year before diagnosis of dementia. After censoring for stroke,
the associations of RNFL thickness with all dementia and AD, if anything, became
stronger, adjusted HR for dementia and AD: 1.58 (1.31-1.91) and 1.58 (1.28-1.95),
respectively. After excluding these individuals, the adjusted HRs (95% CI) for RNFL,
GCL, and IPL were: 1.51 (1.21-1.89), 1.11 (0.84-1.46), and 1.08 (0.83-1.39), respectively.

Table 1. Baseline characteristics of the study population.

Descriptive
Sample | Sample 11

Characteristic Included Excluded} Included Excludedi}
N 3532 1533 3222 1843
Age, years 68.8 (10.0) 72.6 (11.0)* 68.0 (9.9) 73.3 (10.5)*
Female sex 2006 (57) 907 (59) 1835 (57) 1078 (59)
Systolic blood pressure, mmHg 145.7 (22.3) 147.4 (24.1) 1455 (22.4) 1475 (23.5)*
Diastolic blood pressure, mmHg 84.6 (11.1) 83.9 (11.7)* 84.9 (11.2) 83.5 (11.4)*
Blood pressure lowering medication 1540 (44) 848 (55)* 1365 (42) 1025 (56)*
Body mass index, kg/m? 27.5(4.3) 27.8 (4.5)* 27.5(4.2) 27.6 (4.5)
Diabetes mellitus 399 (11) 227 (15)* 357 (11) 269 (15)*
Total cholesterol, mmol/L 55(1.1) 5.3 (1.1)* 55(1.1) 5.3 (1.1)*
HDL cholesterol, mmol/L 1.5(0.4) 1.4 (0.4)* 1.5(0.4) 1.4 (0.4)*
Smoking status

Non-smoker 1112 (32) 489 (32) 1024 (32) 579 (31)

Former smoker 1853 (52) 764 (50)* 1674 (52) 939 (51)*

Current smoker 567 (16) 271 (18)* 524 (16) 314 (A7)*
Education

Lower education 1081 (31) 573 (37)* 966 (30) 692 (38)*

Intermediate education 1706 (48) 683 (45) 1549 (48) 835 (45)

Higher education 745 (21) 249 (16) 707 (22) 285 (16)*
Right eyes 3356 (95) - 3029 (94) -
Axial length of the eye, mm 235 (1.1) - 235 (1.1) -
Peripapillary retinal nerve fiber layer, pm 95.1 (15.8) - - -
Macular ganglion cell layer, pm - - 33.6 (5.5) -
Macular inner plexiform layer, um - - 36.8 (3.9) -
Prevalent dementia 45(1.3) 50 (3.3)* 38(1.2) 57 (3.1)*

1 Missing values are not imputed.

*Age-and sex adjusted mean differences (p < 0.05).
Percentage of missing values for all variables was less than 2%, except for axial length it was less than 12%.

Values are presented as means (standard deviation) or as numbers (percentage).
Abbreviation: HDL, high-density lipoprotein.




Table 2. Association of retinal layer thickness with prevalent dementia.

All dementia
Odds ratio (95% ClI)
Per SD decrease in n/N Model 1 Model 2
Retinal nerve fiber layer 45/3532 1.09 (0.82-1.45) 1.06 (0.80-1.42)
Ganglion cell layer 38/3222 1.53(1.13-2.08) 1.51(1.11-2.06)
Inner plexiform layer 38/3222 1.10 (0.78-1.56) 1.12 (0.80-1.56)

Abbreviations: SD, standard deviation; n/N, number of individuals with dementia/total number of individuals.
Model 1: adjusted for age, sex, subcohort, signal strength, axial length of the eye, and education.

Model 2: as in Model 1 and additionally adjusted for systolic blood pressure, diastolic blood pressure, blood
pressure lowering medication, body mass index, total cholesterol, high-density lipoprotein cholesterol, diabetes

mellitus, and smoking.

Table 3. Association

of retinal layer thickness with incident dementia.

All dementia Alzheimer’s disease
Hazard ratio (95% CI) Hazard ratio (95% CI)
Per SD decrease in n/N Model 1 Model 2 n/N Model 1 Model 2
Retinal nerve fiber layer 90/3487 1.51(1.26-1.82) 1.45 (1.20-1.75) 70/3487 1.51 (1.22-1.85) 1.44 (1.16-1.79)
Ganglion cell layer 64/3184 1.11 (0.87-1.41) 1.10 (0.86-1.41) 52/3273 1.14 (0.87-1.48) 1.13 (0.86-1.48)
Inner plexiform layer 64/3184 1.09 (0.86-1.38) 1.10 (0.88-1.39) 52/3273 1.08 (0.83-1.40) 1.11 (0.86-1.42)

Abbreviations: SD, standard deviation; n/N, number of individuals with dementia/total number of individuals.
Model 1: adjusted for age, sex, subcohort, signal strength, axial length of the eye, and education.

Model 2: as in Model 1 and additionally adjusted for systolic blood pressure, diastolic blood pressure, blood pressure lowering medication, body mass

index, total cholesterol, high-density lipoprotein cholesterol, diabetes mellitus, and smoking.




Supplemental Table 1. Association of retinal layer thickness in quartiles with risk of dementia and Alzheimer’s disease.

All dementia
Hazard ratio (95% CI)

Quartiles n/N Retinal nerve fiber layer n/N Ganglion cell layer n/N Inner plexiform layer
4™ quartile 14/872 1.00 (reference) 12/796 1.00 (reference) 71796 1.00 (reference)
3" quartile 17/872 1.19 (0.58-2.43) 8/796 1.44 (0.57-3.64) 13/797 0.54 (0.22-1.33)
2" quartile 14/872 1.10 (0.52-2.34) 22/796 1.95 (0.82-4.64) 20/795 1.40 (0.69-2.86)
1% quartile 45/871 2.68 (1.44-5.00) 22/796 1.73 (0.73-4.10) 24/796 1.22 (0.59-2.52)
P-value for trend 0.001 0.194 0.173

Alzheimer’s disease
Hazard ratio (95% CI)

Quartiles n/N Retinal nerve fiber layer n/N Ganglion cell layer n/N Inner plexiform layer
4™ quartile 11/872 1.00 (reference) 4/796 1.00 (reference) 10/796 1.00 (reference)
3" quartile 13/872 1.13 (0.50-2.54) 12/796 2.15 (0.69-6.76) 6/796 0.48 (0.17-1.34)
2" quartile 11/872 1.09 (0.47-2.52) 16/796 2.61(0.87-7.85) 19/796 1.45 (0.67-3.15)
1* quartile 35/871 2.57 (1.27-5.19) 20/796 2.27(0.76-6.78) 17/796 1.09 (0.49-2.45)
P-value for trend 0.003 0.211 0.297

Abbreviations: Cl, confidence interval; n/N, number of individuals with Alzheimer’s disease/total number of individuals.

Values are adjusted for age, sex, subcohort, signal strength, axial length of the eye, and education.

Minimum to maximum (mean) retinal nerve fiber layer thickness for each quartile was: 32.87-86.01 (74.9) um for the first quartile,
86.04-96.00 (91.2) um for the second quartile, 96.00-105.35 (100.7) pum for the third quartile, and 105.35-210.10 (113.7) um for
the fourth quartile. Minimum to maximum (mean) ganglion cell layer thickness for each quartile was: 6.52-30.64 (26.8) um for the
first quartile, 30.64-33.77 (32.2) um for the second quartile, 33.77-36.97 (35.3) um for the third quartile, and 36.98-73.93 (40.1)
pum for the fourth quartile.




Supplemental Table 2. Association of retinal layer thickness with prevalent and incident dementia adjusting the retinal layers for each other.

Odds ratio (95% ClI), n/N: 34/3032 Hazard ratio (95% CI), n/N: 63/2998
Per SD decrease in Model 1 Model 2 Model 1 Model 2
Retinal nerve fiber layer 1.06 (0.76-1.48) 0.81 (0.57-1.17) 1.52 (1.20-1.93) 1.51 (1.18-1.94)
Ganglion cell layer 1.58 (1.15-2.17) 1.76 (1.22-2.54) 1.14 (0.89-1.46) 0.99 (0.75-1.31)
Inner plexiform layer 1.08 (0.76-1.53) 0.91 (0.68-1.22) 1.11 (0.87-1.42) 1.09 (0.80-1.49)

Abbreviations: Cl, confidence interval; SD, standard deviation; n/N, number of individuals with dementia/total number of individuals.
Model 1: adjusted for age, sex, subcohort, signal strength, axial length of the eye, and education.
Model 2: as in Model 1 and additionally adjusted the retinal layers for each other.

Supplemental Table 3. Association of composite retinal layer thickness with prevalent and incident dementia.

Per SD decrease in Odds ratio (95% ClI), n/N: 34/3032 Hazard ratio (95% CI), n/N: 63/2998
RNFL-GCL-IPL complex 1.12 (0.80-1.57) 1.46 (1.17-1.82)
RNFL-GCL complex 1.13 (0.81-1.57) 1.46 (1.17-1.83)
RNFL-IPL complex 0.97 (0.69-1.37) 1.48 (1.19-1.85)
GCL-IPL complex 1.41 (1.03-1.95) 1.16 (0.91-1.47)

Abbreviations: Cl, confidence interval; SD, standard deviation; n/N, number of individuals with dementia/total number of
individuals; RNFL, retinal nerve fiber layer; GCL, ganglion cell layer; IPL, inner plexiform layer.
Values are adjusted for age, sex, subcohort, signal strength, axial length of the eye, and education.




DISCUSSION

In this prospective population-based cohort study in the general adult Dutch population, we
found that thinner GCL at baseline was associated with prevalent dementia and that thinner
RNFL was associated with a higher risk of developing dementia, including AD,
independent of cardiovascular risk factors.

Thus far, evidence for retinal involvement in AD pathology comes primarily from
histopathological studies, in which postmortem specimens were examined. Those early
studies have shown that people with AD had substantial loss of retinal ganglion cells and
thinner RNFL compared to controls.”® * Subsequently, several clinical-based studies have
consistently observed thinning of the RNFL among people with AD using optical imaging
techniques in vivo.® ® Advances in OCT technology allowed us to observe the retina in
greater detail and enabled automated segmentation of other retinal layers as well. Hence,
apart from the RNFL, studies have shown that people with AD had thinner RNFL, GCL
and GCL-IPL complex compared to cognitively healthy controls, suggesting that thinner
GC-IPL complex is accompanied by thinner peripapillary RNFL.***? Despite
methodological differences between previous studies, these studies have successfully
demonstrated that OCT imaging provides a great opportunity to assess neurodegeneration
in individuals with and without AD. However, due to the cross-sectional nature of those
studies, the temporal relation remained unclear, that is, whether retinal thinning preceded
the clinical manifestation of AD or was only seen after a diagnosis had been made. In line
with findings from these previous studies, we also found that particularly thinner GCL was
associated with prevalent dementia. More importantly, our study is the first that shows an
association between thinner RNFL and the risk of dementia, including AD.

