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IMPORTANCE Retinal structures may serve as a biomarker for dementia, but longitudinal

studies examining this link are lacking.

OBJECTIVE To investigate the association of inner retinal layer thickness with prevalent and

incident dementia in a general population of Dutch adults.

DESIGN, SETTING, AND PARTICIPANTS From September 2007 to June 2012, participants from

the prospective population-based Rotterdam Study whowere 45 years and older and had

gradable retinal optical coherence tomography images and at baseline were free from stroke,

Parkinson disease, multiple sclerosis, glaucoma, macular degeneration, retinopathy, myopia,

hyperopia, and optic disc pathology were included. They were followed up until January 1,

2015, for the onset of dementia.

EXPOSURES Inner retinal layer thicknesses (ie, retinal nerve fiber layer [RNFL]) and ganglion

cell–inner plexiform layer (GC-IPL) thicknesses measured on optical coherence tomography

images.

MAIN OUTCOMES ANDMEASURES Odds ratios and hazard ratios for incident dementia per SD

decrease in retinal layer thickness adjusted for age, sex, education, and cardiovascular risk

factors.

RESULTS Of 5065 individuals eligible for optical coherence tomography scanning, 3289

(64.9%) (mean [SD] age 68.9 [9.9] years, 1879 [57%] women) were included in the analysis.

Of these 3289 individuals, 41 (1.2%) already had dementia. Thinner GC-IPL was associated

with prevalent dementia (odds ratio per SD decrease in GC-IPL, 1.37 [95% CI, 0.99-1.90]).

No association was found of RNFL with prevalent dementia. During 14 674 person-years of

follow-up (mean [SD], 4.5 [1.6] years), 86 individuals (2.6%) developed dementia of whom

68 (2.1%) had Alzheimer disease. Thinner RNFL at baseline was associated with an increased

risk of developing dementia (hazard ratio per SD decrease in RNFL, 1.44 [95% CI, 1.19-1.75]),

which was similar for Alzheimer disease (hazard ratio, 1.43 [95% CI, 1.15-1.78]). No association

was found between GC-IPL thickness and incident dementia (hazard ratio, 1.13 [95% CI,

0.90-1.43]).

CONCLUSIONS AND RELEVANCE Thinner RNFL is associated with an increased risk of

dementia, including Alzheimer disease, suggesting that retinal neurodegenerationmay serve

as a preclinical biomarker for dementia.
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D
ementia is a major cause of morbidity and mortality

amongelderlypopulationsworldwide.1Alzheimerdis-

ease (AD) is themost common type of dementia, char-

acterized by the accumulation ofmisfolded amyloid-β and tau

proteininthebrainduringalongpreclinicalperiod.2Studieshave

shownthat theaccumulationofamyloid-βdeposits alsooccurs

in the retinaof patientswithADand inmousemodels ofAD.3,4

Hence, these findingsnotonlyunderpin the involvementof the

retina and the visual pathways in ADpathology, but also show

the potential to use retinal structures as a biomarker for AD.5-7

Inrecentyears,noninvasiveoptical imagingtechniqueshave

increasinglybeenusedtostudyneurodegenerativedisordersof

theeye, suchasmaculardegenerationandglaucoma, aswell as

neurodegeneration in thebrain. Inparticular,optical coherence

tomography (OCT)providesanexcellentopportunity tovisual-

ize retinalnerve tissue invivowithbiopsy-likeprecision (spatial

resolution,<10μm)andtodetectneuro-axonaldegeneration.Sev-

eral cross-sectional studiesusingOCThaveshownthatpatients

withADhavethinnerretinalnervefiberlayer(RNFL)andganglion

cell–innerplexiform layer (GC-IPL) comparedwith controls.8-12

Additionally, recent studieshave shownthat thinnerRNFLand

GC-IPLwereassociatedwithmagnetic resonance imagingmark-

ersofbrainatrophy,suggestingthatneuronaldamageindeedoc-

curs simultaneously in the retinaand throughout thebrain.13,14

Althoughcross-sectionalstudieshavesuggestedthatretinalthin-

ningmay serve as a biomarker for dementia, it remains unclear

whetherretinal thinningprecedestheoccurrenceofdementiaor

occurs once the disease has become clinicallymanifest. Longi-

tudinal studiesexaminingthe linkbetweenretinal layersandin-

cidentdementiaarelackingandarecrucialtodisentanglethetem-

poralrelation.Therefore,weinvestigatedtheassociationofRNFL

andGC-IPL thicknessesonOCTwithprevalentand incidentde-

mentia in a general adult Dutch population.

