
Received: 13 April 2020 Revised: 17 June 2020 Accepted: 23 June 2020 Published online: 10 August 2020

DOI: 10.1002/dad2.12071

R E S E A RCH ART I C L E

Lower retinal capillary density inminimal cognitive impairment
among older Latinx adults

Bright S. Ashimatey1 LinaM. D’Orazio2 Samantha J. Ma3 Kay Jann3

Xuejuan Jiang1 Hanzhang Lu4 Danny J.J.Wang2,3 JohnM. Ringman2

Amir H. Kashani1,5

1 Department of Ophthalmology, USC Roski

Eye Institute, Keck School ofMedicine of the

University of Southern California, Los Angeles,

California, USA

2 Department of Neurology, Keck School of

Medicine, University of Southern California,

Los Angeles,

California, USA

3 Laboratory of FMRI Technology (LOFT), Mark

&Mary Stevens Neuroimaging and Informatics

Institute, Keck School ofMedicine, University

of Southern California, Los Angeles, California,

USA

4 Department of Radiology, Johns Hopkins

University School ofMedicine, Baltimore,

Maryland, USA

5 USCGinsburg Institute for Biomedical

Therapeutics, Los Angeles, California, USA

Correspondence

AmirH.Kashani, AssociateProfessorofOph-

thalmology,Neurology, andBiomedical Engi-

neering,USCRoski Eye Institute andGins-

burg Institute forBiomedical Therapeutics,

1450SanPabloStreet, 6thFloor, LosAngeles,

CA90033.

Email: ahkashan@usc.eduor

kashani.ah@gmail.com

Abstract

Introduction: We investigated the hypothesis that retinal capillary perfusion is a

biomarker of early cognitive decline and cerebrovascular perfusion associated with

small vessel disease in a pilot data set of Latinx adults at high risk for vascular cogni-

tive impairment and dementia.

Methods:High-resolution optical coherence tomography angiography (OCTA) images

were acquired fromdilated eyes of Latinx subjects using a 3×3mm2 scan pattern from

a commercially available device. A previously validated method was used to quantify

the density of perfused retinal capillaries as the retinal vessel skeleton density (VSD).

The association of VSD with Clinical Dementia Rating Sum of Boxes, total Montreal

Cognitive Assessment (MoCA) score, and individual MoCA test elements were ana-

lyzed using multivariate statistics that adjusted for confounders. VSD was also com-

pared with magnetic resonance imaging (MRI) measures of cerebrovascular reactivity

(CVR) and perfusion in themiddle cerebral artery perforator (MCA-Perf) territory.

Results: The mean (± SD) age of the subjects was 68 (± 6) years. For every 0.01-unit

lower VSD, the risk of having a CDR-SOB >0 was 20% higher (95%CI = 5%–90%;

P= .031). Similarly, a lower VSD was associated with lower total MoCA score (r= 0.3;

P = .038). The Visuospatial/Executive domain of the MoCA assessment showed the

strongest association with VSD (β= 0.02; P= .022). Lower retinal VSDwas associated

with worse MRI measure of CVR (r = 0.7, P = .04) and less perfusion in the MCA-Perf

territory (r= 0.45, P= .02).

Discussion: Impaired retinal capillary perfusion is associated with cognitive impair-

ment and abnormalities in cerebrovascular perfusion and function. OCTA-based

retinal capillary assessment holds promise for identifying and quantifying retinal cor-

relates of neurovascular abnormalities associated with vascular cognitive impairment.
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1 BACKGROUND

It is estimated that by 2025 therewill be 1.2 billion people>60 years of

age, with the prevalence of dementia estimated to be >30% for those

>80 years of age.1 Vascular contributions to cognitive impairment and

dementia are common, especially later in life, and represent a signif-

icant unmet medical need in terms of accurate diagnosis and treat-

ment. Epidemiologic studies demonstrate that >50% of subjects with

Alzheimer’s disease (AD) pathology have significant comorbid vascu-

lar pathology.2-5 In 2011 and 2013, consensus statements from several

leading groups highlighted the importance of vascular contributions to

cognitive impairment and dementia (VCID).1,6 These consensus state-

ments called for development of novel, clinically feasible biomarkers of

vascular cognitive impairment and dementia.