In the pathophysiology of dementia, damage to brain regions covering the visual tract may
cause retrograde degeneration of the optic nerve (i.e. Wallerian degeneration) by affecting
the neuronal connections of the visual tract. Subsequently, this cerebral neurodegenerative
process may manifest itself in the retina initially as thinning of the RNFL, after which
thinning of the GCL follows. With the improved resolution of the OCT enabling to measure
the GCL thickness, recent studies have repeatedly and consistently observed not only
thinner RNFL but also thinner GCL in people with AD.***? Moreover, a recent study has
shown that a reduction in GCL-IPL complex at baseline was associated with the
progression of AD as measured by Clinical Dementia Rating Scale.™* Hence, given our
findings, it is possible that thinning of the GCL is reflecting more advanced stages of AD-
pathology. However, if this hypothesis holds, an important question remains why thinner
RNFL was not associated with prevalent dementia. We acknowledge that this finding is
difficult to explain, but we speculate that the time course when dementia occurs might play
a role. For instance, animal studies showed that damage to the optic nerve causes swelling
and gliosis formation of the axons.?>? In fact, there appears to be a time delay between
optic nerve degeneration and retinal ganglion cell loss, during which swelling or gliosis



formation of structures can occur, and after which structural losses become more evident.
Furthermore, apart from loss of power due to smaller number of prevalent dementia cases
available, another possibility might be that differences between those included and
excluded may have introduced selection bias in our cross-sectional analyses, and thus may
underlie the lack of an association between RNFL and prevalent dementia. In contrast, in
the longitudinal analyses, selection bias was not an issue, because our follow-up for
incident dementia was virtually complete.

Another complementary explanation for our findings might be that a common pathogenesis
may underlie the association between retinal layer thickness and dementia. Studies have
observed the accumulation of amyloid-beta deposits both in the retina and brain of
transgenic mouse models, and corroborated those findings in postmortem studies in people
with AD.>*?%2% Although the exact mechanisms that underlie the forming of amyloid
plaques are unknown, factors associated with the formation of these plaques such as
inflammatory markers and genetic variants, may partly explain our findings. However, we
were not able to control for such confounding factors.

Several methodological aspects of our study need to be discussed. First, individuals
excluded from our study may have had a poor health, resulting in selection of relatively
healthy individuals in our analysis. Second, the segmentation algorithms may have
misclassified the retinal layers e.g. the GCL as the IPL and vice versa. Third, participants in
the Rotterdam Study were mainly middle-class white individuals, which limits the
generalizability of our findings. Another limitation might be that we performed OCT in the
right eyes. Previous studies have suggested that there might be structural and functional
differences between the eyes.** However, in a subsample we did not find significant
differences in retinal layer thickness between left and right eyes at a population level.
Hence, we do not think that local ocular differences will have influences the associations
we found with dementia. Finally, we did not use other retinal layer thickness, because the
reliability of the segmentation for outer layers were poor and the thickness measurements
were not comparable across the two OCT devices. Strengths of our study include the
population-based setting, the longitudinal design and thorough collection of events.

In conclusion, we found that thinner GCL at baseline was associated with prevalent
dementia and that thinner RNFL was associated with an increased risk of developing
dementia, including AD. These findings suggest that thinner RNFL may be a novel
biomarker for dementia, specifically for AD. Moreover, there is an opportunity to use OCT
in clinical or research settings as an accessible and noninvasive tool to help clinicians or
researchers in eligibility determination for clinical trials, in monitoring disease progression
or in evaluating treatment response.



REFERENCES

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Prince M, Bryce R, Albanese E, Wimo A, Ribeiro W, Ferri CP. The global prevalence of dementia: A
systematic review and metaanalysis. Alzheimers Dement. 2013;9:63-75 €62

Sperling RA, Aisen PS, Beckett LA, Bennett DA, Craft S, Fagan AM, et al. Toward defining the
preclinical stages of alzheimer's disease: Recommendations from the national institute on aging-
alzheimer's association workgroups on diagnostic guidelines for alzheimer's disease. Alzheimers Dement.
2011;7:280-292

Koronyo-Hamaoui M, Koronyo Y, Ljubimov AV, Miller CA, Ko MK, Black KL, et al. Identification of
amyloid plaques in retinas from alzheimer's patients and noninvasive in vivo optical imaging of retinal
plaques in a mouse model. Neuroimage. 2011;54 Suppl 1:5204-217

Koronyo Y, Biggs D, Barron E, Boyer DS, Pearlman JA, Au WJ, et al. Retinal amyloid pathology and
proof-of-concept imaging trial in alzheimer's disease. JCI Insight. 2017;2

McGrory S, Cameron JR, Pellegrini E, Warren C, Doubal FN, Deary 1, et al. The application of retinal
fundus camera imaging in dementia: A systematic review. Alzheimers Dement (Amst). 2017;6:91-107
Hart NJ, Koronyo Y, Black KL, Koronyo-Hamaoui M. Ocular indicators of alzheimer's: Exploring
disease in the retina. Acta Neuropathol. 2016;132:767-787

Javaid FZ, Brenton J, Guo L, Cordeiro MF. Visual and ocular manifestations of alzheimer's disease and
their use as biomarkers for diagnosis and progression. Front Neurol. 2016;7:55

Coppola G, Di Renzo A, Ziccardi L, Martelli F, Fadda A, Manni G, et al. Optical coherence tomography
in alzheimer's disease: A meta-analysis. PLoS One. 2015;10:e0134750

den Haan J, Verbraak FD, Visser PJ, Bouwman FH. Retinal thickness in alzheimer's disease: A
systematic review and meta-analysis. Alzheimers Dement (Amst). 2017;6:162-170

Cheung CY, Ong YT, Hilal S, lkram MK, Low S, Ong YL, et al. Retinal ganglion cell analysis using
high-definition optical coherence tomography in patients with mild cognitive impairment and alzheimer's
disease. J Alzheimers Dis. 2015;45:45-56

Choi SH, Park SJ, Kim NR. Macular ganglion cell -inner plexiform layer thickness is associated with
clinical progression in mild cognitive impairment and alzheimers disease. PL0oS One. 2016;11:e0162202
Marziani E, Pomati S, Ramolfo P, Cigada M, Giani A, Mariani C, et al. Evaluation of retinal nerve fiber
layer and ganglion cell layer thickness in alzheimer's disease using spectral-domain optical coherence
tomography. Invest Ophthalmol Vis Sci. 2013;54:5953-5958

Ong YT, Hilal S, Cheung CY, Venketasubramanian N, Niessen WJ, VVrooman H, et al. Retinal
neurodegeneration on optical coherence tomography and cerebral atrophy. Neurosci Lett. 2015;584:12-16
Mutlu U, Bonnemaijer PWM, Ikram MA, Colijn JM, Cremers LGM, Buitendijk GHS, et al. Retinal
neurodegeneration and brain mri markers: The rotterdam study. Neurobiol Aging. 2017

Hofman A, Brusselle GG, Darwish Murad S, van Duijn CM, Franco OH, Goedegebure A, et al. The
rotterdam study: 2016 objectives and design update. Eur J Epidemiol. 2015;30:661-708

Terry L, Cassels N, Lu K, Acton JH, Margrain TH, North RV, et al. Automated retinal layer segmentation
using spectral domain optical coherence tomography: Evaluation of inter-session repeatability and
agreement between devices. PLoS One. 2016;11:e0162001

Lee K, Buitendijk GH, Bogunovic H, Springelkamp H, Hofman A, Wahle A, et al. Automated
segmentability index for layer segmentation of macular sd-oct images. Transl Vis Sci Technol. 2016;5:14
Patel PJ, Foster PJ, Grossi CM, Keane PA, Ko F, Lotery A, et al. Spectral-domain optical coherence
tomography imaging in 67 321 adults: Associations with macular thickness in the uk biobank study.
Ophthalmology. 2016;123:829-840

Keane PA, Grossi CM, Foster PJ, Yang Q, Reisman CA, Chan K, et al. Optical coherence tomography in
the uk biobank study - rapid automated analysis of retinal thickness for large population-based studies.
PLoS One. 2016;11:0164095



20.

21

22.

23.

24.

25.

26.

27.

28.

29.

30.

McKhann G, Drachman D, Folstein M, Katzman R, Price D, Stadlan EM. Clinical diagnosis of
alzheimer's disease: Report of the nincds-adrda work group under the auspices of department of health
and human services task force on alzheimer's disease. Neurology. 1984;34:939-944

Roman GC, Tatemichi TK, Erkinjuntti T, Cummings JL, Masdeu JC, Garcia JH, et al. Vascular dementia:
Diagnostic criteria for research studies. Report of the ninds-airen international workshop. Neurology.
1993;43:250-260

Chow S; Shao J; Wang H; Lokhnygina Y. Sample size calculations in clinical research. Chapman &
Hall/CRC 2017.

