'-) Check for updates

Received: 17 April 2023 Revised: 26 July 2023 Accepted: 1 August 2023

DOI: 10.1002/alz.13442

Alzheimer’s &Dementia’

RESEARCH ARTICLE THE JOURNAL OF THE ALZHEIMER'S ASSOCIATION

Thinner inner retinal layers are associated with lower cognitive
performance, lower brain volume, and altered white matter
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1 | BACKGROUND

Clinical dementia is preceded by cognitive decline, and cerebral neu-
rodegeneration, including the generalized loss of cerebral neurons and
the deterioration of brain white matter network structure.’=3 Mech-
anistically, dysfunction of the neurovascular coupling unit is thought
to predispose cerebral neuronal cells to ischemia, which can lead to
white matter lesions, cerebral neurodegeneration (ie, loss of total grey
and white matter and deterioration of brain networks), and cognitive
decline, all of which are common features of clinical dementia.23 In
addition, amyloid beta and tau can accumulate over time in neuronal
tissue and are also considered important contributors to dysfunction
of the neurovascular coupling unit and cerebral neurodegeneration.?
Deterioration of brain white matter network structures is thought
to lead to an imbalance between long- (ie, global) and short-range
(ie, local) brain connections (ie, a loss of small-world brain organiza-
tion), which hampers the fast and metabolically efficient transfer of
information in the brain.*

The retina, postulated as a window to the brain, may provide
non-invasive, and scalable biomarkers that are informative of neu-
rodegenerative cerebral changes in the pathobiology of dementia.
Biologically, the anatomy and physiology of neurons in the inner retina
and the brain are similar.” Indeed, extensive data from epidemiologi-
cal studies have shown that lower thicknesses of inner retinal layers
(ie, the retinal nerve fiber layer [RNFL], the ganglion cell layer [GCL],
and the inner plexiform layer [IPL]), which reflect retinal neurodegen-
eration, are associated with incident dementia,® cognitive decline,®~8
worse cognitive performance,®8-1* and lower total grey and white
matter brain volume.>-1/

At present no studies have reported how retinal neurodegenera-
tion is associated with white matter network structure as quantified
from indices of long- (ie, global) and short-range (ie, local) brain

connections.” However, to be able move towards using retinal neu-
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RESULTS: After adjustment, lower thicknesses of most inner retinal layers were sig-
nificantly associated with worse cognitive performance, lower grey and white matter
volume, lower hippocampal volume, and worse brain white matter network structure
assessed from lower whole brain node degree, lower global efficiency, higher clustering
coefficient, and higher local efficiency.

DISCUSSION: The retina may provide biomarkers that are informative of cerebral

neurodegenerative changes in the pathobiology of dementia.

brain structural connectivity, brain volume, clustering coefficient, cognitive function, cognitive
performance, global efficiency, graph theory, grey matter, local efficiency, magnetic resonance
imaging (MRI), optical coherence tomography (OCT), retinal imaging, retinal neurodegeneration,
white matter, whole brain node degree

rodegenerative changes as biomarkers for dementia in the clinic, it is
important to investigate this.

In view of the above, we investigated in a normal-aging population-
based cohort study the associations of inner retinal layer thicknesses
with indices of degenerative brain changes implicated in the pathobi-
ology of dementia, that is, global cognitive performance, total grey and
white matter volume, and brain white matter network structure.

2 | METHODS

Here we provide key information. More details are provided in the

online Supplementary information.

2.1 | Study population and design

We used data from The Maastricht Study, an observational,
population-based cohort study. The rationale and methodology
have been described previously.!8 In brief, the study focuses on the
etiology, pathophysiology, complications, and comorbidities of type 2
diabetes and is characterized by an extensive phenotyping approach.
Eligible for participation were all individuals aged between 40 and 75
years and living in the southern part of the Netherlands. Participants
were recruited through mass media campaigns, as well as from munic-
ipal registries and the regional Diabetes Patient Registry via mailings.
Recruitment was stratified according to known type 2 diabetes status,
with an oversampling of individuals with type 2 diabetes, for reasons
of efficiency. The present report includes data from N = 7689 partici-
pants, who completed the baseline survey between November 2010
and December 2017.

Magnetic resonance imaging (MRI) measurements were imple-
mented from December 2013 and were presently available for a

subset of participants. The baseline examinations of each participant
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were performed within a time window of 3 months. The study has been
approved by the medical ethical committee of Maastricht University
(NL31329.068.10) and the Minister of Health, Welfare and Sports of
the Netherlands (Permit 131088-105234-PG). All participants gave

written informed consent.

2.2 | Assessment of retinal thickness indices

We assessed peripapillary RNFL thickness (pRNFL; um) and the thick-
nesses of the macular RNFL (mRNFL; um); the macular GCL (mGCL;
wum), and the macular IPL (mIPL; um) in both eyes with optical coher-
ence tomography (OCT; Spectralis unit and Eye Explorer version 5.7.5.0
software; Heidelberg Engineering, Heidelberg, Germany). We assessed
pRNFL thickness with a 3.45 mm diameter circular scan (12°, 768
voxels, 100 automatic real-time tracking) centered on the optic nerve
head. We assessed the central macular area (Early Treatment Diabetic
Retinopathy Study sectors 1 to 5) using a fovea-centered macular vol-
ume scan (73 sections, 60 um). Information on the assessment of OCT
images and quality is presented in the Supplementary information and
in Figures S1-S3.

2.3 | Assessment of global cognitive performance,
mild cognitive impairment, and dementia

We assessed three domains of cognitive performance with a concise
neuropsychological test battery, that is, memory, information process-
ing speed, and executive function.'® We assessed memory with the
Verbal Learning Test!?; information processing speed with parts | and
Il of the Stroop Color-Word Test, parts A and B of the Concept Shift-
ing Test, and the Letter-Digit Substitution Test2%21; and executive
function with part Il of the Stroop Color-Word Test and part C of
the Concept Shifting Test.22 Next, we expressed results per domain
as z-scores and constructed a composite score for global cognitive
performance. In addition, we determined the presence of mild cogni-
tive impairment. Mild cognitive impairment was considered present
if cognitive performance in any domain (memory, executive function,
information processing speed) was <1.5 SD below the expected cog-
nitive performance (based on age, sex, and education level of the
participant).

Date of dementia diagnosis was determined from hospital records.
Medical records of all participants from Maastricht University Medical
Center+ who gave consent were manually checked to identify poten-
tial cases of dementia. To acquire valid dementia diagnosis data, all
potential cases of dementia were verified by a geriatric specialist and
classified according to the Diagnostic and Statistical Manual of Mental
Disorders, Fourth Edition (DSM-IV) criteria.2®

2.4 | Assessment of MRI measures

We assessed total grey and white matter volume with T1-weighted
MRI (3-T scanner; Magnetom Prismafit Syngo MR D13D; Siemens

RESEARCH IN CONTEXT

1. Systematic review: We searched PubMed up to Novem-
ber 2022 to identify scientific articles on the association
of inner retinal layers with white matter network struc-
ture, as quantified from indices of long- (ie, global) and
short-range (ie, local) brain connections. No previous
population-based cohort studies have investigated this
association. In addition, we searched for articles on the
associations of inner retinal layer thickness with cognitive
performance and brain volume. These associations have
already been investigated in cohort studies.

2. Interpretation: Our findings show that lower thickness
of inner retinal layers is associated with worse cogni-
tive performance, lower grey and white matter volume,
and structural white matter network changes. There-
fore, this study demonstrated, using population-based
data, that prior to the onset of mild cognitive impair-
ment and dementia, retinal biomarkers may already be
informative of cerebral neurodegenerative changes in the
pathobiology of dementia.