The retinal vasculature provides one potential biomarker for VCID

because it shares many similarities with central nervous system

(CNS)tissue and is optically accessible by high-resolution imaging that

is not feasible in the brain. Clinical studies have shown that retinal arte-

riolar narrowing, arteriosclerosis, and exudates correlate with cere-

bral white matter lesions (WMLs).7-9 Epidemiologic studies showed

that clinically detectable retinopathy such as microaneurysms, reti-

nal hemorrhages, and exudates are most strongly associated with

WMLs, cerebral atrophy,10 and declines in executive and psychomo-

tor function.10-12 Therefore, macroscopic retinal vascular changes

(≈100 µm) correlate with both cognitive decline and magnetic res-

onance imaging (MRI) findings of small vessel disease (SVD). These

macroscopic findings are essentially end-stage retinal capillary pathol-

ogy and are very likely preceded by subclinical changes that should

be present in the retinal capillaries. This hypothesis is supported by

high-resolution imaging methods that have demonstrated subclini-

cal changes in capillary density and morphology preceding clinically

detectable retinopathy in several diseases such as hypertension and

diabetes.13-16

Optical coherence tomography angiography (OCTA) is an U.S. Food

and Drug Administration (FDA)–approved, low-cost, and noninvasive

method of assessing retinal capillary perfusion and morphology.13

Although several studies have demonstrated changes in retinal cap-

illary perfusion or reactivity in subjects with clinical AD,17-19 there

is a paucity of evidence demonstrating the changes associated with

VCID.5 In this study,wehypothesize that retinal capillary perfusion can

serve as a potential biomarker of early cerebral SVD and VCID, and

that there is a significant association between cognitive and structural

markers of SVD and retinal capillary perfusion. We test this hypothe-

sis in a pilot data set of a prospective community-based study of Latinx

subjects20 who are at high risk for VCID. Cerebrovascular disease suf-

ficient to contribute to dementia has been demonstrated in more than

half of demented subjectswithHispanic origin, compared toBlacks and

non-Hispanic Whites with 40% and 28% prevalence, respectively.21

Because the Latinx population is the fastest-growing group of older

adults in the United States and have a high prevalence of cardio-

vascular disease associated with higher risks of developing vascular

dementia and AD,22-24 it is an ideal and understudied population in

which retinal manifestations of VCIDmay be particularly informative.

2 METHODS

The methods used by the study adhered to the tenets of the Dec-

laration of Helsinki, and the study protocol has been approved by

the University of Southern California Institutional Review Board.

Written informed consent was obtained from all participants before

enrollment.

2.1 Subjects

Studyparticipantswere prospectively recruited fromsubjectswhohad

participated in the LosAngeles Latino Eye Study (LALES), a longitudinal

population-based cohort study of eye health initiated in 2000.20 LALES

participants who were older than 60 years of age were re-approached

for enrollment in the current study. Latinx were defined as individuals

who were born into or have descended from a Spanish-speaking com-

munity, regardless of race.20 To be recruited, the subject must have the

capacity to sign consent or give assent and have an appropriate surro-

gate (as determined by California law) to sign consent. Subjects with a

history of major psychiatric illness (eg, schizophrenia, bipolar disorder)

were excluded.

The study participants received a screening eye exam by a

board-certified ophthalmologist and fellowship-trained retina special-

ist (AHK) and a neurocognitive evaluation by a board-certified neu-

rologist and a neuropsychologist (JR and LD). The eye exam consisted

of comprehensive clinical assessments including ocular and medical

history, visual acuity, autorefraction, pupillary assessment, tonometry,

slit-lamp, and dilated fundus examination to identify ocularmorbidities

that confound OCTA retinal microvascular assessment. Pupillary dila-

tion for fundus exams and OCTA assessment was achieved using one

drop each of proparacaine (0.5%), tropicamide (1%), and phenylephrine

hydrochloride (2.5%) eye drops.