Hinton DR, Sadun AA, Blanks JC, Miller CA. Optic-nerve degeneration in alzheimer's disease. N Engl J
Med. 1986;315:485-487

Blanks JC, Hinton DR, Sadun AA, Miller CA. Retinal ganglion cell degeneration in alzheimer's disease.
Brain Res. 1989;501:364-372

Rovere G, Nadal-Nicolas FM, Agudo-Barriuso M, Sobrado-Calvo P, Nieto-Lopez L, Nucci C, et al.
Comparison of retinal nerve fiber layer thinning and retinal ganglion cell loss after optic nerve transection
in adult albino rats. Invest Ophthalmol Vis Sci. 2015;56:4487-4498

Abbott CJ, Choe TE, Lusardi TA, Burgoyne CF, Wang L, Fortune B. Evaluation of retinal nerve fiber
layer thickness and axonal transport 1 and 2 weeks after 8 hours of acute intraocular pressure elevation in
rats. Invest Ophthalmol Vis Sci. 2014;55:674-687

Vidal-Sanz M, Galindo-Romero C, Valiente-Soriano FJ, Nadal-Nicolas FM, Ortin-Martinez A, Rovere G,
et al. Shared and differential retinal responses against optic nerve injury and ocular hypertension. Front
Neurosci. 2017;11:235

Koronyo Y, Salumbides BC, Black KL, Koronyo-Hamaoui M. Alzheimer's disease in the retina: Imaging
retinal abeta plaques for early diagnosis and therapy assessment. Neurodegener Dis. 2012;10:285-293
Ning A, Cui J, To E, Ashe KH, Matsubara J. Amyloid-beta deposits lead to retinal degeneration in a
mouse model of alzheimer disease. Invest Ophthalmol Vis Sci. 2008;49:5136-5143

Cameron JR, Megaw RD, Tatham AJ, McGrory S, MacGillivray TJ, Doubal FN, et al. Lateral thinking -
interocular symmetry and asymmetry in neurovascular patterning, in health and disease. Prog Retin Eye
Res. 2017;59:131-157



Chapter 5.3
Retinal Microvasculature is Associated with Long-Term
Survival in the General Adult Dutch Population

Unal Mutlu, M. Kamran Ikram, Frank J. Wolters, Albert Hofman, Caroline C.W. Klaver,
M. Arfan Ikram

ABSTRACT

Background: Retinal vascular diameters are associated with (sub)clinical cardiovascular
disease and short-term cardiovascular mortality, but their association with long-term
mortality is uncertain. We studied the association of retinal vascular diameters with cause-
specific mortality in the general adult Dutch population during 25 years of follow-up.
Methods: From 1990 t01993, arteriolar and venular diameters were measured semi-
automatically on digitized images in 5674 persons (mean age 68.0 years, 59% women)
from the population-based Rotterdam Study. Follow-up for mortality was complete till
March 2015. Associations between vascular diameters and mortality were examined using
Cox proportional hazards models, adjusting for age, sex, cardiovascular risk factors, and the
fellow vessel diameter.

Results: During 85770 person-years (mean + standard deviation: 15.1 + 6.67), 3794
(66.8%) persons died, of whom 1034 due to cardiovascular causes. We found that narrower
arterioles and wider venules were associated with higher risk of mortality (adjusted hazard
ratio (95% confidence interval) per standard deviation decrease in arterioles 1.04 (1.00-
1.08) and increase in venules 1.07 (1.03-1.12)). For arterioles, these associations were
strongest for cardiovascular mortality, whereas venules showed consistent associations for
cardiovascular and non-cardiovascular mortality. Importantly, these associations remained
unchanged after excluding the first 10 years of follow-up as immortal person-time. We
found evidence for effect modification with stronger associations in persons < 70 years
(venules only) and smokers (p-value for interaction terms < 0.01). We replicated our
findings in another independent cohort from the Rotterdam Study of 3106 persons with
19880 person-years of follow-up and 144 deaths (hazard ratio for venules 1.22 (1.00-1.49)).
Conclusions: Markers of retinal microvasculature are associated with long-term mortality
in the general adult Dutch population.



INTRODUCTION

Cardiovascular diseases remain the most common cause of death worldwide, accounting for
up to 23.1% of all deaths." In addition, cardiovascular risk factors and subclinical
cardiovascular pathology contribute to deaths that might not be formally classified as
cardiovascular, such as due to chronic obstructive pulmonary disease, diabetes mellitus,
dementia, or even cancer.” ® An important cornerstone in cardiovascular research has been
the identification of early biomarkers that relate to subclinical and clinical disease as well
as subsequent mortality. Such markers are not only important for understanding
pathogenesis or disease monitoring, but — if feasible in community-dwelling individuals —
can also serve as potential intervention targets for prevention or even used as risk
predictors. For instance, coronary calcification and carotid plaques are strong predictors of
myocardial infarction and stroke, and also associate with subsequent mortality.* > However,
most population-based research on cardiovascular biomarkers has revolved around
noninvasive imaging of the large or medium-sized vessels, for example, aorta, carotid
arteries, and coronary arteries.® Yet, it is increasingly recognized that the microvasculature
is important for cardiovascular health as well.” ® Retinal imaging provides a unique
opportunity to visualize the microvasculature in vivo and indeed, there is now abundant
literature demonstrating strong associations of retinal markers with cardiovascular
diseases.> ™ By extension, several studies have shown an association of retinal
microvasculature with cardiovascular mortality, but these studies usually had a short
follow-up.*** To really play a role as long-term biomarker, it is important to establish a
link between retinal microvasculature with long-term mortality. This entails not only
extending the follow-up time but also investigating long-term associations after accounting
for the short-term increased risk. Moreover, it is interesting to study the role of the
microvasculature in non-cardiovascular mortality, especially given the established link
between microvessels and diseases such as diabetes mellitus, dementia, and chronic
obstructive pulmonary disease. Therefore, we studied the association between retinal
microvasculature and long-term cause-specific mortality in the general adult Dutch
population.



METHODS

Study setting and population

This study was performed as part of the Rotterdam Study (RS), a prospective population-
based cohort study, details of which have been described previously.® In brief, the initial
cohort (RS-I1) started in 1990 and there have been two expansion waves: in 2000 (RS-11)
and 2005 (RS-111). Retinal vessel diameters were systematically quantified in RS-1 and RS-
I11. For the this study, the main analyses were carried out in RS-I, which was the largest
sample with longest follow-up, whereas RS-111 served as a replication sample. For RS-1, all
inhabitants of the Ommoord district in the city of Rotterdam, the Netherlands, aged > 55
years were invited to the study, of whom 7983 participated (overall response 78%).
Because the ophthalmic part became only operational after the study had started, a total of
6780 participants underwent ophthalmic examination in RS-I. Baseline home interviews
and examinations were performed from 1990 to 1993. For RS-111, we invited all inhabitants
who reached the age of 45 years, or migrated into the study district since the start of RS-I,
but who were not part of RS-11. A total of 3932 people enrolled (overall response 64.9%),
and baseline data were collected from 2005 to 2009. 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. This study
adhered to the principles of the declaration of Helsinki.

Assessment of retinal vessels

In both RS-I and RS-111, participants underwent a full eye examination at baseline including
fundus color photography of the optic disc after pharmacological mydriasis (20° visual field
TRC-SS2 (RS-1) and 35° visual field TRC-50EX (RS-111), Topcon Optical Company,
Tokyo, Japan). For each participant, the image of one eye with the best quality was
analyzed with a retinal vessel measurement system (IVAN, University of Wisconsin-
Madison, Madison, Wisconsin).'® For each participant, one summary value was calculated
for the arteriolar diameters (in um) and one for the venular diameters (in um) of the blood
column after correction for differences in magnification due to refractive status of the eye,
enabling us to use the separate arteriolar and venular diameter sum values." ™ We verified
in a random subsample of 100 participants in RS-l that individual measurements in the left
and right eye were similar. Measurements were performed by four (RS-1) and one (RS-111)
trained raters, masked for participant characteristics, masked for the endpoints, and blinded
to each other’s measurements. Pearson correlation coefficients for interrater agreement in
RS-I (n = 40) and RS-I11 (n = 100) were for arteriolar diameters 0.67 to 0.80 and 0.85, and
for venular diameters 0.91 to 0.94 and 0.87, respectively. For intrarater agreement, the
correlation coefficients were 0.69 to 0.88 and 0.86 for arteriolar diameters, and 0.90 to 0.95
and 0.87 for venular diameters, respectively.



Assessment of cause-specific and all-cause mortality

For the entire cohort from baseline onwards, information on vital status was obtained for
cause-specific mortality and all-cause mortality from the municipal health services in
Rotterdam on a biweekly basis. Also, the general practitioners in the study area reported
deaths on a continuous basis. Specially trained study personnel verified reported deaths by
checking the medical records. Research physicians reviewed all available information and
independently coded the events according to the International Classification of Diseases,
Tenth Revision (ICD-10). Cases on which they disagreed were discussed to reach
consensus in a separate session. If the cause of death was coded as 120-25, 146, 150, 161,
163, 164, 166, 168—70, or R96, the cause of death was labelled as cardiovascular. The
following codes (label) were all labelled as non-cardiovascular mortality: A32-B99
(infectious disease), C00-C97 (cancer), FO0-FO3 (dementia), J15-J19 (pneumonia), J30-J98
(chronic respiratory disease), S12.1, S32-72 or T90.2 (fracture), and the remaining codes
(other). A consensus panel of medical specialists in cardiovascular disease and internal
medicine, adjudicated the final cause of death according to ICD-10 codes using
standardized definitions, as described in detail previously.”® This panel consisted of a
cardiologist, two geriatricians, and a general practitioner experienced in cardiac disease,

and their judgement was considered decisive.

All participants were followed up from date of study entry until date of death, 15 March
2015 (for all-cause mortality) or 1 January 2013 (for cause-specific mortality). A flow
diagram of the study population is depicted in Supplemental Figure 1. Data on vital status

was complete.

Supplemental Figure 1. Flow diagram of the study population.

Enrollment

Participal

nts in the

Rotterdam Study (n = 7983)

y

A

Follow-up

Participan

(n=

ts included
5674)

Excluded (n = 2309):
Did not undergo ophthalmic examination (n = 1203)
Did nog undergo fundus photography (n = 344)
Ungradable fundus transparancies (n = 762)

| Follow-up till 15 March 2015%

y

A

7| Alive/censored (n = 1880)

Analysis

All-cause mortality

(n=

3794)

*Follow-up for cause-specific mortality was till 1 January 2013 (alive/censored n = 2216).




Assessment of covariates

In both cohorts, baseline blood pressure was measured twice in sitting position at the right
brachial artery with a random-zero sphygmomanometer. We used the average of two
readings for analysis. Body mass index was computed as weight (kg) divided by height
squared (m?). Serum total and high-density lipoprotein cholesterol concentrations were
determined by an automated enzymatic procedure.?! Diabetes mellitus was considered
present if participants reported use of antidiabetic medication or when non-fasting serum
glucose level was equal to or greater than 11.1 mmol/L, or when fasting serum glucose
level was equal to or greater than 7.0 mmol/L. Serum levels of C-reactive protein were
determined by a near-infrared particle immunoassay method (Immage, Beckman Coulter,
Fullerton, California). Carotid plaques were assessed by ultrasound at the carotid artery
bifurcation, common carotid artery, and internal carotid artery on both sides. Plagues were
defined as focal thickening of the vessel wall of at least 1.5 times the average intima-media
thickness for RS-, or at least 2 mm thickening of the intima-media thickness for RS-Ill,
relative to adjacent segments with or without calcified components.?? The carotid artery
plaque score (range: 0-6) reflected the number of these locations with plaques. Information
on smoking (categorized as current, former or never) and antihypertensive medication use
was obtained during the home interview by a computerized questionnaire.