Methods

Study Population and Setting

ThisstudywasembeddedwithintheRotterdamStudy,aprospec-

tivepopulation-basedcohort studyamong individuals45years

or older, residing in Ommoord, a district in Rotterdam, the

Netherlands.15TheRotterdamStudyhas been approved by the

medicalethicscommitteeaccordingtothePopulationStudyAct,

executed by the Ministry of Health, Welfare and Sports of the

Netherlands. All individuals gavewritten informed consent.

The cohort started in January 1990 (n = 7983) and was

extended in February 2000 (n = 3011) and February 2006

(n = 3932). Follow-up examinations took place every 3 to 4

years. In September 2007, spectral-domainOCTscanningwas

added to the protocol and was performed at the fifth fol-

low-upof the first cohort, the third follow-upof the secondco-

hort, and in abouthalf of the individuals at the first visit of the

third cohort (Figure 1).

A total of 5065 individuals were eligible for OCT scan-

ning. Individuals were excluded if they did not undergo OCT

scanning or had ungradable OCT scans owing to poor-quality

scans. We also excluded individuals with age-related macu-

lardegeneration, glaucoma,hypertensiveordiabetic retinopa-

thy, myopia (<−6 diopter), hyperopia (>6 diopter), optic disc

pathology (ie, tiltedopticdisc, ischemicopticneuropathy, and

peripapillar atrophy), and other eye pathology (eg, macular

hole, macular edema). Next, we excluded individuals with a

history of clinical stroke,whounderwent insufficient demen-

tia screening, who did not provide informed consent to ac-

cess medical records, with Parkinson disease, and with mul-

tiple sclerosis. These exclusions resulted in 3289 individuals

(64.9%) for analysis with the RNFL, and in 2998 individuals

(59.2%) for analysiswith theGC-IPL, fromwhichprimarily the

righteye (3126 [95%] forRNFLand2827 [94%] forGC-IPLmea-

surements)was chosen for further analysis. From themacula

toward the optic nerve, the RNFL becomes thicker, whereas

theGC-IPLbecomesthinner.Therefore,wemeasuredtheRNFL

in the peripapillary region and the GC-IPL in the perimacular

region as these layers are the thickest in those regions.

Retinal Layer Thickness

From September 2007 to June 2012, participants underwent

completeeyeexaminationincludingvisualacuity,refraction,slit-

lampexamination,andretinal imaging.Retinal imaging(ie, fun-

dusphotographyandOCTscanning)wasperformedonbotheyes

of each participant after pharmacological mydriasis according

to a standard protocol. This resulted in awell-illuminated fun-

dus, which is required for good visible retinal structures. Fun-

dusphotographsweregraded for thepresenceof any retinal le-

sions.Hence, eyeswithpathology that couldpotentially affect

theOCTmeasurementswereassessedandexcluded.Eyeswere

scannedwiththespectral-domainOCT-1000(Topcon)with 2678

in sample I and 2390 in sample II. FromAugust 2011 onwards,

thisdevicewasreplacedwiththespectral-domainOCT-2000ow-

ing to an update following the start of the study, with 611 in

sample Iand608 insample II.Themaculaandopticnervehead

werescannedinthehorizontaldirectioninanareaof6 × 6 × 1.68

mmwith512 × 512 × 480voxels (usingOCT-1000) and6 × 6 ×

2.30mmwith512 × 512 × 885voxels (usingOCT-2000),enabling

us todetect structureswith5-μmresolution (Figure2).Peripap-

illaryRNFLthicknesswasmeasuredautomaticallybyTopcon’s

built-in segmentation algorithm. This was done in 12 peripap-

illary segments of 30° each, and themeanRNFL thicknesswas

derivedfromthecalculationcircle.Forthemacula,volumeswere

segmentedusing IowaReferenceAlgorithms,version3.6 (avail-

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

download).The intersessionrepeatabilityofsegmentationsand

agreementbetweenOCTdevicesof thisalgorithmhasbeenpre-

viouslyvalidated.16,17MacularGC-IPL thicknesswasmeasured

Key Points

Question What is the association of thicknesses of retinal layers

with incident dementia in a general population of Dutch adults?