This current analysis was based on data collected between

04/12/2017 and 12/1/2019 from participants who had OCTA imaging

and underwent assessment using the Clinical Dementia Rating (CDR)

scale25 and/or Montreal Cognitive Assessment (MoCA).26 Eyes with
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history of co-morbid retinal pathology including glaucoma, pathologic

myopia, age-related macular degeneration, or macular edema, or with

history of retinal or laser surgery procedures were excluded. Patho-

logic myopia was defined conservatively as myopic refraction >6D or

with clinical signs of myopic degeneration (eg, posterior staphyloma,

peripapillary atrophy, tilted-optic nerve head insertion, atrophy of the

retinal pigment epithelium) or both. Individuals with significant media

opacities including cataract or asteroid hyalosis were also excluded. In

all, 67 subjectsmet the inclusion/exclusion criteria. Another six of these

were excluded due to poor OCTA quality (from motion and shadow

artifacts) in both eyes. Themean (± SD) age of the 61 subjects analyzed

was 68 (±6) years, and the number of years of formal education ranged

between 0 and 17 years (Table 1).

2.2 Retinal vascular assessment

The retinal microvasculature was assessed using an 840 nm light

source Spectral Domain OCTA - Cirrus HD-OCTA (Carl Zeiss Meditec,

Inc., Dublin, California, USA). The 3×3 mm2 foveal centered scan pat-

tern had an estimated acquisition time of 5 seconds but can vary

based on several variables including a subject’s ability to fixate.13,27

Each B-scan consists of 245 A-scans with an inter A-scan distance

of ~12 µm. Each eye received at least two scans to enhance the

chances of obtaining images with minimal artifacts for analysis. The

commercially reported axial and transverse resolution of the scan

pattern is 5 and 15 µm, respectively. The commercially available seg-

mentation softwarewasused togenerate a superficial retinal layer vas-

cular slab (comprising the retinal nerve fiber layer, ganglion cell layer,

and inner plexiform layer) for all analyses.

Images were acquired in each eye after pharmacologic dilation and

weregraded for imagequality.Only imageswith signal strengthgreater

than 7/10 were considered. When images from both eyes met the

inclusion criteria, the best image (fewest artifacts) was selected as

the representative image for the participant. The rater was blinded

to the cognitive and cerebrovascular data when making the selection.

A previously validated semiautomated software written in MATLAB

(R2018b; MathWorks, Inc., Natick, Massachusetts, USA) was used to

determine retinal capillary perfusion and termed retinal vessel skele-

ton density (VSD). In brief, the OCTA image acquired was converted

into a binarized image using a combination of methods consisting of a

global threshold, hessian filter, and adaptive threshold. The binarized

images were then skeletonized. VSD estimated the length of perfused

vessels from the binarized and skeletonized angiographic images and

was computed as the ratio of skeletonized vessel length to the total

area of the image14,16,28 (Figure 1).

2.3 Clinical assessment

Clinical status was assessed using the CDR Sum of Boxes (CDR-SOB)

and MoCA scores. The CDR was performed by a board-certified neu-

rologist trained in its administration and is a structured interviewof the

HIGHLIGHTS

∙ Retinal capillary perfusion is readily assessed using optical

coherence tomography angiography

∙ Retinal capillary perfusion is altered in subjects with mild

or preclinical cognitive impairment

∙ Retinal capillary perfusion correlates with MRI measures

of cerebrovascular reactivity and perfusion

RESEARCH INCONTEXT

1. Systematic review: On June 16, 2020, a Web of Science

search for articles that applied optical coherence tomog-

raphy angiography (OCTA) imaging in dementia found 13

articles. Six of these are related to our study and have

been cited.