3. Futuredirections: Retinal imaging tools may provide scal-
able, non-invasive, and inexpensive biomarkers for the
clinic. Future studies should evaluate the clinical value
of retinal imaging tools as tools for the risk stratifica-
tion of individuals at risk for accelerated neurocognitive
aging and dementia in combination with other potentially

scalable biomarkers.

Healthcare, Erlangen, Germany).2* We automatically segmented brain
volumes with the FreeSurfer software package (Martinos Center for
Biomedical Imaging, Boston, USA). In addition, we also segmented
brain regions implicated in the pathobiology of mild cognitive impair-
ment and Alzheimer’s disease, that is, hippocampal volume, thalamus
volume, cingulate cortex surface area, corpus callosum volume, cere-
bellum volume, and uncinate fasciculus volume.2°

We assessed brain network structure with diffusion-weighted MRI
and estimated two measures of global brain network structure (“struc-
tural connectivity,” ie, whole brain node degree and global efficiency)
and two measures of local brain network structure (ie, cluster coef-
ficient and local efficiency) using the Brain Connectivity Toolbox in
MATLAB (The MathWorks, Natick, USA).2* Whole brain node degree
quantifies the average number of edges connected to a node (unit:
edges), where a node is defined as a grey matter region, and an edge
is defined as a connection between two nodes (ie, white matter).*
Then, global efficiency is quantified as the average inverse shortest
path length (unit: connections), where a path reflects the number of
(white matter) connections required for communication between two
brain regions.* Next, the clustering coefficient (no unit) quantifies the

extent to which nodes are connected with neighboring nodes and is
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calculated as the number of edges of a node available divided by the
total number of possible edges.* Then, local efficiency quantifies the
inverse of the average shortest path length in node neighborhoods
(unit: connections).* A neighborhood consists of the sum of edges that
are directly adjacent to a certain node and all indirect edges which con-
nect to these directly adjacent edges.* Last, we normalized the graph
measures from randomly generated networks (N = 100).

2.5 | Assessment of covariates

As described previously,18 we assessed educational level (low, inter-
mediate, high), smoking status (never, former, current), alcohol con-
sumption (none, low, high), and history of cardiovascular disease
(yes/no) by questionnaire2®; glucose metabolism status (normal glu-
cose metabolism, prediabetes, type 2 diabetes, types of diabetes other
than type 2) from fasting venous plasma glucose samples (mmol/L) and
2-h post load glucose samples (mmol/L); total cholesterol/high-density
lipid (HDL) ratio from fasting venous plasma samples (no unit); anti-
hypertensive and lipid-lowering medication use (yes/no) as part of an
interview; waist circumference (cm) and office blood pressure (mm
Hg) during a physical examination; intraocular pressure (mm Hg) and
spherical equivalent (dpt) with an automated noncontact tonometer
and refractor (Tonoref II; Nidek, Gamagori, Japan). Spherical equiva-
lent was defined as the mean spherical equivalent of both eyes or as
the spherical equivalent of the eye for which data were available (99%
of all participants had data on spherical equivalent available for both
eyes).

2.6 | Statistical analyses

We used linear regression analyses to study the associations of deter-
minants (ie, PRNFL, mRNFL, mGCL, and mIPL thickness) with outcomes
(global cognitive performance, total grey matter volume, total white
matter volume, whole brain node degree, global efficiency, cluster-
ing coefficient, and local efficiency). We inverted retinal thickness
indices (ie, multiplied by —1) so that we could express associations
per standard deviation (SD) of lower retinal thickness (indicating more
neurodegeneration).®”27 We expressed the results of all analyses
as standardized regression coefficients (8) with corresponding 95%
confidence intervals (Cls). However, and only for the associations of
pRFNL and mRNFL thicknesses with global cognitive performance, we
expressed the associations as high versus low RNFL thickness because
pRFNL and mRNFL were upon visual inspection nonlinearly associated
with global cognitive performance (Figure S4), as found previously.”
Low thickness was defined as the lowest quartile and high thickness
was defined as the highest three quartiles combined.

To start, we analyzed crude associations. Then, in model 1 we
adjusted for age, sex, glucose metabolism status (entered as dum-
mies, ie, type 2 diabetes, or prediabetes, or other types of diabetes
vs. normal glucose metabolism status [reference]), educational level

(low [reference], middle, high), and spherical equivalent. Addition-

THE JOURNAL OF THE ALZHEIMER’S ASSOCIATION

ally, and only for analyses with outcomes estimated from MRI, we
adjusted for MRI lag time in model 1 (median [interquartile range]
lag time was 0.7 [0.3 to 1.1] years). Next, in model 2, we addition-
ally adjusted for common risk factors for neurodegeneration, that
is, office systolic blood pressure, history of cardiovascular disease,
use of antihypertensive medication, waist circumference, total choles-
terol/HDL cholesterol ratio, lipid-modifying medication, smoking and
alcohol consumption.?2 We adjusted for covariates in model 2 in a
separate model as these factors may be potential confounders and
potential causes of neurodegeneration.?’ Adjustment for potential
causes of neurodegeneration may increase accuracy of the estimate.2?

We tested for interaction by sex and glucose metabolism status
to assess whether the associations under investigation differed in
strength between men and women, respectively, or between individ-
uals with type 2 diabetes, prediabetes, or normal glucose metabolism.
To test for interaction, we entered interaction terms with the deter-
minant and all covariates in the fully adjusted model (eg, sex*pRNFL
thickness), as previously described.3° A statistically significant P-value
for an interaction indicates that the association under study differs
between subgroups (ie, between men and women, or between individ-
uals with type 2 diabetes or prediabetes vs. individuals with normal
glucose metabolism). For interaction analyses with glucose metabolism
status, we excluded participants with other types of diabetes from the
interaction analyses because the number of these participants was
small (n = 20).

2.7 | Additional analyses

We performed a range of additional analyses. Details are provided
in the online Supplementary information. First, we separately ana-
lyzed the associations of retinal thickness indices with individual
regional brain structures implicated in the pathobiology of mild cogni-
tive impairment and Alzheimer’s disease, that is, hippocampal volume,
thalamus volume, cingulate cortex surface area, corpus callosum vol-
ume, cerebellum volume, and uncinate fasciculus volume.2® Second, we
analyzed the associations of retinal thickness indices with individual
cognitive domains, that is, memory, executive function, and informa-
tion processing speed. Third, we additionally adjusted for a range of
covariates (ie, potential confounders) that were not included in the
main analyses for reasons of missing data (eg, physical activity and
dietary intake) or because these covariates may be confounders, poten-
tial mediators and/or descendants of the outcome (eg, the presence of a
major depressive episode). Fourth, we excluded individuals with retinal
diseases (ie, diabetic retinopathy, glaucoma, and age-related macular
degeneration). Last, we performed additional analyses in which we
replaced waist circumference, glucose metabolism status, office sys-
tolic blood pressure, and educational level with other covariates that
reflect similar underlying constructs.

We performed analyses in R (version 4.0.3 [2020-10-10], R Foun-
dation for Statistical Computing, Vienna, Austria). For all analyses,
including interaction analyses, a P-value of <0.05 was considered

statistically significant.

85UB017 SUOWWOD BRI 3|dedl|dde 8Ly Aq peusenob ae Sappiie YO 8SN JO Sa|nJ Joj A%iqiT8UlIUO AB]IM UO (SUORIPUOD-PLR-SULBILI0D A8 | 1M Afe.dl1|Bul [UO//:Sdny) SUORIPUOD Pue S 1 8L 88S *[7202/20/T0] Uo Areiq1T8uluo A8|IM ‘SpUelBUIBN aUeI400D Aq ZvvET ZIe/200T 0T/I0p/W0 A8 | im ARe.d 1 jpul U0 'S euIno [z fe//:sdny wouy papeojumoa ‘T ‘v202 '6.252SST



w0 | Alzheimer’s &Dementiar

vander HEIDE ET AL.