Findings In this population-based study, thinner retinal nerve

fiber layer at baseline, assessed on optical coherence tomography

imaging, was associated with an increased risk of developing

dementia, including Alzheimer disease.

Meaning Thinner retinal nerve fiber layer may be a novel

biomarker for dementia, specifically for Alzheimer disease.
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in9 regionsof theEarlyTreatmentDiabeticRetinopathyStudy

Grid, and themean thicknesswas calculated.

Indices of quality control were used to preserve good-

quality images (high signal, low noise) and to exclude scans

with segmentation errors.We followedpublished recommen-

dations onquality control according to theOSCAR-IB consen-

suscriteria (O,obviousproblems includingviolationof thepro-

tocol; S, poor signal strength defined as <15 dB; C, wrong

centration of scan; A, algorithm failure; R, retinal pathology

other than multiple sclerosis–related; I, illumination; and B,

beamplacement) andAPOSTEL guidelines (Advised Protocol

for OCT Study Terminology and Elements).18,19

Scans included in our study had a segmentability index of

30%ormoreandanundefined regionof 20%or less (measures

ofsegmentation/algorithmfailures), andaquality factorof30or

more (measure of signal strength). These quality metrics have

beendescribedpreviously.17,20,21At thebeginningof the study,

only the right eyes (n = 883) were scanned owing to time con-

straints.Tomaintainconsistency,wechoseprimarilytherighteye.

Dementia

Participantswere screened fordementia atbaselineandsubse-

quentvisits to thestudycenter,using theMini-Mental StateEx-

aminationandtheGeriatricMentalStateorganiclevel.Thosewith

a Mini-Mental State Examination score lower than 26 or GMS

score above 0 underwent further investigation, including the

CambridgeExaminationforMentalDisordersof theElderly.Ad-

ditionally, theentire cohortwas continuouslybeingmonitored

fordementia throughelectronic linkageof thestudycenterwith

medical records fromgeneral practitioners and the regional in-

stitute foroutpatientmentalhealthcare.Available information

on cognitive testing and clinical neuroimagingwas usedwhen

required fordiagnosisofdementia subtype.Aconsensuspanel

ledbyaconsultantneurologistestablishedthefinaldiagnosisac-

Figure 1. FlowDiagram of the Study Population

3932 Individuals in RS III-1
(2006-2008)

1605 Excluded
(ungradable or no OCT data)

1467 Excluded
(ungradable or no OCT data)

1689 Eligible for OCT 1671 Eligible for OCT

5065 Eligible for OCT

4000 Included 3598 Included

3505 Included

3289 Included in analysis 2998 Included in analysis

3185 Included

1705 Eligible for OCT

2147 Individuals in RS I-5
(2009-2011)

1839 Individuals in RS II-3
(2010-2012)

2243 Excluded

276 Did not undergo
ophthalmic examination

1967 OCT was not yet introduced

476 Excluded (did not undergo
ophthalmic examination)

134 Excluded (did not undergo
ophthalmic examination)

495 Excluded

39 AMD

123 Glaucoma

100 Retinopathy

28 Myopia

56 Hyperopia

130 Optic disc pathology

19 Other

216 Excluded

146 History of clinical stroke

38 Insufficient dementia screening

22 No informed consent

9 Parkinson

1 Multiple sclerosis

413 Excluded

22 AMD

81 Glaucoma

94 Retinopathy

22 Myopia

53 Hyperopia

122 Optic disc pathology

19 Other

187 Excluded

130 History of clinical stroke

24 Insufficient dementia screening

25 No informed consent

7 Parkinson

1 Multiple sclerosis

Sample I
Optice nerve head data

Sample II
Macula data

AMD indicates age-relatedmacular degeneration; OCT, optical coherence tomography; RS, Rotterdam Study.
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cording toastandardcriteria fordementia (usingDiagnosticand