2. Interpretation: Consistent with previous findings, we

show an association between lower retinal capillary per-

fusion and mild cognitive impairment in a cohort of sub-

jects at high risk for vascular cognitive impairment and

dementia (VCID). We demonstrate a significant, positive,

and cross-sectional association of retinal capillary per-

fusion with cognitive assessments, and abnormal cere-

brovascular perfusion (cerebrovascular reactivity and

middle cerebral artery-perforator perfusion). These find-

ings support the notion that retinal vascular changes are

indicators of cerebrovascular structure and function and

are potentially useful for assessment of CNS changes in

subjects at high risk for VCID.

3. Future directions: Future work will investigate longitu-

dinal changes in retinal capillary perfusion associated

with aging, declining cognitive status, and impaired cere-

brovascular health.

subject and informant in which subjects are rated: 0 (asymptomatic),

0.5 (equivocal impairment), 1 (mild), 2 (moderate), or 3 (severe demen-

tia) in the domains of memory, orientation, judgment and problem

solving, community affairs, home and hobbies, and personal care.25

CDR-SOB scores range from0 to 18 at 0.5 interval gradings and offer a

wider dynamic range for staging the severity of the clinical dysfunction

due to cognitive decline, especially in the milder stages of disease.29

The MoCA was performed by a licensed neuropsychologist and is a

brief screening test inwhich scores range from0 to 30.26 Aswas deter-

mined by the comfort level of the subject, testing was administered in

English or Spanish. Eight (≈13%) cognitive assessments were done in

English and 53 (≈87%) were in Spanish.

Clinical status was defined according to the standard guidelines

stipulated in the 3rd version of the Uniform Data Set used in the

http://California
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National Alzheimer’s Coordinating Center (NACC).29 The clinical sta-

tus of participants was based on a comprehensive review of neuropsy-

chological testing results, taking into accountdemographic andmedical

data available to the clinical team. In the NACC database, subjects are

categorized as being cognitively normal or abnormal. If abnormal, the

degree of cognitive impairment (eg, subtype of mild cognitive impair-

ment, dementia, and so on) and suspected etiologies were identified.