THE JOURNAL OF THE ALZHEIMER’S ASSOCIATION

Cognitive performance study population selection

MRI data study population selection

Missing data on confounders*:
Education level (n=114)
Waist circumference (n=5)
Office systolic blood pressure (n=3)
History of disease
(n=98)

Smoking status (n=63)
Alcohol use (n=64)

Population of The Maastricht
Study (N=7,689)

Total-HDL cholesterol ratio (n=6) . .
Medication use (n-6) Study population with
Spherical equivalent (n=626) complete data on confounders
(n=6,903)

Data on cognitive performance
not available:
n=376

Study population with data on
cognitive performance

(n=6,527)
OCT data not available:
PRNFL thickness (n=1,830)
mRNFL, mGCL, mIPL thickness
(n=2,187)
Study population with

complete data on OCT and
cognitive performance

-pRNFL (n=4,697)
-mRNFL, mGCL, mIPL
(n=4,340)

Missing data on confounders*:
Education level (n=114)
Waist circumference (n=5)
Office systolic blood pressure (n=3)
History of cardiovascular disease

Population of The Maastricht
Study (N=7,689)

(n=98)

> Smoking status (n=63)
Alcohol use (n=64)
. . Total-HDL cholesterol ratio (n=6)
Study population with Medication use (n-6)
complete data on confounders Spherical equivalent (n=626)
(n=6,903)

»| MRI data not available or not
of sufficient quality:
n=2,216

Study population with MRI
data (n=4,687)

OCT data not available:
pRNFL thickness (n=1,251)
mRNFL, mGCL, mIPL thickness
(n=1,382)

Study population with
complete data on OCT and
MRI

-pRNFL (n=3,436)
-mRNFL, mGCL, mIPL
(n=3,305)

FIGURE 1 Study population selection. *Not mutually exclusive. HDL, high density lipoprotein; mGCL, macular ganglion cell layer; mIPL,
macular inner plexiform layer; MRI, magnetic resonance imaging; mRNFL, macular retinal nerve fiber layer; OCT, optical coherence tomography;

pRNFL, peripapillary retinal nerve fiber layer

3 | RESULTS

3.1 | Selection and characteristics of the study
population

Figure 1 presents an overview of the study population selection. Table 1
and Table S1 show general characteristics of the study population for
pRNFL thickness and global cognitive performance. Overall, partici-
pants with a lower pRNFL thickness were older, were more frequently
men, had a lower education level, and had a worse cardiovascular risk
profile.

There were n = 3 (<0.1%) participants with dementia and n = 1052
(22%) participants with mild cognitive impairment. Table S2 shows
retinal and brain metrics according to mild cognitive impairment sta-
tus. General characteristics of the included participants were generally
highly comparable to those of participants excluded due to missing data
(Tables S3 and S4).

3.2 | Associations with global cognitive
performance

After full adjustment (model 2), lower mGCL and mIPL thicknesses
were significantly associated with lower cognitive performance (3[95%
Cl], —0.03 [-0.06 to —0.01] and —0.04 [—-0.06 to —0.01], respectively;
Table 2 and Figure 2). Next, after full adjustment (model 2), low versus
high pRNFL and mRNFL thicknesses were not significantly associated
with lower cognitive performance (low vs. high thickness, cognitive

performance in SD [95% Cl], —0.05 [-0.10 to 0.002] and —0.05 [-0.11
to 0.002], respectively).

3.3 | Associations with brain volume

After full adjustment (model 2), lower mGCL and mIPL thicknesses
were significantly associated with lower total grey matter volume (0.05
[-0.08 to —0.02] and —0.05 [-0.08 to —0.02], respectively; Table 3
and Figure 2). Again, after full adjustment (model 2), lower pRNFL and
mRNFL thicknesses were both not associated with total grey matter
volume (0.00 [-0.03 to 0.03] and 0.00 [—-0.03 to 0.03], respectively).

After full adjustment (model 2), lower pRNFL, mGCL, and mIPL
thicknesses were significantly associated with lower total white matter
volume (standardized betas [95% Cl], —0.12 [-0.15 to —0.08], —0.07
[-0.10 to —0.03], and —0.07 [-0.10; —0.03], respectively; Table 3).
Again, after full adjustment (model 2), lower mRNFL thickness was
not associated with lower total white matter volume (-0.01 [-0.05 to
0.02]).

3.4 | Associations with structural connectivity

After full adjustment (model 2), lower pRNFL, mGCL, and mIPL thick-
nesses were significantly associated with lower whole brain node
degree (—0.10 [-0.14 to —0.07], —0.12 [-0.15 to —0.09], and —0.11
[-0.15 to —0.08], respectively; Table 4 and Figure 2). Next, after full
adjustment (model 2), lower pRNFL, mGCL, and mIPL thicknesses were
significantly associated with higher clustering coefficient (0.05 [0.02

85UB017 SUOWWOD BRI 3|dedl|dde 8Ly Aq peusenob ae Sappiie YO 8SN JO Sa|nJ Joj A%iqiT8UlIUO AB]IM UO (SUORIPUOD-PLR-SULBILI0D A8 | 1M Afe.dl1|Bul [UO//:Sdny) SUORIPUOD Pue S 1 8L 88S *[7202/20/T0] Uo Areiq1T8uluo A8|IM ‘SpUelBUIBN aUeI400D Aq ZvvET ZIe/200T 0T/I0p/W0 A8 | im ARe.d 1 jpul U0 'S euIno [z fe//:sdny wouy papeojumoa ‘T ‘v202 '6.252SST



vander HEIDE ET AL.

Alzheimer’s &Dementia® | s

THE JOURNAL OF THE ALZHEIMER'S ASSOCIATION

TABLE 1 General study population characteristics according to tertiles of pRNFL thickness in the study population with complete data on

cognitive performance

Characteristic
Age (years)
Sex
Men
Women
Educational status
Low
Middle
High
Glucose metabolism status
Normal
Prediabetes
Type 2 diabetes

Other types of diabetes than
type 2 diabetes

Office systolic blood pressure
(mmHg)

Cardiovascular disease
Waist circumference (cm)
Total/HDL cholesterol ratio

Use of lipid-modifying medication
(yes/no)

Use of antihypertensive medication

(yes/no)
Alcohol consumption

Low

Middle

High
Smoking status

Never

Former

Current
Spherical equivalent (dpt)
MRI lag time (years)?
Determinants
pRNFL (micrometer)
mRNFL (micrometer)?
mGCL(micrometer)®
mIPL (micrometer)®
Brain
Cognitive performance (SD)
Mild cognitive impairment

Dementia

pRNFL

Overall,N = 4697
59.27 +8.68

2257 (48)
2440 (52)

1591 (34)
1343(29)
1763 (38)

2957 (63)
712 (15)
1008 (21)
20(0.4)

133.02+17.63

766 (16)

94.37 +13.28
3.36(2.75-4.17)
1416 (30)

1681 (36)

830(18)
2743(58)
1124 (24)

1820 (39)

2293 (49)

584 (12)
-0.27+2.38
0.69(0.26-1.09)

94.92 +10.89
22.54 +4.30
43.99 +4.56
37.50+3.19

0.00 + 1.00
1052 (22)
3(<0.1)

Low pRNFL thickness

Tertile 1, N= 1566
59.85+8.62

855(55)
711(45)

493(31)
426(27)
647 (41)

915 (58)
240 (15)
404 (26)
7(0.4)

134.40+17.30

273(17)