StatisticalManual ofMentalDisorders [ThirdEditionRevised]),

AD (using National Institute of Neurological and Communica-

tive Diseases and Stroke–Alzheimer’s Disease andRelated Dis-

orders Association criteria), and vascular dementia (using Na-

tional InstituteofNeurologicalDisordersandStroke–Association

Internationalepour laRecherceet l’EnseignementenNeurosci-

ences criteria).22,23Onthebasisof theClinicalDementiaRating

Scale, the severity of symptomsof dementiawas quantified.24

Follow-upuntil January 1, 2015,wasvirtually complete (95%of

potentialperson-years).Participantswerecensoredatdateofde-

mentia diagnosis, death, loss to follow-up, or January 1, 2015,

whichever came first.

Cognition

Participants underwent routine cognitive assessment during

their visit to the center, including verbal fluency test (animal

categories), 15-word learning test (immediate anddelayed re-

call and recognition), letter-digit substitution test, Stroop test

(readingand interference task, colornaming task), and thePur-

duepegboard test (sumscoreofbothhands simultaneously).25

We transformed the distribution of all tests to a normal distri-

bution and calculated z scores.Weused the g factor for global

cognition, ie, a standardized compound score that is calcu-

latedusing theprincipal component analysis inwhich for tests

with multiple subtasks, only 1 subtask was included to pre-

venthighly correlated tasksdistorting the factor loadings. The

tests includedwere verbal fluency test, 15-word learning test,

letter-digit substitution test, Stroop test, and Purdue peg-

board test.

Statistical Analysis

Statistical analysis is presented in theeMethods in theSupple-

ment. Briefly, in cross-sectional analysis, we assessed the as-

sociation of RNFL and GC-IPLwith prevalent dementia using

logistic regression. In longitudinal analysis, we excluded in-

dividualswith prevalent dementia at baseline (at time ofOCT

scanning) and assessed the association of RNFL and GC-IPL

with the risk of developing dementia and AD using Cox pro-

portional hazards regression model. We adjusted the cross-

sectional and longitudinal analyses for the same set of covar-

iates (ie, covariates that are generally considered to be

important confounders for dementia). Assessment of covari-

ates is presented in theeMethods in theSupplement. Inmodel

1,weadjusted for age, sex, subcohort, andeducation. Inmodel

2, we additionally adjusted for systolic blood pressure, dia-

stolicbloodpressure,bloodpressure-loweringmedicationuse,

body mass index (calculated as weight in kilograms divided

by height in meters squared), total cholesterol, high-density

lipoprotein cholesterol, diabetes mellitus, and smoking.

All analyses were performed at the significance level of .05

(2-tailed) using SPSS, version 21.0 (IBM Corporation).

Figure 2. Output of the Retinal Optical Coherence Tomography

Image of the maculaA Image of the optic nerveB

Cross-sectional image of the maculaC Cross-sectional image of the optic nerveD

GC-IPL
RNFL

Focusing on themacula (A) and optic

nerve (B), with corresponding

cross-sectional view of the retina

(C, and D, respectively).

GC-IPL indicates ganglion cell–inner

plexiform layer; RNFL, retinal nerve

fiber layer.
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Results

Of 5065 individuals eligible for OCT scanning, 3289 individu-

als (64.9%) (mean [SD] age 68.9 [9.9] years, 1879 [57%]wom-

en) were included in the analysis with RNFL thickness, and

2998 individuals (59.9%) (mean [SD] age68.2 [9.9] years, 1717

[57%]women)were included in theanalysiswithGC-IPL thick-

ness. Table 1 shows the baseline characteristics of the study

population. Comparedwith individuals included in the analy-

sis, those who were excluded were substantially older, had a

worse cardiovascular riskprofile, andhadhigherprevalentde-

mentia cases.