2.4 MRI assessment of brain structure and
cerebral hemodynamic status

MRI was performed on a 3T Siemens Prisma scanner with a 20-

channel head-coil including a T1-weighted multi-echo Magne-

tization Prepared - RApid Gradient Echo (MPRAGE) scan (res-

olution = 1 × 1 × 1 mm3, inversion time/TR = 1100/2530 ms,

echo time (TE) 1/2/3/4 = 1.69/3.55/5.41/7.27 ms), a T2-weighted

fluid-attenuated inversion recovery (FLAIR) scan (resolution = 1

× 1 × 1 mm3, inversion time/TE/TR = 1800/388/5000 ms), a

T2*-weighted multi-echo gradient-echo scan (resolution = 1.2

× 1.2 × 1.2 mm3, TR = 24 ms, TE1/2/3/4/5/6/7/8 = 2.98/

5.51/8.04/10.57/13.10/15.63/18.16/20.69 ms), a cerebrovascular

reactivity (CVR) with 5% CO2 and two-dimensional (2D) echo planar

(EPI) scan (resolution = 3.4 × 3.4 × 3.8 mm3, TE/TR = 21/1500 ms,

7 min 17 sec),30 and a 3D g radient and spin echo (GRASE) pseudo-

continuous arterial spin labeled (pCASL) scan (2.5 mm3 isotropic

resolution, 48 slices, TR/TE 4300 ms/36.76 ms, label time 1500 ms,

post label delay 2000 ms)31. The MRI data were processed with stan-

dard methods to obtain an assessment of white matter hyperintensity,

cerebral perfusion, and CVR.30,32-36

2.5 Statistical analysis

We investigated the association between VSD and clinical measures

of cognitive function. Due to the skewed distribution of CDR-SOB

scores (shown in the results) among normal and mildly impaired indi-

viduals, the CDR-SOB scores were dichotomized based on definitions

proposed by the Texas Alzheimer’s Research Consortium study37—

CDR-SOB of 0 representing normal clinical function and CDR-SOB>0

representing questionable impairment or worse. An analysis of covari-

ance (ANCOVA)model that adjusted for theeffects of covariates (years

of education, age, gender, and testing language) was used to investi-

gate the difference in the mean VSD between the subjects with CDR-

SOB scores = 0 and CDR-SOB >0. The underlying assumptions of

the test statistics were assessed using Schapiro-Wilk test and Levene

test for assessing normality and equality of error variance, respec-

tively. We also computed the proportion of subjects with CDR-SOB

score>0 for each0.01-unit change ofVSD, and the accompanying odds

ratio using a logistic regression model that accounted for the same

covariates.

The relationship between VSD and total MoCA score was assessed

using multivariate linear regression models that adjusted for covari-

ates (age, gender, and testing language) and reported the partial cor-

relation associated with the VSD metrics. The effect of years of

education on total MoCA scores was compensated using an adjust-

ment model developed by Chertkow et al38 and refined by Zhou

et al.39 Specifically, 1, 2, and 3 points were added to the raw MoCA

score when the years of education was 10–12, 4–9, and <4, respec-

tively. Assumptions for multiple linear regression models including

normality of data and homoscedasticity were assessed. Following this

analysis, we investigated the contribution of retinal VSD for assess-

ing VCID. The VSD comparison with total MoCA score was repeated

for the subset of subjects with cardiovascular risk factors (diabetes,

hypertension, and hypercholesterolemia). In addition, we explored the

association between VSD and MoCA scores for individual cognitive

domains as defined by theMoCA subtask assessment.40,41 When there

wasmore than one subtask in a domain, the total score of the subtasks

were computed; example: trails (scored over 1), copy cube (scored

over 1), and clock drawing (scored over 3) were combined as execu-

tive/visuospatial domains.42 In this subtask analysis, however, years of

education were accounted for as a covariate because the previously

appliedmodel for adjusting education (from Zhou et al) was only appli-

cable to total MoCA score. We report on the beta coefficients and P-

values of the trend analysis.

In a subset of the subjects with available MRI data, we explored

the association between VSD and measures of brain perfusion and

cerebrovascular hemodynamics. Specifically, we assessed the relation

between the VSD and perfusion in the middle cerebral artery perfo-

rator territory (MCA-Perf [N = 32]) by pCASL using a multiple regres-

sionmodel and report the partial correlation.30,33-36 Reduced cerebral

blood flow in small perforating arteries has been commonly affected

in arteriolosclerosis, a prevalent form of cerebral SVD.43 The analyses

adjusted for the effects of age and gender and global cerebral blood

flow. Assumptions of normality and homoscedasticity were met. The

association between VSD and CVR (N = 11) as well as Fazekas scale

grading ofWML (N= 32) were also assessed using multiple regression

models for simplicity, adjusting for age and gender. Statistical signifi-

canceswere defined at an alpha level of 0.05 (two tailed) andwere per-

formed using SPSS version 25 (IBM SPSS Statistics for Windows, Ver-

sion 25.0. Armonk, New York, USA)

3 RESULTS

Table 1 shows the distribution of demographic, medical history, and

neurologic exam findings of the study participants. Cerebrovascular

risk factors appeared to be more common in the cognitively abnor-

mal group. However, the differences did not reach significance. As

expected, theMoCAscores showedworse cognitive abilities in the cog-

nitively abnormal group.