Statistical analysis

Analysis included all participants who underwent ophthalmological examination at the
study center. We used analysis of covariance, adjusted for age and sex, to assess differences
in baseline characteristics between participants and non-participants from the eligibility
cohort. We determined associations between baseline retinal vessel diameter (arteriolar and
venular) and all-cause and cause-specific mortality, using Cox proportional hazards models.
Hazard ratios (HRs) with corresponding 95% confidence intervals (Cls) for mortality were
calculated per standard deviation (SD) decrease in arterioles or increase in venules, and per
quartile of retinal vessel diameter, adjusted for age, sex, the other vessel diameter, and
additionally for systolic and diastolic blood pressure, antihypertensive medication, body
mass index, serum total and high-density lipoprotein cholesterol, diabetes mellitus, C-
reactive protein, carotid artery plaque score, and baseline history of smoking. We
subsequently determined HRs after excluding 10-year immortal person-time to investigate
whether retinal vessel diameters were specifically associated with mortality in the long
term. We also explored effect modification by stratifying for sex, age, diabetes mellitus,
hypertension, smoking status and carotid artery plaque score and by constructing

interaction terms in the statistical models.

In RS-I11, similar models were constructed, but we only considered all-cause mortality,
since the numbers of cause-specific mortality were too small. We explored the possibility
of collinearity, given the Pearson correlation coefficient between arteriolar and venular
diameter (r = 0.59), using the variance inflation factor, but no indication of high collinearity



was identified (variance inflation factor < 1.1). Analyses were performed using SPSS
version 21.0 (IBM Corporation, Armonk, New York) for Windows.

RESULTS

Of 6780 participants undergoing ophthalmic examination in RS-1, 6436 persons underwent
optic disc photography. From these, fundus transparencies of 762 (11.2%) persons could
not be rated on either eye, leaving 5674 participants for analysis. Compared to participants,
non-participants were significantly older, and more often had diabetes mellitus and
hypertension, a lower body mass index, higher diastolic blood pressure and higher serum
levels of C-reactive protein (Table 1).

During a total follow-up of 85,770 person-years (mean £ SD: 15.1 + 6.67), 3794 (66.8%)
participants died. Cause of death was cardiovascular in 1079 participants (19.0%)
predominantly due to cardiac arrest (n = 183), heart failure (n = 230), stroke (n = 264) and
myocardial infarction (n = 183). Non-cardiovascular cause of death in 2379 participants
(41.9%) was due to infectious disease (n = 56), cancer (n = 910), dementia (n = 348),
pneumonia (n = 103), chronic respiratory disease (n = 123), fracture (n = 65), and other
remaining causes (n = 774).

Figure 1 shows the hazard of all-cause mortality associated with retinal vessel diameters,
both continuously and in quartiles. Both narrower arterioles and wider venules were
associated with an increased risk of mortality (HR (95% ClI) for arterioles per SD decrease
1.05 (1.01-1.09), and HR for venules per SD increase 1.11 (1.07-1.16)). Adjustment for
cardiovascular risk factors had no effect on arterioles (HR per SD decrease 1.04 (1.00-
1.08)), but attenuated the effect size for venules, although it remained statistically
significant (HR per SD increase 1.07 (1.03-1.12)).

Table 2 shows the hazard of cause-specific mortality in relation to retinal vessel diameters.
We found that the increased risk of mortality associated with arterioles was primarily
driven by the association of arterioles with cardiovascular mortality. In contrast, the effect
sizes of cardiovascular and non-cardiovascular mortality were similar for venules (HR per
SD increase 1.07 (0.99-1.15) and 1.08 (1.02-1.13), respectively). Further investigating
specific causes, we found large effect sizes of wider venules on infectious diseases,
dementia, pneumonia, and chronic obstructive pulmonary disease. Interestingly, arteriolar
narrowing was only associated with pneumonia.

When excluding the first 10 years of follow-up as immortal person-time, the association of
arterioles with cardiovascular mortality, and venules with both cardiovascular and non-
cardiovascular mortality remained significant, even after adjusting for cardiovascular risk
factors (Table 3).

In stratified analyses (Figure 2), we found that the associations of arterioles with mortality
was modified by hypertension, whereas the associations of venules with mortality were
modified by age and smoking. Baseline characteristics for RS-111 are shown in



Supplemental Table 1. Over a mean follow-up of 6.4 years, 144 persons died. Wider
venules were strongly associated with mortality (unadjusted HR per SD increase 1.26
(1.03-1.53) and adjusted 1.24 (1.01-1.52)). In contrast, the association with narrower
arterioles was non-significant (unadjusted HR per SD decrease 1.05 (0.86-1.28) and
adjusted 0.99 (0.80-1.22)), although the effect size of the unadjusted model was the same as

in RS-1: 1.05 (1.01-109).

Table 1. Baseline characteristics.

Characteristic Participants

Non-participants

Mean difference (95% CI)*

Number 5674
Age, years 68.0 (8.2)
Female 59
Systolic blood pressure, mmHg 138.6 (22.0)
Diastolic blood pressure, mmHg 73.7 (11.3)
Body mass index, kg/m? 26.3(3.7)
Serum total cholesterol, mmol/L 6.64 (1.21)
Serum HDL cholesterol, mmol/L 1.35 (0.37)
Diabetes mellitus 7
C-reactive protein, mg/L 3.20 (6.02)
Number of carotid artery plaques > 4 11
Current smoker 23
Arteriolar diameter, um 146.9 (14.4)
Venular diameter, pm 222.0 (20.9)

2309
77.1(10.3)
67
143.2 (23.2)
73.7 (12.8)
26.1(3.9)
6.46 (1.28)
1.32 (0.39)
17
4.32 (9.18)
21
17
NA
NA

-8.90 (-9.3; -8.5)+
2.4 (-5.0;0.2)
0.56 (-0.79; 1.91)
-1.19 (-1.91; -0.47)+
0.31 (0.07; 0.54)+
0.05 (-0.03; 0.12)
0.02 (-0.01; 0.04)
7.0 (-8.9; -5.2)t
-0.57 (-1.00; -0.14)}
5.3 (-7.7; -3.0)%
-1.1(-3.2;1.1)
NA
NA

Values are presented as means (standard deviation) or as percentages.

*Age and gender adjusted if applicable.
tSignificantly different from non-participants (p < 0.05).

Abbreviations: Cl, confidence interval; HDL, high-density lipoprotein; NA, not applicable.

Table 2. Hazard ratios (95% confidence interval) of cause-specific mortality per standard deviation

difference in baseline retinal vessel diameters.

Cause of death

Arteriolar diameter

Venular diameter

All-cause mortality (n = 3794 deaths)
CVD mortality (n = 1079 deaths)
Non-CVD mortality (n = 2379 deaths)
Infectious disease (n = 56 deaths)
Cancer (n = 910 deaths)
Dementia (n = 348 deaths)
Pneumonia (n = 103 deaths)
Chronic respiratory disease (n = 123 deaths)
Fracture (n = 65 deaths)
Other (n = 774 deaths)

1.04 (1.00; 1.08)
1.07 (0.99; 1.15)
1.03 (0.98; 1.08)
0.95 (0.68; 1.32)
1.02 (0.94; 1.11)
0.99 (0.86; 1.14)
1.54 (1.19; 1.99)
0.92 (0.74; 1.14)
0.98 (0.71; 1.34)
1.03 (0.94; 1.13)

1.07 (1.03; 1.12)
1.07 (0.99; 1.15)
1.08 (1.02; 1.13)
1.31(0.95; 1.81)
1.00 (0.92; 1.09)
1.08 (0.94; 1.23)
1.64 (1.30; 2.06)
1.18 (0.95; 1.47)
0.83 (0.60; 1.14)
1.09 (1.00; 1.19)

Values are hazard ratios (95% confidence interval) per standard deviation decrease (for arterioles) or increase (for
venules), adjusted for age, sex, other retinal vessel, systolic and diastolic pressure, antihypertensive medication,
body mass index, total cholesterol, High-density lipoprotein cholesterol, diabetes mellitus, C-reactive protein,

carotid artery plague score, and smoking.




Table 3. Hazard ratios (95% confidence interval) per standard deviation difference in baseline retinal
vessel diameters, excluding 10-year as immortal person-time.

Avrteriolar diameter Venular diameter
Cause of death Model 1* Model 2+ Model 1 Model 2
All-cause mortality 1.04 (0.98; 1.09) 1.02 (0.97; 1.08) 1.13(1.07;1.19)  1.09 (1.04; 1.15)
(n = 2212 deaths)
CVD mortality 1.15 (1.02; 1.28) 1.13 (1.01; 1.26) 1.19 (1.07;1.33)  1.11(1.00; 1.24)
(n =560 deaths)
Non-CVD mortality 1.00 (0.93; 1.08) 0.98 (0.92; 1.05) 1.14 (1.07;1.22)  1.09 (1.02; 1.17)

(n = 1435 deaths)

Values are hazard ratios (95% confidence interval) per standard deviation decrease in arterioles or increase in
venules.

*Model 1, adjusted for age, gender and for the fellow vessel diameter.

tModel 2, adjusted for covariates in Model 1 plus systolic and diastolic pressure, antihypertensive medication,
body mass index, total cholesterol, high-density lipoprotein cholesterol, diabetes mellitus, C-reactive protein,
carotid artery plaque score, and smoking.

Figure 1. Hazard ratios (95% confidence interval) of all-cause mortality per standard deviation difference and per
quartile in baseline retinal (A) arteriolar and (B) venular diameters (n = 5674) adjusted for age, gender and the
fellow vessel diameter.
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Figure 2. Effect measure modification with interaction terms for (A) arterioles and (B) venules.
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Supplemental Table 1. Baseline characteristics of the replication cohort (RS-111).