Table2showstheassociationof retinal layer thicknesswith

prevalentdementia.ThinnerGC-IPLwas strongly, butnot sub-

stantially, associatedwith prevalent dementia (model 1: odds

ratio per SD decrease in GC-IPL, 1.38 [95%CI, 0.99-1.92]). For

RNFL, theodds ratiowas 1.06 (95%CI, 0.78-1.43).Mean thick-

ness (μm) with age- and sex-adjusted mean difference of in-

dividualswithandwithoutdementiawas92.71vs95.36;−2.38

(95%CI,−7.24 to2.48) forRNFLand66.31vs70.46;−2.22 (95%

CI, −4.79 to 0.33) for GC-IPL. We did not find significant dif-

ferences inRNFLandGC-IPL thicknessesbetween the left and

right eyes (eFigure in the Supplement). According to theClini-

calDementiaRatingScale,mostprevalentdementiacaseswere

classifiedasmoderatedementia (60%[25of61]),whereasmost

Table 1. Baseline Characteristics of the Study Population

Characteristic, Mean (SD)

Sample I Sample II

Included
(n = 3289)

Excluded
(n = 1776)a

Included
(n = 2998)

Excluded
(n = 2067)a

Age, y 68.9 (9.9) 71.8 (11.1)b 68.2 (9.9) 72.5 (10.7)b

Female , No. (%) 1879 (57) 1034 (58) 1717 (57) 1196 (58)

Systolic blood pressure, mm Hg 145.9 (22.1) 146.9 (24.0) 145.6 (22.1) 147.1 (23.7)b

Diastolic blood pressure, mm Hg 84.7 (11.1) 84.0 (11.7)b 84.9 (11.1) 83.7 (11.5)b

Blood pressure–lowering
medication

1450 (44) 938 (53)b 1283 (43) 1107 (54)b

Body mass indexc 27.5 (4.3) 27.7 (4.5)b 27.5 (4.2) 27.6 (4.5)

Diabetes mellitus, No. (%) 376 (11) 250 (14)b 337 (11) 289 (14)b

Total cholesterol, mg/dL 212.36 (42.47) 204.63 (42.47)b 212.36 (42.47) 204.63 (42.47)b

High-density lipoprotein
cholesterol, mg/dL

57.92 (15.44) 54.05 (15.44)b 57.92 (15.44) 54.05 (15.44)b

Smoking status, No. (%)

Nonsmoker 1032 (31) 569 (32) 951 (32) 652 (32)

Former smoker 1725 (52) 892 (50)b 1556 (52) 1057 (51)b

Current smoker 532 (16) 306 (17)b 491 (16) 347 (17)b

Education

Lower education 1029 (31) 624 (35)b 964 (30) 739 (36)b

Intermediate education 1576 (48) 811 (46) 1545 (48) 947 (46)

Higher education 684 (21) 310 (18)b 705 (22) 348 (17)b

Right eyes, No. (%) 3126 (95) NA 2827 (94) NA

Peripapillary retinal nerve fiber
layer, μm

95.3 (15.7) NA NA NA

Macular ganglion cell, inner
plexiform layer, μm

NA NA 70.4 (7.8) NA

Prevalent dementia, No. (%) 41 (1.2) 54 (3.0)b 34 (1.2) 61 (3.0)b

Abbreviation: NA, not applicable.

SI conversion factor: To convert

cholesterol frommg/dL tommol/L,

multiple by 0.0259.

aMissing values were not imputed.

Percentage of missing values for all

variables was less than 2%.

bAge- and sex-adjustedmean

differences (P < .05).

c Bodymass index is calculated as

weight in kilograms divided by

height in meters squared.