Although subtle, qualitative comparison of OCTA images of par-

ticipants matched for age and medical conditions show that subjects

with CDR-SOB scores = 0 generally have a higher vessel density than

subjects with CDR-SOB >0. This difference is better observed on the

quantitative pseudo-colored VSD maps (Figure 1). ANCOVA found
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TABLE 1 The table shows the demographic, medical, and clinical status of the subjects

Subset of subjects with clinical status defined (N= 50)

All subjects (N= 61) Cognitively normal (N= 35) Cognitively abnormal (N= 15)

Age, years - mean (SD) 68 (6) 68.35 (7) 68.46 (6)

Refractive error - median (range) +1.00 (−1.25± 4.50) +1.00 (−1.00± 4.50) +1.00 (−1.00± 4.50)

Male gender 21% 14% 40%

Years of education - mean (SD) 8 (4) 9 (5) 6 (3)*

MoCA score - mean (SD) 22 (4) 23 (4) 20 (4)*

%with diabetes 33% 31% 33%

%with hypertension 58% 55% 80%

%with hyperlipidemia 58% 59% 73%

Suspected etiology NA NA 7 (47%) with AD2 (13%) with

VCID6 (40%) with other

causes

VSD -mean (SD) 0.145 (0.006) 0.15 (0.006) 0.147 (0.006)

OCTA signal strength - median

range

9 (8–10) 9 (8–10) 9 (8–10)

The refractive error measures reported were computed from equivalent sphere. Clinical status was defined by a neurologist and neuropsychologist after

a comprehensive review of the subject’s medical and clinical history. Eleven subjects did not make the follow-up visit at which the cognitive status of the

subjects was clinically assessed.
*Indicates the comparisons between the cognitively normal and cognitively abnormal groupwhich are significant at P= .05. Other etiologies include learning

disorder, depression, and anxiety.

Abbreviations: AD, Alzheimer’s disease; NA, not applicable; VCID, vascular contribution to cognitive impairment and dementia.

F IGURE 1 Optical coherence tomography angiography (OCTA) images and quantification. The figure shows two 3× 3mm2 parafoveal OCTA
images (signal strength 10/10) of two subjects with CDR-SOB scores= 0 and CDR-SOB= 1, and ages 76 and 73 years, respectively. Neither
subject has diabetes but both have hypertension. Images on the second and third columns show the corresponding skeletonized vessel images and
pseudo-coloredmaps of the vessel density. The subject with CDR-SOB= 0 hasmore localized areas of higher retinal vessel density than the age
andmedical condition similar subject with CDR-SOB>0
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F IGURE 2 Association between retinal vessel skeleton density (VSD) and cognitive dementia rating sum of box score (CDR-SOB). (A) Plot of
VSD against crude CDR-SOB scores. Small amounts of random vertical noise up to 0.05 units were added to the vertical axis to reduce the extent
of overlap. (B) Box (25th–75th percentile) andwhisker (5th–95th percentile) distribution of VSD versus CDR-SOB after binarization. (C)
Distribution of the proportion of subjects with CDR-SOB>0 based on 0.01-unit binning of VSD. (D) The odds ratio of having CDR-SOB> 0 based
on a tertile binning of VSD

significant difference in the mean VSD of subjects with CDR-SOB = 0

and CDR-SOB >0 with moderate effect size (F[1,43]= 5.23, P = .03;

partial eta2 = 0.11). The proportion of subjects with CDR-SOB >0

was 20% higher (95% confidence interval [CI] 5%–90%; P = .03) for

every 0.01 lower VSD score (Figure 2). Similar trendswere foundwhen

the VSD was categorized based on tertiles. These associations were

present and significant even when the presence of cardiovascular risk

factors (diabetes, hypertension, and cholesterol) was co-varied.

MoCA scores were lower among individuals with lower VSD

(r= 0.37; P= .008). This associationwasmore pronounced among sub-

jects with cardiovascular disease (r = 0.43, P = .008), and the signifi-

cance of the association was maintained after adjusting for the effects

of covariates (Figure 3). The association between VSD and individual

domains ofMoCA varied. A lower VSDwas associatedwith lower visu-

ospatial/executive domain scores (Figure 4; β = 0.02, P = .022), but

was not associated with the other domains (naming [β = 0.00, P = .9],

attention [β = -0.00, P = .7], language [β = 0.001, P = .5], abstraction

[β = 0.002, P = .14], delayed recall [β = 0.001, P = .12], or orientation

[β = 0.00, P = .90]). Similar trends were found when specific subtasks

representing domains with more than one subtask were assessed sep-

arately (Figure S1.)