Characteristic Participants Non-participants ~ Mean difference (95% CI)*
Number 3106 826

Age, years 56.8 (6.5) 58.5 (9.3) -1.77 (-2.3; -1.2)t
Female 57 57 1.1(-2.8;4.9)
Systolic blood pressure, mmHg 132.4 (19.0) 134.3 (17.2) -0.75 (-2.13; 0.63)
Diastolic blood pressure, mmHg 82.5 (11.0) 82.9 (9.6) -0.49 (-1.31; 0.34)
Body mass index, kg/m? 27.7 (4.6) 28.3 (4.0) 0.51 (-0.86; -0.17)}
Serum total cholesterol, mmol/L 5.56 (1.07) 5.57 (0.88) -0.01 (-0.09; 0.07)
Serum HDL cholesterol, mmol/L 1.43 (0.44) 1.41(0.37) 0.02 (-0.01; 0.05)
Diabetes mellitus 8 8 2.0(-0.3;3.8)
C-reactive protein, mg/L 2.65 (4.45) 4.00 (4.87) -1.25 (-1.60; -0.90)t
Intima media thickness > 2 mm 35 36 3.3(-1.0; 6.8)
Current smoker 23 29 -7.4 (-10.6; -4.1)t
Arteriolar diameter, pm 158.4 (15.5) NA NA
Venular diameter, pm 239.6 (22.8) NA NA

Values are presented as means (standard deviation) or as percentages.

*Age and gender adjusted if applicable.

tSignificantly different from non-participants (p < 0.05).

Abbreviations: RS, Rotterdam Study; Cl, confidence interval; HDL, high-density lipoprotein; NA, not
applicable.

DISCUSSION

In this prospective population-based cohort study with more than 23 years of follow-up, we
found that narrower arteriolar and wider venular diameters are associated with all-cause
mortality. While for arterioles this was driven by an association with cardiovascular
mortality, venules were equally associated with cardiovascular and non-cardiovascular
mortality. These associations remained statistically significant even after excluding the first
10 years of follow-up, and were stronger in persons aged under 70 (venules only) and in
smokers. Cardiovascular diseases remain the most important cause of death worldwide and
studies have repeatedly shown that markers of large vessel disease are strong predictors of
mortality.?® Increasing evidence now suggests that small vessels, that is, arterioles, play
also an important role in determining risk of cardiovascular morbidity and mortality."* Our
study adds important corroboration to those findings by showing narrower arterioles to be
associated with cardiovascular mortality during long-term follow-up. Importantly, we
further expanded on the role of small vessels by also investigating venular diameters. We
found that wider venules were associated with cardiovascular, as well as non-
cardiovascular mortality. The finding that wider venules are detrimental to health is in line
with previous studies, but the underlying mechanism remains uncertain. Wider venules
have been shown to reflect microvascular damage due to smoking, inflammation, hypoxia
and metabolic disturbances.® #* In our study, adjusting for markers of these mechanisms did



attenuate the associations of venules with mortality, indeed pointing toward some effect of
these mechanisms. Still, the associations remained statistically significant, indicating that
other processes probably also play a role. Similarly, the associations remained significant in
persons without diabetes or low carotid artery plaque score, again pointing to other
contributing factors. The notion that wider venules reflect more diverse pathways than
merely arteriolosclerotic or atherosclerotic disease also fits the observation that venules are
associated with non-cardiovascular disease. At the same time, we note that some of the
diseases that drive the association with non-cardiovascular disease, that is, chronic
obstructive pulmonary disease and dementia, have been shown to have a partly vascular
pathogenesis. It is therefore also possible that cardiovascular damage contributed to deaths
due to those diseases, which formally get classified as non-cardiovascular. Taken together,
we suspect that our findings are explained by both wider venules reflecting more diverse
pathways and cardiovascular damage contributing to deaths formally classified as non-
cardiovascular.

A major novelty of our study is that excluding the first 10 years of follow-up did not alter
the associations; if anything, these became stronger. Many biomarkers for cardiovascular
disease and subsequent mortality have been identified, but usually these associate with
outcome only in the short term.”® Examples include NT-proBNP and troponin T in clinical
and non-clinical populations. There is a dearth of markers that indicate an increased risk in
the long term. This is on the one hand caused by single measurements of the biomarker that
can vary considerably over time, leading to measurement error and noise. On the other
hand, reverse causality, that is, biomarker changes due to accumulation of preclinical
damage, can restrict significant associations with clinical outcomes in the short term. Apart
from a few genetic factors, such as APOE, that remain stable throughout life, not many
long-term predictors of mortality have been identified.® Our findings that microvascular
damage, both arteriolar and venular, associate with mortality beyond a 10-year horizon
might open the way for further risk prediction and for prognostic research incorporating
these markers. Given the semi-automated and noninvasive nature of measuring retinal
vessels, there might thus be an opportunity for translation to clinical practice and public
health. Future studies should focus on the clinical applications of retinal vascular imaging
in patients with cardiovascular risk factors. It may help to noninvasively stratify
cardiovascular risk of patients with consequent optimization of treatment. For instance,
patients with wide venular calibers might benefit from aggressive management of
cardiovascular risk factors.

Strengths of this study include the population-based setting, more than 23 years of follow-
up, replication of the findings in an independent sample, and the adjustment for arterioles
and venules for each other, which otherwise due to their positive correlation might obscure
significant effects. Instead using the arteriole-to-venule ratio as in previous studies, which
has become an obsolete marker, we modeled arteriolar and venular diameters
simultaneously as independent predictors, because this provides unbiased and biologically



plausible results.?’” For further discussion on the utility of retinal imaging, we refer the
reader to the study by Rizzoni and Muiesan.”®

Limitations of this study are the limited sample for further categorization of causes of
death, as well as the use of a static measure of vascular diameter. Future studies should
investigate more dynamic measurements of small vessels, including flowmetry and
dynamic vessel assessments. Finally, the population of the Rotterdam Study is fairly
homogeneous consisting of middle-class white persons. Therefore, the generalizability of
our findings to other populations needs to be determined.

This study provides evidence that retinal microvascular abnormalities are predictive of
cardiovascular and non-cardiovascular mortality for 23-years and beyond in the general
adult Dutch population. Wider venules in relatively young individuals and smokers are
associated with higher risk of mortality compared to relatively old individuals and non-
smokers.

There is an opportunity to use retinal vascular imaging in clinical settings as a noninvasive
tool to help clinicians in identifying high-risk patients of future cardiovascular events.
Given our findings, further study is warranted to understand the different pathogeneses of
arterioles and venules in cardiovascular diseases, and in non-cardiovascular diseases with
vascular origins.
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Chapter 6
General Discussion







General Discussion

In this thesis, my goal was to expand our current knowledge on retinal microvascular
damage and retinal neurodegeneration as biomarker of vascular and neurodegenerative
brain diseases. In this chapter, | will review the main findings, discuss general
methodological issues, and consider implications of the findings with respect to the future.
The Figure gives an overview of the studies that | have conducted in this thesis.

Figure. An overview of the studies described in this thesis. The role of retinal microvascular damage and retinal
neurodegeneration in vascular and neurodegenerative brain diseases.
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Mediation and interaction

Epidemiologic research on the etiology of a disease can be perceived as a search for causal
associations which either can be hypothesis-driven or hypothesis-free.* Traditionally,
questions pertaining to one-on-one associations are tackled by regressing the outcome on
the exposure. In stroke research, many modifiable risk factors have been identified by
performing regression analysis, but a better understanding of their role in the
pathophysiology of stroke is still needed.?* Interaction and mediation analyses have been
widely recognized as suitable tools to provide further insight into the pathophysiology of a
disease. Given that persons with stroke often have vascular damage at multiple locations in
the vascular system from heart to brain, it is conceivable that the presence of multiple
damaged vessels may amplify their effect on stroke.” Interaction between known risk
factors may thus provide new insight into the pathophysiology of stroke. Two potential risk
factors that may interact in causing ischemic stroke are the presence of large vessel disease
and small vessel disease.®® In chapter 2.1, | showed that persons with a combination of
impaired cerebral blood flow and wider retinal venules had an increased risk of developing
stroke and transient ischemic attack. Interestingly, a low perfusion by itself seemed not
sufficient to increase the risk of stroke, but only in the presence of wider venules. |
hypothesized that a good cerebral autoregulation may compensate for a diminished
perfusion, and a high perfusion for a diminished cerebral autoregulation. However, if both



fail, this may lead to an increased risk of stroke and transient ischemic attack. Along with
these findings, existing evidence shows that among patients with carotid stenosis or
occlusion, those with hypoperfusion have a fourfold increase in developing stroke than
patients without hypoperfusion.® Those patients likely face stroke risk from hypoperfusion
in vascular territories where vasodilatory capacity is maximally exhausted. Taken together,
these findings suggest that research should also focus on interaction between exposures and
not merely on one exposure.

Recent advances in the conceptual framework of causal mediation even allow estimating
the effect of two exposures on an outcome where there is both interaction and mediation.
Causal mediation analysis provides insight into relevant processes in the pathways under
study, and enables researchers to better understand biological mechanisms. Therefore, |
investigated in chapter 2.2 to what extent the effect of smoking on ischemic stroke is
possibly mediated by the venules via the recently developed causal mediation analysis.
This approach allows to decompose the exposure’s effect on the outcome into components
related to mediation only, interaction only, both, or neither. | showed that in the
pathophysiology of ischemic stroke, the effect of smoking on ischemic stroke may partly be
explained by changes in the venules, where there is both pure mediation and mediated
interaction. Hence, apart from interaction between two risk exposures, both interaction and
mediation can also take place. When decomposing the exposure’s total effect into four
components, the interpretation of the estimated effect sizes of each component will be hard
when some components are of opposite sign. Particularly, a negative mediated interaction
might be intuitively difficult to conceptualize. In chapter 2.3, | focused on negative
mediated interaction, and proposed an interpretation using biological examples. | showed
that negative mediated interaction might actually reflect relevant processes in the
mechanism under study, and suggest investigators using causal mediation analysis to
interpret components with opposite sign carefully.

10,11

Blood markers

In chapter 3, | aimed to further elucidate whether novel cardiovascular risk factors are
linked to cardiovascular disease possibly through the presence of a microvascular
component. In the past decades, investigators identified several potential markers of stroke
such as vitamin D and NT-proBNP, and sought to understand the role of these markers in
the pathophysiology of stroke.'?" Existing evidence shows a strong link between vitamin
D and indices of large vessel disease which themselves contribute to the development of
stroke.'® ' However, whether vitamin D could be linked to stroke through the presence of
small vessel disease remained unclear. In chapter 3.1, | focused on the association of
vitamin D with retinal microvascular damage, and found indeed that lower vitamin D serum
levels were associated with the presence of retinal microvascular damage. These findings
suggest that the association of vitamin D with stroke may partly run through changes in the
microvasculature. As aforementioned, another emerging marker of stroke is NT-proBNP,



which is a marker of cardiac dysfunction.'® Given that coronary heart disease has a
substantial component due to small vessel disease,’ it is conceivable that NT-proBNP also
relates to indices of small vessel disease. In chapter 3.2, | focused on the association of NT-
proBNP with retinal microvascular damage, and found that higher levels of NT-proBNP
were associated with retinal microvascular damage. Although | have used the retinal
vasculature as a marker for small vessel disease of the heart, previous studies have already
established a link between retinal microvascular damage and coronary heart disease.?** In
agreement with findings from those studies, our findings suggest a potential role for NT -
proBNP as marker for small vessel disease.