Table 2. Association of Inner Retinal Layer ThicknessWith Prevalent Dementia

Variable

Model 1 Model 2

Odds Ratio (95% CI)a
P Value Odds Ratio (95% CI)b

P Value

Retinal nerve fiber layerc

Per SD decrease 1.06 (0.78-1.43) .73 1.04 (0.77-1.41) .79

Per 1-μm decrease 1.00 (0.98-1.01) .58 1.00 (0.98-1.02) .64

Ganglion cell–inner plexiform layerd

Per SD decrease 1.38 (0.99-1.92) .05 1.37 (0.99-1.90) .06

Per 1-μm decrease 1.04 (1.00-1.09) .05 1.03 (1.00-1.09) .06

aModel 1 was adjusted for age, sex, subcohort, and education.

bModel 2 was adjusted as in model 1 and additionally adjusted for systolic blood

pressure, diastolic blood pressure, blood pressure–lowering medication, body

mass index (calculated as weight in kilograms divided by height in meters

squared), total cholesterol, high-density lipoprotein cholesterol,

diabetes mellitus, and smoking.

c Of 3289 individuals, 41 (1.2%) developed dementia.

dOf 2998 individuals, 34 (1.1%) developed dementia.
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incidentdementia caseswereclassifiedasmilddementia (50%

[40 of 86]) (eTable 1 in the Supplement).

Table3 showstheassociationof retinal layer thicknesswith

incidentdementia. ThinnerRNFLatbaselinewas significantly

associatedwithahigher riskofdevelopingdementia (hazardra-

tio [HR] per SD decrease in RNFL, 1.51 [95% CI, 1.25-1.82]). Af-

ter adjusting for cardiovascular risk factors, this associationat-

tenuatedbutremainedstatisticallysignificant (HR,1.44[95%CI,

1.19-1.75]). Similar associationswereobserved forAD (adjusted

HR,1.43 [95%CI, 1.15-1.78]).Wefoundnosignificantassociation

for GC-IPL thicknesswith incident dementia.

eTable 2 in the Supplement shows the association of reti-

nal layer thickness in quartiles with incident dementia. Indi-

viduals in the lowest quartile of RNFL thickness had a higher

risk of developingdementia comparedwith individuals in the

highest quartile (HR, 2.58; 95% CI, 1.38-4.83).

eTable 3 in the Supplement shows the association of reti-

nal layer thickness with prevalent and incident dementia af-

ter adjusting the retinal layers for each other. Pearson corre-

lation between RNFL and GC-IPL was 0.328. Using

measurements fromprimarily the lefteyes, theunadjustedHRs

per SDdecreasewere 1.51 (95%CI, 1.23-1.85) forRNFLand 1.10

(95% CI, 0.86-1.39) for GC-IPL.

When combining the retinal layers (ie, RNFL plus GC-

IPL), the unadjusted odds ratio was 1.12 (95% CI, 0.79-1.58),

indicating some interaction between the retinal structures,

and the unadjusted hazard ratio was 1.46 (95% CI, 1.17-1.83)

showing that the association was primarily driven by RNFL.

Of all dementia cases, 6 (sample I) and 5 (sample II) cases

were preceded by a stroke, for both samples, a median 2.5

years 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: 1.56 (95% CI, 1.28-1.89) and 1.50 (95% CI,

1.23-1.83), respectively.

eTable4 intheSupplementshowstheassociationsof retinal

layer thicknesswithcognition. Ingeneral, thinnerRNFLandGC-

IPLwereassociatedwithvariouscognitive tests,but theseasso-

ciationswere not consistently seen on follow-up.

Discussion

Inthisprospectivepopulation-basedcohortstudy,wefoundthat

thinnerRNFLwasassociatedwithahigherriskofdevelopingde-

mentia, includingAD,independentofcardiovascularriskfactors.

Thusfar,evidenceforretinal involvementinADpathologycomes

primarily fromhistopathological studies, inwhichpostmortem

specimenswereexamined.Thoseearlystudieshaveshownthat

peoplewithADhadsubstantial lossof retinalganglioncells and

thinnerRNFLcomparedwithcontrols.26,27Subsequently,clinical-

basedstudieshaveconsistentlyobservedRNFLthinningamong

patientswithADusingoptical imagingtechniques invivo.8,9Ad-

vancesinOCTtechnologyallowustoobservetheretinaingreater

detail, enablingautomatedsegmentationofother retinal layers

aswell. Hence, studies have shown that patientswith ADhad,

apart fromthinnerRNFL, also thinnerGCL-IPLcomparedwith

cognitively healthy controls, suggesting that thinner GC-IPL is

accompaniedby thinnerperipapillaryRNFL.10-12However,ow-

ingtothecross-sectionalnatureof thesestudies, it remainedun-

clearwhether thinner retinal layerspreceded theclinicalmani-

festationofADorwereonlyseenafteradiagnosishadbeenmade.