95.44 +13.37
3.41(2.78-4.17)
517(33)

644 (41)

258 (16)
920(59)
388(25)

600 (38)
793(51)
173(11)
-1.23+266
0.77(0.30-1.19)

83.26 +6.70
20.07 +£0.96
41.14+4.35
35.66 +2.96

0.01+0.69
332(21)
1(<0.1)

Middle pRNFL thickness
Tertile 2, N= 1566
59.01+£8.70

710 (45)
856 (55)

537 (34)
454(29)
575(37)

1016 (65)
242 (15)
301(19)
7(0.4)

132.53+17.55

249 (16)
93.65+12.87
3.35(2.76-4.22)
442 (28)

520 (33)

292(19)
896(57)
378(24)

592 (38)

790 (50)
184(12)
-0.19+2.14
0.70(0.28-1.09)

95.33+2.55
22.02+0.47
44.32 +3.45
37.73+£2.53

0.08 +0.64
351(22)
0(0)

High pRNFL thickness
Tertile 3, N= 1565

58.95+8.70

692 (44)
873(56)

561(36)
463(30)
541 (35)

1026 (66)
230(15)
303(19)
6(0.4)

13213+ 17.95

244 (16)

94.04 +13.52
3.33(2.71-4.15)
457(29)

517 (33)

280 (18)
927 (59)
358(23)

628 (40)

710 (45)

227 (15)
0.61+1.93
0.60(0.22-1.04)

106.17 + 6.44
25.53+6.25
46.52+4.10
39.12 + 3.06

0.04 +0.67
369 (24)
2(<0.1)

P-value
0.01
<0.001

0.003

<0.001

<0.001

0.32
<0.001
0.44
0.01

<0.001

0.41

0.004

<0.001
<0.001

NA
NA
NA
NA

0.02
0.27
0.37

(Continues)
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TABLE 1 (Continued)

pRNFL
Low pRNFL thickness Middle pRNFL thickness High pRNFL thickness

Characteristic Overall, N=4697 Tertile 1, N= 1566 Tertile 2, N= 1566 Tertile 3, N= 1565 P-value
Total grey matter brain volume 4773 +2.32 47.47 +2.40 47.87 +2.25 47.84 +2.29 <0.001

(ml)?
Total white matter brain volume 34.20 +2.06 33.94 +2.07 34.16 + 2.07 34.50 + 1.99 <0.001

(ml)?
Whole brain node degree (edges)? 17.77 +0.34 17.72 +0.37 17.79 +£0.32 17.81+0.34 <0.001
Global efficiency (connections)? 0.84 +0.03 0.84 +0.03 0.84 +0.03 0.84+0.03 047
Clustering coefficient (no unit)? 2.31+0.08 2.32+0.08 2.31+0.07 2.30+0.07 <0.001
Local efficiency (connections)? 1.49 +0.04 1.50+0.04 1.49 +0.04 1.49 +0.04 <0.001

Notes: Data are presented as mean + standard deviation, median (interquartile range), or number (%). P-values were calculated using an analysis of variance
test (ANOVA; for continuous variables with a normal distribution), a Mann-Whitney test (for continuous variables without a normal distribution), or a Chi-
square test (for categorical variables).

Abbreviations: HDL, high-density lipid; mGCL, macular ganglion cell layer; mIPL, macular inner plexiform layer; MRI, magnetic resonance imaging; mRNFL,
macular retinal nerve fiber layer; NA, not applicable; pRNFL, peripapillary retinal nerve fiber layer; SD, standard deviation.

2Data shown in the study population with complete data on pRNFL and MRl data (n = 3436).

bData shown in the study population with complete data on mRNFL, mGCL mIPL, and cognitive performance (n = 4340).

TABLE 2 Associations of retinal thickness indices with global cognitive performance

Global cognitive performance

Retinal thickness indices Model N Beta (95% Cl) P-value
Peripapillary retinal nerve fiber Crude 4697 —0.11(-0.17 to —0.04) 0.002
layer thickness, low versus high
1 4697 —0.05 (—0.10 to 0.002) 0.068
2 4697 —0.05 (—0.10 t0 0.002) 0.070
Macular retinal nerve fiber layer Crude 4340 —0.13(—0.20 to —0.06) <0.001
thickness, low versus high
1 4340 —0.06 (—0.12 to —0.01) 0.030
2 4340 —0.05(—0.11 t0 0.001) 0.055
Macular ganglion cell layer Crude 4340 -0.14(-0.17 to —-0.11) <0.001
thickness, per SD lower
1 4340 —0.04 (—0.06 to —0.01) 0.002
2 4340 —0.03(-0.06 to —0.01) 0.005
Macular inner plexiform layer Crude 4340 —0.13(-0.16 to —0.10) <0.001
thickness, per SD lower
1 4340 —0.03(—0.04 to —0.01) 0.002
2 4340 —0.04 (—0.06 to —0.01) 0.004

Notes: Table 2 shows the associations of retinal thickness indices with cognitive performance. One SD corresponds with 10.89 micrometer peripapillary reti-
nal nerve fiber layer thickness, 4.30 micrometer macular retinal nerve fiber layer thickness, 4.56 micrometer macular ganglion cell layer thickness and 3.19
micrometer macular inner plexiform layer thickness. Of note, nonlinear associations are shown for macular and peripapillary retinal nerve fiber layer thick-
ness. For peripapillary RNFL thickness, the median [interquartile range] in the low (n = 1175) and high (n = 3522) thickness groups, respectively, are 82.95
[78.61t0 85.78] um and 98.63[93.72 to 104.03] um. For macular RNFL thickness, the median [interquartile range] in the low (n = 1085) and high (n = 3255)
thickness groups, respectively, are 19.98 [19.34 to 20.43] um and 22.63 [21.70 to 23.88] um. Variables entered in the models: Crude: none; Model 1: + age,
sex, glucose metabolism status, educational level, spherical equivalent; Model 2: model 1 + office systolic blood pressure, history of cardiovascular disease,
waist circumference, smoking status, alcohol consumption, Total/HDL cholesterol ratio, lipid-modifying medication, and antihypertensive medication. Bold
denotes P < 0.05.

Abbreviations: Cl, confidence interval; HDL, high-density lipid; N, population sample size; SD, standard deviation.
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Associations of retinal layer thickness (per SD lower) with global cognitive performance, total white matter volume, whole brain node degree, and local efficiency

Cognitive performance Beta (95% CI)

-pRNFL! ~0.05 (-0.10; 0.002)
-mRNFL! ~0.05 (-0.11; 0.001)
-mGCL —— ~0.03 (-0.06;-0.01)*

-mIPL —— —0.04 0.06:-0.01)*

Total white matter volume

-pRNFL — ~0.12 (-0.15;-0.08)*
-mRNFL S — ~0.01 (-0.05; 0.02)

-mGCL —_—— ~0.07 <0.10;-0.03)*
-mIPL —e— ~0.07 0.10;-0.03)*

‘Whole brain node degree

-pRNFL ————— —0.10 (0.14;-0.07)*
-mRNFL — i 0.00 (-0.04; 0.03)
-mGCL —e— ~0.12 (-0.15;-0.09)*
-mIPL —_————— —0.11 (=0.15;-0.08)*
Local efficiency
-pRNFL —_—— 0.06 (0.02; 0.09)*
-mRNFL —— 0.00 (-0.03; 0.03)
-mGCL —— 0.08 (0.05; 0.11)*
-mIPL e — 0.07 (0.04; 0.11)*
T T
Q-\ Q'Q Q'\

7
Brain outcomes (SD)

Indicates lower levels of cognitive performance,

total white matter volume,

whole brain node degree, <t >

and local efficiency

Indicates higher levels of cognitive performance,
total white matter volume,
whole brain node degree,
and local efficiency