Complementing the association between lower VSD and cogni-

tive function assessment, VSD also showed notable associations with

the measures of cerebrovascular perfusion. Specifically, VSD was

positively correlated with perfusion in the middle cerebral artery

perforator territory (r = 0.45, P = .02) and cerebrovascular reactivity

(r= 0.67, P= .046). Higher VSD trended negatively with Fazekas scale

(r= -0.25, P= .2); however, this associationwas not statistically signifi-

cant (Figure 5).

4 DISCUSSION

Wedemonstrate significant and complementary associations between

retinal capillary perfusion and several independent measures sugges-

tive of early cerebral SVD in an understudied Hispanic population at

high risk for VCID.We observe a significant association of retinal capil-

lary perfusion with two separate measures of cognitive function, CDR-

SOB and MoCA, suggestive of subtle functional deficits and cognitive

impairment. These clinical findings are complemented by a significant

positive association between retinal capillary perfusion and intracra-

nial cerebrovascular reactivity, suggesting global cerebrovascular
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F IGURE 3 Association between VSD andMontreal Cognitive Assessment (MoCA). (A and B) Plot of rawVSD versus education-adjusted
MoCA for all subjects and subjects with cardiovascular risk factors—diabetes, hypertension, and hypercholesteremia—respectively. (C)and D) Plot
of residuals from left panels after adjusting for age, gender, and testing language (English or Spanish)

dysfunction. Finally, anatomic evidence of impaired perfusion in the

middle cerebral artery perforator territory and a trend toward worse

Fazekas scores supports the notion of early cerebral SVD in this same

population. Collectively these clinical, functional, and anatomic find-

ings suggest thatOCTA-based retinal capillary perfusion is an indicator

of several components of early vascular cognitive impairment.

The significant association between retinal capillary perfusion and

MoCA subtasks assessing the visuospatial/executive domain (assessed

using trails, clock drawing, and copy cube subtasks) is consistent

with the literature reporting that executive function deficits are

among the most prevalent domain impairments in cerebral SVD and

VCID.40,41,44,45 It is also noteworthy that our results do not show

nonspecific correlations between other domains of the MoCA such

as attention, language, or naming. The grading of the MoCA subtask

performance, such as trails tracing, lack important components such

as time-to-perform the task but provide compelling data for future

prospective studies using more comprehensive neuropsychological

assessment. The separate and significant correlationof retinal capillary

perfusion with CDR-SOB and MoCA scores reinforce the notion that

there is a true correlation between retinal vascular impairment and

early subclinical VCID. Prospective analysis of this in similar cohorts is

underway andwill be very informative.

In our study, we hypothesize that retinal capillary perfusion is a

biomarker of SVD and VCID. Our data suggest that both impaired per-

fusion of the middle cerebral artery perforator region and impaired

cerebrovascular reactivity are significantly correlated with lower reti-

nal capillary density. One interpretation of these concurrent findings is

that there is global impairment in cerebral vascular function atmultiple

levels of the vascular tree. This is consistent with the hypothesis that

SVD impairs vasodilatory function of larger cerebral vessels leading to

impaired blood flow at the capillary level. Although it is not possible to

directly assess capillary level changeswithin theCNS, the negative cor-

relation of retinal capillary perfusion with the Fazekas score is at least

consistent with the hypothesis that retinal capillary changes may mir-

ror concomitant cerebrovascular disease at the capillary level. Due to

the cross-sectional nature of this study, it is not possible to determine

causality or temporal sequence of these findings. However, it is rea-

sonable to hypothesize that retinal capillary level changes could be the

earliest detectable vascular changes associatedwith SVD in future lon-

gitudinal studies.
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F IGURE 4 Association between retinal vessel skeletal density (VSD) andMoCA subtask scores for different cognitive domains. The score
range reflects the sum of the findings of subtasks. The boxes show the 25th and 75th percentile distribution and the whiskers 5th–95th of the VSD
measures. The “X” is themean of the VSD distribution