In linewith findings fromprevious studies,we found that par-

ticularly thinnerGC-IPL tend tobe statistically significantly as-

sociatedwithprevalentdementia.More importantly,our study

is the first that showsanassociationbetweenthinnerRNFLand

the risk of dementia, including AD, to our knowledge.

In patients with dementia, damage to brain regions cov-

ering thevisual tractmaycause retrogradedegenerationof the

optic nerve by affecting the neuronal connections of the vi-

sual tract. Subsequently, this neurodegenerative processmay

manifest itself in the retina initially as thinner RNFL, after

which thinningof theGC-IPL follows.A2016 studyhas shown

that a reduction inGCL-IPLat baselinewas associatedwithAD

progression as measured by the Clinical Dementia Rating

Scale.11 Hence, given our findings, it is possible that thinner

GC-IPL is reflecting more advanced stages of AD pathology.

However, an important question remains why thinner RNFL

was not associatedwith prevalent dementiawith a similar ef-

Table 3. Association of Inner Retinal Layer ThicknessWith Incident Dementia

Variable

Model 1 Model 2

Hazard Ratio (95% CI)a
P Value Hazard Ratio (95% CI)b

P Value

All dementia

Retinal nerve fiber layerc

Per SD decrease 1.51 (1.25-1.82) <.001 1.44 (1.19-1.75) <.001

Per 1-μm decrease 1.03 (1.01-1.04) <.001 1.02 (1.01-1.04) <.001

Ganglion cell–inner plexiform layerd

Per SD decrease 1.13 (0.89-1.42) .31 1.13 (0.90-1.43) .29

Per 1-μm decrease 1.02 (0.99-1.05) .33 1.02 (0.99-1.05) .29

Alzheimer disease

Retinal nerve fiber layere

Per SD decrease 1.49 (1.20-1.84) <.001 1.43 (1.15-1.78) .001

Per 1-μm decrease 1.03 (1.01-1.04) <.001 1.02 (1.01-1.04) .001

Ganglion cel–inner plexiform layerf

Per SD decrease 1.15 (0.90-1.48) .28 1.16 (0.90-1.48) .25

Per 1-μm decrease 1.02 (0.99-1.05) .28 1.02 (0.99-1.05) .25

aModel 1 was adjusted for age, sex,

subcohort, and education.

bModel 2 was adjusted as in model 1

and additionally adjusted for systolic

blood pressure, diastolic blood

pressure, blood pressure–lowering

medication, bodymass index

(calculated as weight in kilograms

divided by height in meters

squared), total cholesterol,

high-density lipoprotein cholesterol,

diabetes mellitus, and smoking.

c Of 3248 individuals, 86 (2.6%)

developed dementia.

dOf 2964 individuals, 63 (2.1%)

developed dementia.

eOf 3248 individuals, 68 (2.4%)

developed dementia.

f Of 2964 individuals, 52 (1.8%)

developed dementia.
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fect magnitude as the GC-IPL. Apart from loss of power ow-

ing to smaller number of prevalent dementia cases,we specu-

late that the time-course when dementia occurs might play a

role. For instance, damage to the optic nerve causes swelling

and gliosis formation of the axons.28-30 In fact, there appears

to be a time delay between optic nerve degeneration and reti-

nal ganglion cell loss, during which swelling or gliosis forma-

tion of structures can occur, and after which structural losses

become more evident. Another possibility might be that dif-

ferences in characteristics between those included and ex-

cluded may have introduced selection bias in the cross-

sectional analyses and thus may underlie the lack of an

association between RNFL and prevalent dementia. In con-

trast, in the longitudinal analyses, selection bias was not an

issuebecauseour follow-upfor incidentdementiawasvirtually

complete. Furthermore, thatwedidnot find an associationof

RNFLwithprevalentdementia,but several clinical-basedstud-

ies did,may be due to publication bias. Futuremeta-analyses

on this topic should include a funnel plot.