Subclinical brain damage

In chapter 4, | investigated whether global brain damage due to small vessel disease or
atrophy may be reflected in the retina. Small vessel disease in the brain has been recognized
as a crucial substrate for mechanisms underlying dementia and stroke.?* Although the small
vessels in the brain are not easily detected by MRI, the term small vessel disease is often
used to describe brain tissue lesions detected on MRI, which are thought to be caused by
small vessel disease. These lesions of small vessel disease on MRI include white matter
lesions, lacunar infarcts, and microbleeds.”® Although these lesions are often encountered
before onset of vascular brain disease such as clinical stroke or vascular dementia, they are
still a late manifestation of damage within the brain.?® It remains unknown whether small
vessel disease already leads to changes in the white matter before they are detectable on
MRI as lesions. In chapter 4.1, | investigated the small vessels as reflected by retinal
vascular calibers in relation to microstructural integrity of normal-appearing white matter. |
showed that both narrower arterioles and wider venules were associated with worse white
matter microstructure, suggesting that small vessel disease in the white matter is more
widespread than visually detectable on MRI. Interestingly, the joint effect of narrower
arterioles and wider venules on white matter microstructure appeared to be much stronger
than their individual effect. In addition, the effect of narrower arterioles and wider venules
were modified by sex and diabetes mellitus. Apart from conventional lesions of small
vessel disease on MRI, a substantial body of literature is emerging indicating that enlarged
perivascular spaces in the brain are also consequences of small vessel disease.?”°

In chapter 4.2, | have confirmed this putative link between retinal microvascular damage
and enlarged perivascular spaces, suggesting enlarged perivascular spaces to be a marker of
small vessel disease. How exactly small vessel disease contributes to enlarged perivascular
spaces needs to be demonstrated in future studies.

While the vessels in the retina might reflect the condition of the vessels in the brain, it has
also been thought that global brain damage due to small vessel disease or atrophy, may
manifest in the retina as thinner retinal layers.®* Given that the retina is formed
embryonically from neuronal tissue, and is connected to the brain by the optic nerve, it is
possible that the retina may reflect global brain damage. | explored this hypothesis in



chapter 4.3 and demonstrated that thinner retinal layers were associated with smaller brain
volumes, and with worse white matter microstructure. These findings suggest that retinal
optical coherence tomography may provide information on global brain atrophy. In
addition, 1 also found that thinner retinal layers were associated with hippocampus atrophy
suggesting a role for the retina as potential novel biomarker for Alzheimer’s disease. As
both neurodegeneration and vascular pathology in the brain often occur simultaneously,
these findings suggest that retinal optical coherence tomography may provide information
specifically on neurodegeneration in the brain. To further elucidate which exact brain
regions were reflected by thinner retinal layers, | performed a voxel-based analysis in
chapter 4.4 to acquire information on the smallest regional level, the voxel level. I found
that thinner retinal nerve fiber layer and ganglion cell layer were associated with grey
matter and white matter changes in the visual pathway, including the optic radiation and
visual cortex. While retinal nerve fiber layer was mainly associated with grey matter
densities in the visual cortex, ganglion cell layer was mainly associated with grey matter
densities in the thalamus. These findings suggest that thinner retinal layers may be
reflecting atrophy in the visual pathway rather than reflecting global brain atrophy. Three
possible mechanisms have been proposed for these findings. First, a common disease
process such as a vascular process or accumulation of misfolded proteins may play a role.
Second, brain atrophy may lead to degeneration of the retina causing retrograde
degeneration.**** Although these two mechanisms likely occur simultaneously, these
results do indicate that the relation seems to be more region-specific than widespread. Yet,
it may be that associations in other brain regions from the voxel-based analysis did not
survive the threshold for statistical significance. Another possibility for our findings might
be that retinal damage may lead to degeneration of the brain causing anterograde
degeneration, but evidence for this notion is not strong.* *” Perhaps, both anterograde and
retrograde degeneration occur simultaneously till the lateral nucleus geniculate, particularly
were the trans-synaptic regions is.

Clinical outcomes

Given the potential of the retinal vasculature and the retinal layers as marker for brain
damage on MRI, | further explored in chapter 5 whether these markers were also associated
with clinical outcomes. In chapter 5.1, | investigated the role of small vessel disease in
migraine. It has been thought that migraine has a substantial vascular component. *
While large vessel disease has been extensively studied in migraine,** ** evidence regarding
small vessel disease was lacking. | found that lifetime migraine was not associated with
retinal microvascular damage. Notably, women with migraine had narrower retinal
arterioles than men with migraine, which supports the notion that small vessel disease plays
a more prominent role in women. Apart from migraine, in chapter 5.2, | investigated the
association of retinal layer thickness with prevalent and incident dementia. Previous studies
have repeatedly observed thinner retinal nerve fiber layer and ganglion cell layer in patients



with Alzheimer’s disease compared to controls,**** but longitudinal studies examining the
link between retinal layer thickness and incident dementia were lacking. While | confirmed
the findings from those studies, | have additionally shown that thinner retinal nerve fiber
layer was associated with a higher risk of developing dementia, including Alzheimer’s
disease, independent of cardiovascular risk factors. These findings suggest that thinner
retinal nerve fiber layer may be a novel biomarker for dementia, specifically for
Alzheimer’s disease. Moreover, there is an opportunity to use optical coherence
tomography in clinical or research settings as an accessible and noninvasive tool to help
clinicians or researchers in eligibility determination for clinical trials, in monitoring disease
progression or in evaluating treatment response.

Finally, in chapter 5.3, | investigated the association of retinal vascular calibers with all-
cause and cause-specific mortality. | found that narrower arterioles and wider venules were
associated with all-cause mortality for more than 20 years. While for arterioles this
association was driven by an association with cardiovascular mortality, venules were
equally associated with cardiovascular and non-cardiovascular mortality. For venules, the
associations were stronger in persons aged under 70 years and in smokers.

METHODOLOGICAL CONSIDERATIONS

Study design, setting and population

In the previous chapters, the strengths and limitations of each study have been discussed.
Here, 1 would like to discuss methodological issues from a more general perspective.
Studies in this thesis were all conducted within the framework of the Rotterdam Study: a
prospective population-based cohort study designed to investigate causes and consequences
of diseases.* *® All inhabitants of the district Ommoord of the city Rotterdam aged 55
years or over were invited to participate to the study in 1990 and 2000. In 2006 a further
extension of the cohort was initiated and inhabitants aged 45 years or over were invited.
Follow-up examinations for participants take place every three to four years, and the total
cohort is continuously monitored for morbidity, mortality and medication use through
automated linkage of the study base with databases from general practitioners, the
pharmacies, and the municipality. The implementation of MRI in 2005 and of optical
coherence tomography in 2007 made the Rotterdam Study one of the few large studies able
to investigate brain damage and retinal damage on a population level.

Before moving on discussing internal validity (i.e. selection, information and confounding
bias), it should be noted that the large number of participants in the Rotterdam Study allows
us to obtain precise effect estimates (i.e. small confidence interval). Furthermore, the
generalizability of our findings to other populations needs to be determined by other studies
among different populations.



Selection bias

Although the design of the Rotterdam Study limits the possibility for selection bias, some
form of selection bias may have affected my findings. The main characteristic of selection
bias is that the association between exposure and outcome among those selected for
analysis differs from the association among those eligible.*” Using causal diagrams,
selection bias can be viewed as conditioning on a variable, which is a common effect of (a
cause of) the exposure and (a cause of) the outcome. A possibility for selection bias starts
already at the stage of participation to the Rotterdam study. Volunteer or self-selection bias
may have occurred because those who did and did not participate to the Rotterdam Study
may have had different health conditions. Although we are not able to test this, it is
conceivable that older and physically handicapped persons were not able to participate and
visit the research center. Persons included in the analysis of the studies covered by this
thesis had good quality retinal photographs, optical coherence tomography scans, or MRI
scans, whereas those who were eligible but not included in the analysis were often persons
with physical or mental disabilities, or lens opacities that contributed to the poor quality of
the retinal images. | have shown that, in general, persons not included in the analyses had a
worse cardiovascular risk profile than persons included in the analyses, suggesting a role
for selection bias. Taken together, if anything, those forms of selection bias likely resulted
in inclusion of relatively healthy persons, and thus an underestimation of the effect
estimates. With respect to longitudinal analysis, it is less likely that a form of selection bias
affected our findings on stroke, dementia, or mortality, because the ascertainment of
follow-up information through medical records continued also in participants who
terminated their visit to the study center. The design and the continuous follow-up through
linkage of databases avoids selection bias including differential loss to follow-up.

Information bias

This form of bias pertains misclassification or measurement error of the exposure, outcome,
or confounders. Misclassification is said to be random or non-differential if the measured
exposure is independent of the true outcome conditional on the true exposure, or if the
measured outcome is independent of the true exposure conditional on the true outcome;
otherwise it is said to be non-random or differential.*® In the studies that | have conducted,
it is unlikely that differential misclassification of the exposure or the outcome might have
occurred for two reasons. First, measurement of the exposures and the outcomes were
performed independently from each other, which is a way of blinding. Although a common
factor still may have influenced the measurement of both the exposure and the outcome, if
the true exposure does not affect the measured outcome, the misclassification is still non-
differential.*® Second, in longitudinal analysis, it is unlikely that the occurrence of the
outcome may have affected the measurement of the exposure at baseline, which happens
before onset of disease. Therefore, measurement of the exposure or the outcome are likely
to be non-differential, and if anything, this may have resulted in dilution of the effects.



Confounding

This form of bias pertains common causes of the exposure and the outcome that mixes up
the effect of the exposure on the outcome.*® One can take this confounding effect into
account using various methods such as restriction, stratification, or regression analysis.
Although I have adjusted for potential confounders, there is still a role for residual
confounding due to insufficient measurement of the confounders. For instance, in a case of
left-sided stroke, blood pressure measured on the right arm may not fully reflect the
pressure in the carotid arteries of the left side. Perhaps more importantly, we measured
blood pressure at one point in time, whereas blood pressure fluctuates throughout the day.
Similarly, the confounders I adjusted for were measured once at baseline, and thus might
not cover life-long exposure. Besides residual confounding, there might be unmeasured
confounders that I did not take into account. While adjustment for confounders may show
us the true effect of the exposure on the outcome, one should be careful not to adjust for too
many confounders. If the potential confounders, of which we think are confounders, in fact,
are intermediates, adjusting for (proxies of) intermediates may increase bias.* To overcome
this issue, | always presented, if necessary, more than one model. Another issue worth
mentioning is the bias-variance trade-off that lies at the heart of all analyses. While adding
confounders to regression models may provide an unbiased effect estimate, it may also
result in a larger variance. Hence, model misspecification may have happened regardless of
the interpretation of the findings.