FIGURE 2 Associations of retinal layer thickness indices (per SD lower) with global cognitive performance, total white matter volume, whole
brain node degree, and local efficiency. Regression coefficients (8) represent the difference in global cognitive performance, total white matter
volume, whole brain node degree, and local efficiency (all expressed in SD) per SD lower pRNFL thickness, mRNFL thickness, mGCL thickness, and
mlPL thickness. The associations of retinal layer thicknesses with total grey matter volume, global efficiency and clustering coefficient are not
shown as results for these measures were similar to those shown in Figure 2 (the results for total grey matter volume were similar to the results for
total white matter volume; the results for global efficiency were directionally similar to the results for whole brain node degree; and the results for
clustering coefficient were directionally and numerically similar to the results for local efficiency; all shown in Tables 3 and 4). Values per SD or
quartile of retinal thickness are reported in the legend of Table 2; values per SD of MRI measures are reported in the legend of Tables 3 and 4.
Variables entered in the models in addition to retinal indices are age, sex, glucose metabolism status, educational level, spherical equivalent, MRI
lag time (only applicable for MRl indices), office systolic blood pressure, history of cardiovascular disease, waist circumference, smoking status,
alcohol consumption, total/HDL cholesterol ratio, lipid-modifying medication, and antihypertensive medication. *Indicates statistically significant
(P <0.05). Superscript (1) indicates that the associations of indices of pPRNFL and mRNFL with cognitive performance are shown for low versus
high thickness instead of per SD lower. ClI, confidence interval; HDL, high-density lipid; mGCL, macular ganglion cell layer; mIPL, macular inner
plexiform layer; MRI, magnetic resonance imaging; mRNFL, macular retinal nerve fiber layer; pRNFL, peripapillary retinal nerve fiber layer; SD,

standard deviation

to 0.09], 0.07 [0.04 to 0.11], and 0.07 [0.03 to 0.10], respectively) and
higher local efficiency (0.06 [0.02 to 0.09],0.08 [0.05 to 0.11], and 0.07
[0.04 to 0.11], respectively).

Similarly, after full adjustment (model 2), lower pRNFL thickness
was significantly associated with lower global efficiency (—0.04 [-0.08
to —0.01]). Next, after full adjustment (model 2), lower mGCL and mIPL
thicknesses were not significantly associated with lower global effi-
ciency (—0.03[-0.07 t0 0.002] and —0.02[—0.06 to 0.01], respectively).

Then, after full adjustment (model 2), lower mRNFL thickness was
neither associated with whole brain node degree (0.00 [-0.04 to 0.03]),
global efficiency (0.00 [-0.03 to 0.03]), clustering coefficient (0.00
[—0.03 to 0.04]), nor local efficiency (0.00 [-0.03 to 0.03]).

3.5 | Interaction analyses

Overall, results of interaction analyses did not show a consistent pat-
tern. This indicates that the strengths of the associations under study
did not consistently differ between men and women, or between indi-

viduals with normal glucose metabolism status, prediabetes, or type 2

diabetes (all P-values for interaction are shown in Table S5). The major-
ity of associations of retinal metrics (n = 4) with brain metrics (n = 7)
was not modified (we tested for interactions in 4*7 = 28 associations).
Sex did not modify n = 26/28 associations, prediabetes did not modify
n = 27/28 associations, and type 2 diabetes did not modify n = 27/28
associations.

3.6 | Additional analyses

We observed numerically similar results in a range of additional anal-
yses (Tables S5-58; more details are presented in the Supplementary
information, Supplemental Results section). First, we found that lower
thicknesses of most inner retinal layers (ie, all layers except for mMRNFL)
were associated with lower brain volume or surface area of brain
regions implicated in the pathobiology of Alzheimer’s disease and
mild cognitive impairment (ie, hippocampal volume, thalamus volume,
cingulate cortex surface area, corpus callosum volume, cerebellum vol-
ume, and uncinate fasciculus volume; Table 5). Second, we had similar

findings when we analyzed associations of thicknesses of inner reti-
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TABLE 3 Associations of retinal thickness indices with total grey matter brain volume and total white matter brain volume

Total grey matter volume

Total white matter volume

Number of
Retinal thickness indices Model participants Beta (95% Cl) P-value Beta (95% Cl) P-value
Peripapillary retinal nerve fiber Crude 3436 —0.07 (-0.10to —0.04) <0.001 —0.12 (-0.16 to —0.09) <0.001
layer thickness, per SD lower
1 3436 0.00 (—0.03t0 0.03) 0.93 —0.12(-0.15 to —0.09) <0.001
2 3436 0.00 (-0.03t00.03) 0.85 —0.12(—0.15 to —0.08) <0.001
Macular retinal nerve fiber layer Crude 3305 0.06 (0.02 to 0.09) <0.001 0.00 (—0.03t0 0.03) 0.97
thickness, per SD lower
1 3305 0.01(-0.02 to 0.04) 0.74 —0.01(—0.05 t0 0.02) 041
2 3305 0.00 (-0.03t0 0.03) 0.91 —0.01 (—0.05 t0 0.02) 0.42
Macular ganglion cell layer Crude 3305 —0.13(-0.16 to —0.10) <0.001 —0.14 (-0.17 to —0.10) <0.001
thickness, per SD lower
1 3305 —0.06 (—0.09 to —0.03) <0.001 —0.07 (—0.10 to —0.04) <0.001
2 3305 —0.05 (—0.08 to —0.02) 0.001 —0.07 (—0.10to —0.03) <0.001
Macular inner plexiform layer Crude 3305 —0.12(—0.15 to —0.08) <0.001 —0.14 (—0.17 to —0.10) <0.001
thickness, per SD lower
1 3305 —0.05 (—0.08 to —0.02) <0.001 —0.07 (—0.10 to —0.04) <0.001
2 3305 —0.05 (—0.08 to —0.02) 0.002 —0.07 (—0.10 to —0.03) <0.001

Notes: Table 3 shows the associations of retinal thickness indices with cognitive performance, total grey matter and white matter brain volume. Values per
SD of retinal thickness are numerically similar to the values shown in the legend of Table 2. One SD of total grey and white matter volume, respectively,
corresponds with 2.32 and 2.06 mL (calculated in the study population with complete data on peripapillary retinal nerve fiber layer thickness). Variables
entered in the models: Crude: none; Model 1: + age, sex, glucose metabolism status, educational level, spherical equivalent, and MRI lag time; Model 2: model
1 + office systolic blood pressure, history of cardiovascular disease, waist circumference, smoking status, alcohol consumption, Total/HDL cholesterol ratio,
lipid-modifying medication, and antihypertensive medication. Bold denotes P < 0.05.

Abbreviations: Cl, confidence interval; HDL, high-density lipid; MRI, magnetic resonance imaging; N, population sample size; SD, standard deviation.

nal layers with individual cognitive domains as outcome instead of
global cognitive performance (Table S5). Of note, associations were
somewhat stronger for executive function and information process-
ing speed than for memory. Third, we had similar findings to those
shown in the main analyses when we performed additional analyses
in which we adjusted for variables that were not included in the main
analyses for reasons of missing data or because these covariates may
be confounders, potential mediators, and/or descendants of the out-
come (Tables S7 and S8). Fourth, we had similar findings when we when
we excluded individuals with a retinal disease (ie, diabetic retinopathy,
glaucoma, or age-related macular degeneration; Table S7 and S8). How-
ever, and only when we excluded individuals with a retinal disease, we
found that lower mRNFL thickness was significantly associated with
lower total white matter volume (standardized beta [95% Cl], —0.05
[-0.09 to —0.02]; Table S8). Last, we had similar findings when we
replaced waist circumference, glucose metabolism status, office sys-
tolic blood pressure, and educational level with covariates that reflect

similar underlying constructs (data not shown).