Several studies have demonstrated impaired retinal capillary per-

fusion in AD but without attention to contributions from SVD and

mostly with mini-mental status exam (or MMSE) as the measure

of cognition and/or function.17-19,46-51 Therefore, it is not clear to

what degree vascular comorbidity may have confounded the reported

associations. Of note, O’Bryhim et al demonstrate smaller foveal

avascular zone size in cognitively normal subjects who are biomarker

positive for AD using either positron emission tomography (PET) or

cerebral spinal fluid (CSF)18 and Querques et al demonstrate impaired

retinal vascular reactivity in subjectswithmild cognitive impairment.17

Retinal vessel density is also reported to be decreased in subjects with

cerebral autosomal dominant arteriopathy with subcortical infarcts

and leukoencephalopathy, (CADASIL).52 Although the proposedmech-

anism of these findings may be different, it supports the notion that

OCTA-derived measures of retinal capillaries are sufficiently sensitive

to reflect CNS disease, particularly in the early stages of cognitive

impairment. Our study adds unique data, conclusions, and perspective

to these previous reports by exploring the understudied effect of early

small vessel disease on early cognitive impairment and dementia.

Our study is limited by the relatively small sample size and the

accompanying restricted spectrum of the CDR-SOB scores inher-

ent in early VCID. Nonetheless, we observed significant associations

between multiple clinical and radiologic measures highly suggestive

of VCID and retinal capillary perfusion, potentially indicating an early

onset of retinal vascular attenuation in cognitive impairment. We

recognize that it will be important to characterize the OCTA mea-

sures across more varying levels of cognitive impairment, and ongoing

studies are aimed at addressing that point. Another limitation is the

relatively small proportion of subjects with suspected cognitive

decline. Despite this small proportion, our data still show consistent

and significant findings across multiple domains of VCID assessment.

Finally, we were unable to directly correct for axial-length–induced

magnification error in our VSDmeasures. However, we performed sev-

eral analyses to estimate the relative change of vessel density find-

ings adjusted for ocular magnification based on refraction data that

were available. Specifically, (1) the results are unchangedwhenwe con-

trolled for refractive error as covariate; (2) there was no significant

difference between the VSD of the 15 most hyperopic and 15 most

myopic eyes, supporting the minimal effect of the axial magnification

in this cohort; and (3) an estimate of the axial length magnification on

the VSD data from the refractive measurements suggested at most a

negligible effect (<5%) on our analysis. Future work in a larger longitu-

dinal cohort will help address these limitations and extend the findings

of this study.

In conclusion, our preliminary investigation has shown promising

results for the complementary role of OCTA-based retinal vessel den-

sity measures for assessing the vascular contribution to acquired cog-

nitive impairment in an elderly Latinx population. Furthermore, due

to the relatively rapid and non-invasive methodology of OCTA image

acquisition, OCTA retinal assessment in dementia may create the
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F IGURE 5 Association between retinal vessel skeletal density (VSD) andmeasures of cerebrovascular health. (A) Plot of cerebrovascular
reactivity (CVR) and VSD adjusted for covariates. (B) Raw data plot of Fazekas scale grading of white matter lesions against VSD. Small amounts of
random vertical noise up to 0.3 were added to the Fazekas scale to reduce the number of overlapping points. (C) Plot of perfusion in themiddle
cerebral artery perforator territory (MCA-Perf) against VSD adjusted for covariates

opportunity for longitudinal evaluation of retinal capillary perfusion in

vivo in ways that can otherwise not yet be attained using the currently

available brain imaging technologies.
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