Apart from retrograde degeneration as a possible expla-

nation for our findings, another explanation might be that a

commonpathogenesisunderlies theassociationbetweenRNFL

anddementia.Studieshaveobservedtheaccumulationofamy-

loid-βdepositsboth in the retinaandbrainof transgenicmouse

models and corroborated those findings in postmortem stud-

ies inpatientswithAD.3,4,31,32Althoughexactmechanisms that

underlie the formation of amyloid plaques are unknown, fac-

tors associatedwith the formationof theseplaques suchas in-

flammatorymarkers and genetic variants,may partly explain

our findings.However,wewerenotable tocontrol for suchcon-

founding factors. It should be noted that there is insufficient

evidence to conclude whether retinal amyloid plaques are

really reflective of dementia pathogenesis, and whether reti-

nal amyloid-β can be used as a diagnostic tool for dementia.33

To this end, future studies are needed.

WhileweexclusivelyhaveshownanassociationofRNFLand

GC-IPLwithdementia, thicknessoftheselayershasalreadybeen

moreextensivelystudied inotherneurologicdisorders,particu-

larlymultiplesclerosis.Hence,RNFLandGC-IPLthicknessesmay

provideinformationonneurodegenerationingeneralratherthan

specifically on dementia.

Further, we observed cross-sectional associations of the

RNFLand inparticularGC-IPLwithvarious cognitive tests and

global cognition, but these associations were not consistently

seen on follow-up. However, these longitudinal analyseswere

hampered by substantial attrition (23%). As participants with-

outcognitive reassessmentwereonaverageolderandhadthin-

ner nerve fiber layers, thismay have introduced selection bias

thatmost likely led tounderestimationof a trueassociation. In

contrast,ourdementia follow-up isnearlycomplete (95%ofpo-

tentialperson-years)becauseof continuous linkagewithmedi-

cal records in addition to in-person screening.

Limitations and Strengths

Several methodological aspects of our study need to be dis-

cussed. First, individuals excluded from our study had poor

health, resulting in selection of relatively healthy individuals

in our analysis. Second, participants were mainly middle-

classwhite individuals,which limits thegeneralizabilityofour

findings. Another limitation may be that we performed OCT

on the right eyes. Studies have suggested that theremight be

structural and functional differences between eyes.34 How-

ever, we did not find significant differences in retinal layer

thicknesses between left and right eyes, but possible expla-

nations for intereye differences may be sampling variability,

measurement error, and differences in mydriasis, illumina-

tion, refractive error, or signal strength.Moreover, the neuro-

degenerative process underlyingdementia is generalized and

shouldnot be limited to 1 eye.Hence,wedonot think that dif-

ferences between eyes will have influenced the associations

we found with dementia. Next, we did not use other retinal

layers because the reliability of the segmentation for outer lay-

erswerepoor and the thicknesseswerenot comparable across

the 2OCTdevices. Finally, owing to the relatively small num-

ber of incident dementia cases, our current study is under-

powered toproperly performpredictionmodeling for demen-

tia. For dementia prediction, although researchers are in the

process of developing such models, there is currently no es-

tablished prediction models available, such as the Framing-

hamStrokeRiskScore for stroke,but futurestudies shouldcon-

sider to take retinal structures into account. Strengths of our

study include the population-based setting, longitudinal de-

sign, and thorough collection of events.

Conclusions

In conclusion,we found that thinnerGCLwas associatedwith

prevalentdementiaandthat thinnerRNFLwasassociatedwith

an increased riskofdevelopingdementia, includingAD.These

findings suggest that thinner RNFLmay be a novel biomarker

for dementia, specifically forAD.Moreover, there is anoppor-

tunity to use OCT in clinical or research settings as an acces-

sible and noninvasive tool to help clinicians or researchers in

eligibility determination for clinical trials, in monitoring dis-

ease progression or in evaluating treatment response.
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