4 | DISCUSSION

The present population-based study has four main findings. First, lower
pRNFL thickness was significantly associated with lower total white

matter volume, whole brain node degree, global efficiency, and hip-
pocampal volume. Second, lower mGCL and mIPL thicknesses were
significantly associated with lower global cognitive performance, total
grey and white matter volume, whole brain node degree, and hip-
pocampal volume. Third, lower pRNFL, mGCL, and mIPL thicknesses
were associated with higher clustering coefficient and local efficiency.
Fourth, lower mRNFL thickness was not significantly associated with
cognitive performance, total grey matter volume, total white matter
volume, global or local structural connectivity indices, and hippocampal
volume.

Our data are consistent with data from previous large population-
based studies on the associations of inner retinal layer thicknesses

with cognitive performance®8-14

15-17

and total grey and white matter brain
volume, and with data from a smaller case-control study that eval-
uated the associations of retinal layer thicknesses with global white
matter network indices.3 Importantly, the present study is the first to
show the associations of the thicknesses of inner retinal layers with
white matter network structure, as quantified from global and local
structural connectivity indices.*

Biologically, lower thicknesses of inner retinal layers are thought to
reflect lower numbers of retinal ganglion cells, which serve to transmit
visual information (that is perceived by the photoreceptors and filtered
in other retinal layers) to the lateral geniculate nucleus of the thala-

mus, from where visual information is transmitted to the visual cortex.”

85UB017 SUOWWOD BRI 3|dedl|dde 8Ly Aq peusenob ae Sappiie YO 8SN JO Sa|nJ Joj A%iqiT8UlIUO AB]IM UO (SUORIPUOD-PLR-SULBILI0D A8 | 1M Afe.dl1|Bul [UO//:Sdny) SUORIPUOD Pue S 1 8L 88S *[7202/20/T0] Uo Areiq1T8uluo A8|IM ‘SpUelBUIBN aUeI400D Aq ZvvET ZIe/200T 0T/I0p/W0 A8 | im ARe.d 1 jpul U0 'S euIno [z fe//:sdny wouy papeojumoa ‘T ‘v202 '6.252SST



15525279, 2024, 1, Downloaded from https://alz-journals.onlinelibrary.wiley.com/doi/10.1002/al z.13442 by Cochrane Netherlands, Wiley Online Library on [01/07/2024]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

325

100°0>
100°0>

100°0>
100°0>
100°0>

Alzheimer’s &Dementia®
THE JOURNAL OF THE ALZHEIMER’S ASSOCIATION

100°0>
€60
€60

01’0
100°0>
1000>

100°0>

anjeA-d

(T1°003%0°0) £L0'0
(TT°00370°0) LO'O

(#1003 £0°0) TT°0
(TT°00350°0) 800
(T1°00350°0)80°0

(S1°00360°0) CT°0
(€0°003€0°0—) 000
(€0°003€0°0—) 000

(T0°00390°0—) €00~
(60°00320°0) 90°0
(60°00120°0) 900

(21°00350°0) 80°0
(1D %56) €129

100°0>
T700°0>

100°0>
100°0>
100°0>

100°0>
680
860

01’0
€000
000

100°0>

anjeA-d

"uoljeInap pJepuels ‘qs ‘azis ajdwies uoljeindod ‘N ‘BuiSew aoueuosal di3auSew ‘YA ‘pidi| ANsusp-ysiy “JQH {[BAISIUI 92USPIUOD ‘|D) :SUOIBIASIGGY

(0T°001€0°0) LO'0
(0T°003€0°0) LO'0

(€1°00390°0) OT'0
(TT°003%0°0) LO'0
(TT°003%0°0) LO'O

(S1°'00380°0) T1°0
(#0"003£0°0—) 000
(£0°003£0°0—) 000

(T0°'00390°0—) €0°0—
(60°00320°0) SO0
(60°00120°0) SO0

(11°00350°0) 800
(1D %S6) €129

810
LT°0

790
€900
¢S00

860
66'0<
€60

790
L1000
0c00

§80°0

anjeA-d

"S0'0 > d S330UaP pjog "Uof3edIpaw

aAIsualsadAyijue pue ‘uoljedipaw ulAjipow-pidi| ‘013l [01931s3]0yd JOH/|e30L ‘Uoirdwnsuod [0Yod|e ‘Snje}s SUOWS ‘9dUI3JWNDIID ISIEM ‘DSESIP JB[NDSEAOIPIED JO AI03SIY ‘D1nssaad poojq 21|03SAS 221440 + T [9powl
1Z [9POIA ‘owil} Se| [YIA PUE JudjeAINba [ed14aYds ‘[9A3] [EUOIIEINPS ‘SNIEYS WSI|0GeIDW 3S00N|S X3S ‘D8E + T [9POAl :S|OPOW 33 Ul SD|GELIBA *(SSUXDIY} J9AE| 431y dAIaU [eul}ad Adejjidediiad uo ejep 232|dwod y3m
uoije|ndod Apn3s ayj Ul paje|ndjed) AdUSIDI3 [BDO0] 04 SUOIFIBUUOD (0 PUE U110 SULI9ISN|D JOJ (HUN OU) 80'0 ‘ADUSIDIYS [BCO|S 404 SUOIFIBUUOD £(°( :99459P Spou Uledq 9|oym 10} sa8pa 4£°0 2. S Jad sanjep
"Z 9|qeL Jo puada| ay} ul pajuasaid SanjeA aYj 03 Je|IWIS A||ED1IDWNU BB SSBUDIYY [eU1}D JO OS Jad SaN|eA "A}AIFIBUUOD [EINIDNIIS JO SIIIPUI UM SDIPU] SSDUXDIYY [BUIFDJ JO SUOIFRIDOSSE DU} SMOUS {7 3|e] :SaION

(T0'003190°0—) 200~ 100°0> (80°0—03ST°0—-)TT0— S0€e @
(T0'00190°0—) 200~ 100°0> (80°0—03ST°0—)ZT'0— S0€e T
JaMo|
s 4ad ‘ssauxdiyl
J9Ae| wioyixo|d
(#0001 €0'0—) 100 100°0> (€T°0—030Z°0—) 910~ S0€e |apnIy Jauul Jejnaejn
(000031 £0°0—) €00~ 100°0> (600—0315T°0—-)2T0— S0€e 4
(00003£00-)€00—  T000>  (60°0—0391°0—)ZT0— soee T
Jamo| s
Jad ‘ssauxdiy3 JoAe|
(£0°0031€£0°0—) 000 100°0> (¥1°0—01T2°0-) 810~ S0€€e |apnI 192 uol|8ues Jejnde
(£0°0031€£0°0—) 000 ¢60 (€0°00310°0—) 000 S0€E @
(#0'0031£0°0—) 000 €60 (€0°001€£0°0—) 000 S0€E T
J1amo| s Jad
‘SSaUdDIYY J9Ae| JaqLy
(€0'0010°0—) TO'0— [4A0) (90'001T0°0—) 200 S0Ee apnid SAJ3U |eul}ad Je|nde|A
(T0'0—0180°0—) #0'0— 100°0> (£0'0—01%T°0—) 0T'0— 9EVE 4
(T0'0—0380°0—-) 00— 100°0> (£L0'0—031¥T0-)TT 0 9EVE T
JaMO|
s 4ad ‘ssauxdiy3
J9Ae| Jaqly 9AIau
(00°00190°0—) €00 100°0> (60'0—015T°0-) 10— 9EVE |apnI leunyas Atejjidediiag
(ID%S6) €199 anjead (ID%S6)e12g  syuedppied  |9po sadlpul
Jo saquinN SSaUXIIY) [eunnoy

vander HEIDE ET AL.