IMPLICATIONS FOR FUTURE RESEARCH

Studies investigating retinal structures as biomarkers for brain diseases have increased in
the last decade, and contributed to our knowledge on the etiology of vascular and
neurodegenerative brain diseases. Here, | would like to point out some knowledge gaps that
future studies still have to fill in.

Mediation and interaction

In population-based studies, the identification of novel biomarkers for diseases has been
mainly done by searching for associations between exposure and outcome. In several
studies that | have described in this thesis, such analyses were also conducted. While this
way of doing research is valid, and should be continued, there is an increasing need to study
the exposure of interest together with other potential exposures in order to gain more
insight into a disease process. For that reason | have focused on interaction and mediation
analysis, and believe that this way of doing research should be more encouraged. Not only
in neuro-ophthalmology research, but also in other fields of epidemiologic research, these
approaches can move the field forward. Future work may build upon the studies described
in this thesis, and may investigate, for instance, whether cardiac dysfunction is an
intermediate in the association between small vessel disease and stroke, or interacts with
small vessel disease.



Longitudinal studies

At the same time, the cross-sectional analyses in this thesis should be replicated in a
longitudinal setting to assess temporality and likely, but not necessarily, causality. | have
repeatedly pointed out that brain damage may lead to retrograde degeneration causing
thinner retinal layers. Yet, such a notion can only be established by investigating the
association between brain damage and retinal layer thickness over time. Another
consideration is to investigate the notion that retinal neurodegeneration leads to brain
damage. While this hypothesis can be studied longitudinally, one can also consider to study
the relation of glaucoma, as a form of advanced retinal neurodegeneration, with brain
damage on MRI or dementia. Accordingly, one can make claims on shared etiology or
anterograde degeneration. Perhaps, it might even be that glaucoma is a local disease process
that does not affect the brain at all. Further, | have demonstrated that apart from global
brain atrophy, retinal layer thicknesses are specifically reflecting degeneration of the visual
pathway. However, | did not find evidence for an association between retinal layer
thickness and white matter lesion, lacunar infarcts, or cerebral microbleeds. It should be
noted that | considered the presence of these lesions throughout the brain and not
specifically whether these lesions were affecting the visual pathway. As such, future
research may investigate the association of retinal layer thicknesses with brain lesions
affecting the visual pathway.

Imaging methods

Beside voxel-based analysis, future studies can build upon the work presented in this thesis
by extending the scope of retinal imaging to assess retinal structures in relation to other
brain imaging markers (e.g. cortical infarcts) or techniques (e.g. functional connectivity
assessed by functional MRI). In turn, there is a wide range of retinal imaging methods and
algorithms which can be applied to gain more information on the structure and function of
the retinal vasculature and the retinal layers. For instance, apart from the retinal vascular
calibers, there are other morphologic parameters of the retinal vessels such as tortuosity,
branching angle, and fractal dimensions, which have been linked to selected cardiovascular
risk factors and diseases.*** However, this has only been investigated in few studies, and
thus there is an opportunity to further extend this field of research. At the same time, newer
retinal imaging methods such as hyperspectral imaging may enable us to detect retinal
amyloid-beta depositions in humans.* Studies have visualized fluorescent ligand of
curcumin bound to amyloid-beta in donor retinas of Alzheimer’s disease patients, whereas
such staining was not seen in healthy controls.>> *® Although promising, these studies are
mainly conducted in mice or post-mortem retinas from Alzheimer’s disease patients, and
thus, there utility in living humans needs yet to be determined.



Clinical research

While the use of retinal imaging to study brain diseases has increased over the past decades,
the implementation of retinal imaging in clinical practice has not. Using retinal imaging in
clinical practice depends mainly on to what extent the retinal structures contribute to
disease prediction beyond known risk factors. For this purpose, further research should
consider studying the retinal structures with respect to disease prediction, and thereby
focusing on specific subpopulations. The contribution of small vessel disease in
cardiovascular diseases has shown to be more prominent in women and persons with
diabetes mellitus.>” *® Hence, targeted application of retinal imaging may be more effective.
Also, it is noteworthy to mention that before retinal imaging can be translated into clinical
practice, the cost-effectiveness should also be considered, particularly when the assessment
of traditional risk factors are relatively inexpensive and widely available. With regard to
MRI scanning, this technique may not be available in routine clinical care of frail persons.
Moreover, undergoing MRI scanning is time-consuming, costly and some patients may
have contraindication. In such circumstances, optical coherence tomography might be a
good alternative given its accessibility, availability, and affordability.

CONCLUDING REMARKS

The scientific discoveries described in my thesis provide new insights into the role of small
vessel disease and retinal neurodegeneration in vascular and neurodegenerative brain
diseases. Furthermore, they emphasize the importance of applying interaction and
mediation analysis in epidemiologic research on disease etiology. In this chapter, | gave an
overview of the main findings, discussed methodological issues, and gave implications of
the findings for future research. The findings described in this thesis may serve as a
groundwork for future research and will hopefully inspire new research.
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Summary

Over the last decade, retinal imaging has truly emerged as a complementary technique to
neuroimaging to probe microvascular and neurodegenerative processes within the brain.
Given that the vessels in the retina and the brain share similarities in anatomy and
physiology, the vessels in the retina may reflect similar changes in the vessels in the brain.
Besides, the small vessels of the brain cannot be visualized easily with current
neuroimaging modalities, and retinal imaging offers a unique opportunity to study the small
vessels non-invasively. Various studies have shown that traditional cardiovascular risk
factors such as high blood pressure, diabetes mellitus, and smoking can lead to
microvascular damage. This microvascular damage, as reflected in the retina, has even been
related to incident stroke and dementia. Despite these discoveries, mechanisms underlying
the relation between retinal microvascular damage and vascular brain diseases are poorly
understood.

Apart from the retinal vasculature as marker for vascular brain diseases, it has been thought
that the retinal layers (consisting of neurons) can serve as marker for neurodegenerative
brain diseases. Given that the retina is embryonically formed from the neural tissue and
connected to the brain by the optic nerve, it is possible that global brain damage due to
small vessel disease or atrophy may manifest in the retina as thinning of the retinal layers.
In recent years, advances in medical imaging technology allowed the quantification of
structures of the retina and the brain more easily and accurately. These advances enable us
to study the relation of the retinal layers with brain structures on imaging.

The main objective of this thesis was to expand our current knowledge on retinal
microvascular damage and retinal neurodegeneration as markers of vascular and
neurodegenerative brain diseases. The studies in this thesis were embedded within the
Rotterdam Study: a large prospective population-based cohort study.

Chapter 1 gives a general introduction of the thesis by highlighting some historical
moments that played an important role in our understanding about the eye-brain connection,
and by describing the current knowledge on the use of retinal imaging to study brain
diseases.

Chapter 2 provides further insight into the pathophysiology of stroke by applying
interaction and mediation analysis. In the pathophysiology of stroke, damage to small and
large vessels are considered to be associated with different types of stroke such as cortical
infarcts and lacunar infarcts. In chapter 2.1, | investigated whether lower brain perfusion
and retinal microvascular damage interact in their effect on stroke and transient ischemic
attack. | found that the risk of stroke and transient ischemic attack was increased in persons
with a combination of impaired brain perfusion and retinal microvascular damage. Apart
from interaction analysis, to further elucidate mechanisms underlying stroke, | investigated
in chapter 2.2 to what extent the effect of smoking on ischemic stroke is possibly mediated



by the venules via the recently developed causal mediation analysis.

| found that the effect of smoking on the risk of ischemic stroke may partly be explained by
changes in the venules, where there is both pure mediation and mediated interaction
between smoking and venules. Subsequently, | observed that in caual mediation analysis,
the interpretation of the estimated effect of the four components will be hard when the
effect of some components are of opposite sign. In chapter 2.3, | focused on negative
mediated interaction, and showed that this may actually reflect relevant processes in the
mechanism under study e.g. allosteric effect within molecules and antagonistic interaction
between drugs. I also suggested investigators using causal mediation analysis to interpret
effects of components with opposite sign carefully.

Chapter 3 addresses the relation of small vessel disease with potential markers of stroke. In
chapter 3.1, | showed that lower vitamin D levels were associated with the presence of
retinal microvascular damage, suggesting that the association of vitamin D with stroke may
partly run through changes in the microvasculature. Next, in chapter 3.2, | showed that
higher levels of NT-proBNP were associated with retinal microvascular damage, suggesting
a potential role for NT-proBNP as marker for small vessel disease.

Chapter 4 is dedicated to the relation of retinal vascular calibers and retinal layer
thicknesses with structural brain imaging markers. In chapter 4.1, | found that narrower
arterioles and wider venules were related to a worse white matter microstructure of the
brain. The joint effect of narrower arterioles and wider venules on white matter
microstructure appeared to be stronger than their individual effect. These findings suggest
that small vessel disease in the white matter is more widespread than visually detectable on
MRI. Next, in chapter 4.2, | investigated the relation between retinal vascular calibers and
enlarged perivascular spaces on MRI, and found that narrower arterioles and wider venules
were related to the amount of enlarged perivascular spaces. These findings confirm the
putative link between microvascular damage and enlarged perivascular spaces. The study in
chapter 4.3 focuses on the hypothesis that global brain damage may manifest in the retina
as thinning of the layers. | found that thinning of the retinal nerve fiber layer and ganglion
cell layer were associated with global grey matter and white matter atrophy of the brain,
and with worse white matter microstructure, whereas no association was found with
markers of cerebral small vessel disease. As both neurodegeneration and vascular
pathology in the brain often occur simultaneously, our current findings suggest that retinal
OCT may provide information specifically on neurodegeneration in the brain. To shed light
into mechanisms underlying these associations, and to study findings from the previous
study more in-depth, I refined the study by investigating the association of retinal layer
thicknesses with brain structures by looking at the voxel level in chapter 4.4. | found that
thinner retinal nerve fiber layer and ganglion cell layer were associated with grey and white
matter changes in the visual pathway, suggesting that thinner retinal layers may be
reflecting atrophy in the visual pathway rather than global brain atrophy.