Aduaidiyye |edo7

JuaId1}J902 SuLidlsN|)

Aduaye |eqo|n 99489p apou uleiq 3|oym\

S92IPUI AHAIFDBUUOD [BINIONIIS YHM S3DIPUI SSSUNDIYY [BUIISJ JO SUOIEIDOSSY 319V L



15525279, 2024, 1, Downloaded from https://alz-journals.onlinelibrary.wiley.com/doi/10.1002/al z.13442 by Cochrane Netherlands, Wiley Online Library on [01/07/2024]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

2
o
w
a
w
T
@
o
c
©
>
(00—
8000 0180°0—) 00—
(00—
£00'0 0380'0—) 00—
(L00—
1000> 01€1°0—) OT'0—
(00—
8000 0180°0—) 00—
(00—
8000 0180°0—) 00—
(900~
1000> 01€1°0—) 60°0—
090 (200031+00-) T0'0—
950 (200031+0'0-) T0'0—
g
NS
4 870 (20'00350°0—) T0'0—
) (£00—
m 1000> 0}1°0—) 0T°0—
L (Lo0-
100°0> 0}1°0-) 0T°0—
(00—
1000> 0111°0-) 00—

3WN|OA SN|NJIdsey) jeuldun

THE JOURNAL OF THE ALZHEIMER’S ASSOCIATION

Alzheimer’s &D

326

T000>

T000>

T000>

1000>

1000>

100°0>

or'o

1800

€€0°0

100°0>

100°0>

100°0>

(r0r0—
0301°0-) L0'0—

(r0ro—
0301°0-) L0'0—

(eT0—
0302°0-) LT'0—

(roo-
03600-) L0'0—

(oo~
0301°0-) L0'0—

(T1°0-
0381°0—)ST°0—

(Too
0}50'0—) 200~

(000
0}90'0—) €0'0—

(too0—
03£0°0-) ¥0'0—
(00—
0}€T°0—) 0T°'0—
(00—
0}€T°0—) 0T°'0—
(00—
031T1°0-)L00—
AWN|OA WiNj|3gata)

(r00—

1000> 01T1°0-) 800~
(so0—

1000> 0121°0-) 800~
(tro—

1000> 0381°0-) ¥1'0—
(so0—

1000> 0121°0-) 600~
(900—

1000> 0121°0-) 600~
(t1°0-

1000> 0381°0—)ST'0—
(zo0

150 01%0'0—-) T0'0—
(zo0

250 01%0'0—-) T0'0—
(#0°0

260 01€0'0-) 000
(voo—

1000> 0111°0-) L00—
(voo—

1000> 0111°0—)800—
(voo—

1000> 0111°0-)L0'0—

3Wn|oA wnsojjes sndio)

‘uolleIASp plepuess ‘gs 9zis a|dwes uoneindod ‘N BuiSew aoueuosad d13audew ‘YA pidi| Aususp-ysiy “JaH {|eAI9IUl 92USPLUOI ‘| :SUOIJRIADIGQY
"G0'0 > d S310USp p|og ‘UoIIedIpaW SAISUSIISdAYIjUE pue ‘Uoljedipaw

(zo0—

2000 0180°0—) S0'0—
(zo0—

2000 03180°0—) S0'0—
(200~

1000> 03 4T°0-) TT°0—
(too—

#00'0 0180°0—) S0°0—
(too—

#00'0 03180°0—) S0°0—
(s0'0—

100°0> 0121°0-) 600~
(€00

060 01€0°0—-) 000
(€00

£80 01€0°0—-) 000
(Too

€20 0390'0—) 200~
(S0'0—

100°0> 0171°0-)800—
(S0'0—

1000> 0171°0-)800—
(000

0500 01£0°0-) €00~

©3JE 30B4INS X31.102 3)e[NSul)

T000>

T000>

T000>

T000>

T000>

100°0>

70

70

[7A0]

100°0>

T00°0>

100°0>

(S0'0—
03}TT°0—)80°0—

(90'0—
03Z1°0-) 60°0—

(£T0—
01€2°0-) 020~

(900—
0121°0-) 600~

(900~
03121°0-) 600~

(91°0—
0}€Z°0-) 61°0—

(co0
0}%0'0—) 100~

(co0
0}%0'0—) 100~

(€00
01%00—) T0'0—
(v1°o-
03102°0-) LT°0—
(ST°0—
031Z2°0-)8T°0—
(zr0—
0161°0-)9T1°0—
AWIN|OA snwiejey |

(90'0—

100°0> 0121°0-) 60°0—
(90'0—

100°0> 01€T°0—) OT'0—
(91°0—

100°0> 0}€2°0—) 61°0—
(900—

1000> 01€T°0—) 60°0—
(£00—

1000> 01€T°0-) OT'0—
(sT°0—

1000> 0122°0-)8T°0—
(T00

120 0150°0-) 200~
(T00

€20 0150°0-) 200~
(co0

150 0150°0-) T00—
(TT0-

100°0> 03}/T°0-) ¥T°0—
(TT0-

1000> 031/T°0-) ¥T°0—
(ot'0—

100°0> 0191°0-) €10~

awn|oA [edwedoddiHy

S6¢E

S6¢E

S6CE

S6¢E

S6¢E

S6¢C€

S6Ce

S6Ce

S6CE

Sere

Sere

Seve

sjuedidiyaed
40 J3quinN

apniD

apnid

apnid

apnuD
19poN

SuiAjipow-pidi| ‘013ed [043359]0Yd TAH/|EI0L ‘UodWNSUOD [OYOD[E ‘SNJE)S SUIOWS ‘DOUIIDJWNIIID ISIEM ‘DSESSIP JBINISBAOIPIED JO AI0}SIY ‘DiNssald poo|q J1j03SAS 3D13J0 + T [9POW :Z [9POA ‘Dw} Se| [YIAl ‘JudjeAinba [ed1iayds ‘|aA3| [EUOIFEINPS ‘SNjE)S WSIjogelaw
9500N8 ‘X35 ‘986 + T [9POIAl DUOU :DPNJD IS|9POL Ul P233US SI|GELIBA "TS 3|qEL Ul UMOYS 3Je Xapul uleiq Jo S 4ad sanjeA “3dLidsnuew ulew ayj Ui z 9|de] JO puaSa| 8y} Ul UMOYS .. Sa2Ipul SSaUXDIY} [eul3dd Jo 4S Jad San|eA *(2WN|OA SN|ND1Iske) 33euidun pue ‘uwn|oA
win|[2ga432 ‘DWN|OA WNSo||ed SNd10d ‘DWn|oA snuwejeyy ‘own|oA [edwesoddiy ‘a1) aseasip s Jawiayz|y pue juswaieduw) aA131US0d pliw jo ASojoiqoyied ayj ul pajedijdwl SUOISaJ JO SOIIFBW UleIq YIIM SDDIpUL SSUMDIYY [BUI}D. JO SUOIIBID0SSE BU} SMOYS G 3|qe] :Saj0N

1Mo S

Jad ‘ssaudiyy
J9Ae| wuoyixald

Jauul Jejnoejp|

J2MO| S

Jad ‘ssauxdiyy

J9Ae| |92

uol|3uesd Jejndej

1aM0| S

Jad ‘ssauddiyy
JaAe| Jaq1) oAI8U

EAREYREIREN]

JaMo| s

Jad ‘ssauxdiyy

Jake| Jaquy
aAJBU [eUI}DI
Ade|pdediiag

S321pul SSAWYIIY] [eUl)DY

(SWINJOA SN|NJIDSE) 91BUIDUN PUE ‘SUWIN|OA WN||3G343D ‘DWN|OA WNSO|[ED SNAJI0D ‘edJe 92B4INS X23402 93|NSUID ‘SWIN|OA SNWwejeys

‘awn|oA [edwedodd]y ‘a1) aseas|p s, Jawiayz|y pue juswiedwi aA1uS0d pjiw jo A3ojoiqoyied ay3 ul paedijdwi SUOISa. JO SO143BW Uledq UM SDIpUI SSaUSDIY]Y [BUIDJ JO SUOIFEID0SSY G 319V L



vander HEIDE ET AL.

Alzheimer’s &Dementia® | a7

Lower RNFL thickness represents lower numbers of retinal ganglion
cell axons,?23% lower GCL thickness represents lower numbers of
retinal ganglion cell bodies,®334 and lower IPL thickness represents
lower numbers of synapses between retinal ganglion cell dendrites and
bipolar cell axons.33:3>

Multiple pathobiological mechanisms are thought to contribute to
neurodegeneration in the retina and the brain.” First, inflammation,
in part induced by systemic risk factors such as hyperglycemia,3¢
is thought to be detrimental for the neurovascular coupling unit in
the blood-brain barrier and in the blood-retina barrier, predisposing
to neuronal ischemia and, subsequently, neurodegeneration.’%” Sec-
ond, in the retina and in the brain, accumulation of amyloid beta and
tau plaques can lead to neurodegeneration and microvascular dys-
function, and both of these processes can result in dysfunction of
the neurovascular coupling unit and predispose to (progression of)
neurodegeneration.3” Of note, as postulated in the two-hit hypoth-
esis of Alzheimer’s disease, damage to the blood-brain barrier or
blood-retina barrier may be the initial event, and the accumulation of
amyloid beta and tau may be a secondary event.! Third, neurodegener-
ation in brain regions to which the retina projects, such as the lateral
geniculate nucleus of the thalamus, may lead to loss of axonal struc-
tures in the retina.® In support of this concept, experimental data from
monkeys and observational data from humans show that damage of
brain regions that are part of the visual system was associated with a
loss of neurons in the optic nerve head.®83? Fourth, RNFL thinning may
be secondary to GCL thinning.*? Deterioration of retinal ganglion cell
soma (ie, GCL thinning) may lead to impaired regulation of the intra-
neuronal milieu in the axon, which can lead to axonal degeneration (and
ultimately can result in the loss of axons, which can be detected as
lower RNFL thickness).*

Lower thicknesses of inner retinal layers were associated with a
higher clustering coefficient and a higher local efficiency, possibly
because these two locally determined network measures reflect com-
pensatory remodeling of local brain networks in response to the loss
of long-range brain connections (ie, loss of global efficiency).* Remod-
eling of local brain networks likely serves to maintain sufficiently high
levels of information transmission within the brain in order to prevent
a decline in cognitive performance.* Such remodeling may consist of
an increase in short-range brain connections.* Indeed, this interpreta-
tion is consistent with our previous findings that higher local efficiency
was associated with worse cognitive performance and the presence
of white matter hyperintensities.24 Of note, however, these results
may seem contradictory as intuitively the deterioration of cerebral
networks may be thought to result in fewer short-range connections.*2

Both mRNFL and pRNFL are measures of RNFL thickness; however,
we found less strong associations of mRNFL with brain outcomes. A
possible explanation may be that the assessment of mMRNFL thickness
may be more susceptible to measurement error because the mRNFL
is considerably thinner parafoveally than peripapillarily (where pRNFL
thickness is measured).” Measurement error can lead to null findings
via regression dilution bias.*? Indeed, consistent with this concept, the
value of one SD of mRNFL thickness (an index of the accuracy of the

assessment of RNFL thickness) was proportionately greater (relative

THE JOURNAL OF THE ALZHEIMER’S ASSOCIATION

to the mean value of RNFL thickness) than one SD of pRNFL thickness
(for mRNFL: 1SD = 4.23 micrometer, mean value 22.53, ratio: 18%; for
pRNFL: 1 SD = 10.89 micrometer, mean 94.92; ratio: 9%).

Our findings support the concept that inner retinal layer thicknesses
may be potential imaging biomarkers for monitoring subclinical neu-
rodegenerative changes of the brain which have already occurred prior
to the onset of clinical dementia.”> Use of inner retinal layer measure-
ments may be a feasible monitoring tool as it is non-invasive, relatively
inexpensive, and easier to perform than other tests of early neuronal
dysfunction such as MRI.°> Indeed, lower thicknesses of inner retinal
layers were notably associated with brain metrics in regions impli-
cated in the pathobiology of mild cognitive impairment and Alzheimer’s
disease. In particular, retinal thicknesses were also associated with hip-
pocampal volume, which is an important clinical measure that can be
used to assess neurodegeneration as part of the amyloid beta, tau, and
neurodegeneration (ATN) classification framework proposed by the
National Institute on Aging and Alzheimer’s Association (NIA-AA).44
Also in support of this concept, we additionally found that retinal
neurodegeneration and cerebral neurodegeneration have shared risk
factors.*>*¢ We recently showed in The Maastricht Study, using data
from up to ~5600 individuals, that most risk factors for dementia,
including hyperglycemia and hypertension, were associated with reti-
nal neurodegeneration, as quantified from lower RNFL thickness and
worse retinal sensitivity.*>#¢ Of note, however, as we found relatively
weak associations of retinal neuronal variables with brain variables,
retinal neuronal imaging biomarkers may by themselves (as singular
biomarkers) not be sufficiently informative to use in a clinical care set-
ting. Future studies should aim to evaluate the added value of retinal
imaging biomarkers on top of (a combination of) other non-invasive and
scalable biomarkers for dementia (such as blood-based biomarkers for
amyloid beta and tau in Alzheimer’s disease).*” Further, our data indi-
cate that future researchers may choose to focus on pRNFL, mGCL, and
mIPL as biomarkers of early retinal neurodegeneration. For reasons
of precision, mMRNFL may be a less suitable biomarker for monitoring
RNFL thickness than pRNFL thickness.

Strengths of this study are as follows: (1) the large size of this
population-based cohort with oversampling of individuals with type
2 diabetes; (2) the extensive number of potential confounders that
were considered; and (3) the use of state-of-the-art and novel meth-
ods to assess all variables included in this study (eg, the comprehensive
assessment of brain MRI measures, including measures of white matter
network structure).*®

The study has certain limitations. First, due to the cross-sectional
nature of the study, causal inferences should be made with caution.#?
Second, we may have underestimated the strength of the associa-
tions if such associations were similar or stronger in participants that
were excluded from the study population (who were not substantially
less healthy, but generally had a somewhat worse cardiovascular risk
profile).*® The associations with MRI measures are the most suscepti-
ble to this form of selection bias, as certain individuals who may be less
healthy (eg, those with a pacemaker) did not undergo MRI imaging.*®
Third, although we took an extensive set of confounders into

account, we cannot fully exclude bias due to unmeasured confounding
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(eg, environmental factors such as air pollution).”° Last, we studied
Caucasianindividuals aged 40 to 75 years. Therefore, the generalizabil-
ity of our results to other populations requires further study.

In summary, the present population-based study demonstrated that
retinal neurodegeneration, estimated from lower thicknesses of inner
retinal layers, was associated with worse cognitive performance, lower
total grey and white matter brain volume, and altered brain white
matter network structure. These results are consistent with the con-
cept that the retina may provide non-invasive and scalable biomarkers
that are informative of cerebral neurodegenerative changes in the

pathobiology of dementia.
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