Chapter 5 explores the association of the retinal vasculature and the retinal layers with
clinical outcomes. In chapter 5.1, I investigated the role of microvascular damage in
migraine, and found that retinal microvascular damage was not associated with migraine.
Next, in chapter 5.2, | investigated the association of thickness of retinal layers with
prevalent and incident dementia. | found that thinner retinal nerve fiber layer was
associated with an increased risk of developing dementia, including Alzheimer’s disease.
These findings suggest that thinner retinal nerve fiber layer may be a novel marker for
dementia, specifically for Alzheimer’s disease. In chapter 5.3, | studied the association
between retinal microvasculature and long-term cause-specific mortality, and found that
retinal microvascular abnormalities were associated with cardiovascular and non-
cardiovascular mortality for more than 20 years. Particularly, wider venules in relatively
young persons, and smoker were associated with higher risk of mortality.

Chapter 6 reviews the main findings, discusses general methodological issues, and
considers implications of the findings with respect to the future.






Samenvatting

In het afgelopen decennium heeft medische beeldvorming van het netvlies (retina) in
toenemende mate een belangrijke rol gespeeld in het bestuderen van vasculaire en
neurodegenerative hersenaandoeningen als aanvulling op beeldvorming van de hersenen.
De bloedvaten in de retina en de hersenen bezitten namelijk vergelijkbare anatomische en
fysiologische eigenschappen, waardoor vaatschade in de retina een goede afspiegeling is
van vaatschade in de hersenen. Aangezien de kleine bloedvaten van de hersenen niet
eenvoudig kunnen worden afgebeeld met de huidige beeldvormingstechnieken, biedt
beeldvorming van de retina een unieke kans om op non-invasieve wijze de kleine
bloedvaten te bestuderen. Verschillende studies hebben aangetoond dat traditionele
risicofactoren voor hart- en vaatziekten zoals hoge bloeddruk, suikerziekte, en roken
kunnen leiden tot schade aan de kleine vaten. Deze schade, zoals weerspiegeld in de retina,
is gerelateerd aan schade aan de bloedvaten in de hersenen, wat zich kan uiten in een hoger
risico op het krijgen van een beroerte en dementie. Ondanks deze belangrijke bevindingen
blijft het onderliggend mechanisme van de relatie tussen retinale vaatafwijkingen en
hersenafwijkingen onduidelijk.

Naast de retinale vaten als marker voor vasculaire hersenaandoeningen, bestaat ook de
gedachte dat de retinale zenuwlagen (bestaand uit zenuwcellen) kunnen dienen als marker
voor neurodegeneratieve hersenaandoeningen. Aangezien de retina zich ontwikkelt uit
embryonale zenuwcellen en verbonden is met de hersenen via de oogzenuw, kunnen
hersenafwijkingen ten gevolge van vaatschade of verschrompeling (atrofie) van weefesel
zich uiten in de retina als verdunning van de zenuwlagen. De laatste jaren hebben
technologische ontwikkelingen in medische beeldvorming ervoor gezorgd dat structuren
van de retina en de hersenen eenvoudiger en nauwkeuriger gekwantificeerd kunnen
worden. Deze ontwikkelingen stellen ons in staat om de relatie tussen de retinale
zenuwlagen en hersenstructuren op beeldvorming te onderzoeken.

Het doel van dit proefschrift was het onderzoeken of schade in de retina (waaronder schade
aan de bloedvaten en aan de zenuwlagen) gebruikt kan worden als marker voor vasculaire
en neurodegeneratieve hersenaandoeningen. Alle studies in dit proefschrift waren onderdeel
van een groot prospectief bevolkingsonderzoek, genaamd de Rotterdam Studie.

Hoofdstuk 1 betreft een algemene introductie waarin kort de historische momenten
benoemd worden die een belangrijke rol hebben gespeeld in het begrijpen van de nauwe
samenwerking tussen ogen en hersenen. Daarnaast wordt de huidige stand van zaken
betreffende de rol van retinale beeldvorming in het bestuderen van hersenaandoeningen
beschreven.

Hoofdstuk 2 belicht de pathofysiologie van beroerte door statistische interactie en mediatie
analyses toe te passen. Er is sterk bewijs dat schade aan de kleine en grote bloedvaten in de
hersenen gerelateerd is aan het type herseninfarct (corticaal of lacunair) en dat er mogelijk



verschillende mechanismen aan ten grondslag liggen. In hoofdstuk 2.1 heb ik gekeken of
een combinatie van verminderde doorbloeding van de hersenen en retinale vaatschade
elkaars effect versterken in het ontwikkelen van beroerte en transient ischemic attack (T1A).
Ik heb gevonden dat het risico op het ontwikkelen van een beroerte en TIA hoger was in
personen met een combinatie van verminderde hersendoorbloeding en retinale vaatschade.
In hoofdstuk 2.2 onderzocht ik in hoeverre het effect van roken op een herseninfarct
gemedieerd wordt door kleine aders (venulen). Ik vond dat het effect van roken op het
risico van een herseninfarct deels verklaard werd door veranderingen in de venulen daar
waar sprake was van pure mediatie en gemedieerde interactie tussen roken en venulen.
Verder merkte ik op dat in causale mediatie analyse, de interpretatie van de effecten van de
vier componenten lastig kan zijn wanneer het effect van bepaalde componenten in
tegengestelde richting is. In hoofdstuk 2.3 focuste ik op negatief gemedieerde interactie, en
liet zien dat negatief gemedieerde interactie relevante processen weerspiegelt in het
mechanisme dat bestudeerd wordt zoals allosterische regulatie van moleculen en
antagonisme tussen antibiotica. Ik suggereerde ook dat onderzoekers die causale mediatie
analyse gebruiken, effecten van componenten in tegengestelde richting voorzichtig moeten
interpreteren.

Hoofdstuk 3 is gericht op de relatie tussen schade aan de kleine vaten en potentiéle
markers van beroerte. In hoofdstuk 3.1 toonde ik dat lage bloedwaarden van vitamine D
geassocieerd waren met de aanwezigheid van retinale vaatschade. Deze bevinding
suggereert dat de associatie tussen lage bloedwaarden van vitamine D en beroerte deels kan
verlopen via schade aan de kleine vaten. Vervolgens liet ik in hoofdstuk 3.2 zien dat hoge
bloedwaarden van NT-proBNP geassocieerd waren met de aanwezigheid van retinale
vaatschade, wat een potentiéle rol voor NT-proBNP als marker voor de beschadiging van
de kleine vaten suggereert.

Hoofdstuk 4 is toegewijd aan de relatie van retinale vaatdiameters en retinale zenuwlagen
met hersenstructuren op beeldvorming. In hoofdstuk 4.1 vond ik dat nauwere arteriolen en
wijdere venulen gerelateerd waren aan een slechte microstructuur van de witte stof van de
hersenen. Het gezamenlijk effect van nauwere arteriolen en wijdere venulen op de
microstructuur van de witte stof bleek sterker te zijn dan het individuele effect van deze
vaten. Deze bevindingen suggereren dat schade aan de kleine vaten in de witte stof
mogelijk meer diffuus is dan dat we met het blote oog kunnen zien op beeldvorming.
Vervolgens in hoofdstuk 4.2 heb ik onderzocht of de diameter van de retinale vaten
gerelateerd is aan het aantal vergrote perivasculaire ruimten, en vond dat nauwere arteriolen
en wijdere venulen gerelateerd waren aan het aantal vergrote perivasculaire ruimten. Deze
bevindingen bevestigen de vermeende link tussen beschadiging van de kleine vaten en
vergrote perivasculaire ruimten.

De studie in hoofdstuk 4.3 richt zich op de hypothese dat globale hersenschade zich
mogelijk manifesteert in de retina als verdunning van de zenuwlagen. Ik vond dat een
verdunning van de retinale zenuwvezellaag en ganglion cellaag geassocieerd was met



globale atrofie van de grijze en witte stof van de hersenen en met een slechte microstructuur
van de witte stof. Ik vond geen associatie met vasculaire hersenafwijkingen op
beeldvorming zoals wittestofafwijkingen, lacunes en microbloedingen. Alhoewel atrofie en
vaatschade in de hersenen vaak tegelijkertijd optreden, laten mijn bevindingen zien dat
retinale beeldvorming specifiek informatie kan geven over atrofie van de hersenen. Om
meer inzicht te krijgen in mechanismen die mogelijk ten grondslag liggen aan deze
associaties, en om de bevindingen van de vorige studie verder te bestuderen, heb ik in
hoofdstuk 4.4 de studie verfijnd door de associatie tussen retinale zenuwlagen en
hersenstructuren op voxel niveau te bekijken. Ik vond dat een dunnere retinale
zenuwvezellaag en ganglion cellaag geassocieerd waren met veranderingen in de grijze en
witte stof van de visuele banen, wat suggereert dat dunnere retinale zenuwlagen eerder
atrofie van de visuele banen reflecteren dan globale hersenatrofie.

Hoofdstuk 5 verkent de associatie van de retinale vaten en zenuwlagen met klinische
uitkomstmaten. In hoofdstuk 5.1 heb ik de rol van beschadiging van de kleine vaten in
migraine onderzocht, en vond dat retinale vaatschade niet geassocieerd was met migraine.
Vervolgens in hoofdstuk 5.2 heb ik onderzocht of de dikte van de retinale zenuwlagen
geassocieerd is met het hebben of het ontwikkelen van dementie. Ik vond dat een dunnere
retinale zenuwvezellaag geassocieerd was met een verhoogde risico op het ontwikkelen van
dementie. Deze bevindingen suggereren dat een dunnere retinale zenuwvezellaag een
nieuwe marker kan zijn voor dementie, en in het bijzonder voor de ziekte van Alzheimer. In
hoofdstuk 5.3 bestudeerde ik de associatie tussen retinale vaten en oorzaak-specifieke
sterfte op de lange termijn, en vond dat veranderingen in de retinale vaten geassocieerd
waren met een hoger risico op cardiovasculaire en niet-cardiovasculaire sterfte over meer
dan 20 jaar. Uit deze studie bleek dat wijdere venulen in relatief jongere personen en in
rokers in het bijzonder geassocieerd waren met een hoger risico op sterfte.

Hoofdstuk 6 geeft een overzicht weer van de voornaamste bevindingen, bespreekt
algemene methodologische overwegingen, en belicht de implicaties van de bevindingen
met zicht op de toekomst.
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