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Abstract

Introduction:Development of novel diagnostic tools is a top research priority in vascu-

lar dementia. A major obstacle is the lack of a simple, non-invasive method to visualize

cerebral arteriolar walls in vivo. Retinal arterioles offer a window into the cerebral

circulation.

Methods: Intensity-based retinal arteriolar visualization in optical coherence tomog-

raphy (I-bRAVO) was applied to evaluate mean wall thickness (MWT) and wall-

to-lumen ratio (WLR) in 250 subjects with sporadic and genetic cerebral small

vessel disease (CSVD), non-vascular neurodegenerative diseases (NVND), and healthy

controls (HC) in association with imaging and cognitivemarkers.

Results: MWT and WLR were higher in CSVD, associated with severity of vascular

whitematter lesions, and correlatedwithmagnetic resonance imaging-based intracra-

nial arteriolosclerosis score. WLR correlated with gray and white matter volume and

differentiated asymptomatic sporadic CSVD fromHC (area under the curve= 0.82).

Discussion: I-bRAVO is a rapid, non-invasive tool. MWT and WLR were associated

with imaging markers of CSVD and could contribute to early identification of sporadic

CSVD.

KEYWORDS

cerebral autosomal dominant arteriopathy with subcortical infarcts and leukoencephalopathy,
cerebral small vessel disease, retinal vessels, vascular dementia, white matter disease

1 INTRODUCTION

Cerebral vascular pathologies are pivotal contributors to neurode-

generative disease, stroke, and ultimately dementia, with tremendous
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socioeconomic importance.1 Vascular cognitive impairment (VCI) is

the second most common form of dementia in the elderly.1 There-

fore, identifying vascular biomarkers and developing novel diagnostic

tools to assess vascular pathology load accurately has become one of

the top research priorities of the National Institutes of Health (NIH).2

A significant obstacle to accurately appreciating the vascular contri-

bution to cognitive impairment in dementia is the lack of a simple,
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RESEARCH INCONTEXT

∙ Systematic Review: We conducted a literature review

in PubMed. There are numerous publications reporting

the changes in different retinal vasculature structures in

cerebral small vessel disease (CSVD). Yet, only one study

evaluated the use of intensity-based measurements of

retinal arteriolar metrics in CSVD and their association

with cerebrospinal fluid parameters.

∙ Interpretation: Retinal arteriolar metrics correlate with

neuroimaging measures of CSVD, neurodegenerative

imaging markers, and with cognitive performance and

showed high sensitivity and specificity discriminating

asymptomatic sporadic and genetic CSVD from other

dementia causes and healthy controls.

∙ Future Directions: This article demonstrates that non-

invasive retinal arteriolar wall visualization is a rapid,

non-expensive tool that reflects intracranial arteriolar

pathology and holds the potential for application in early

recognition of CSVD and as a possible dynamic treat-

ment marker. The next steps should aim to provide a

prospective, multicenter validation of the diagnostic and

prognostic application of intensity-based retinal arteriolar

visualization in optical coherence tomography in sporadic

and genetic CSVD.

standardized method to visualize cerebral arterioles in vivo. Beyond

that, the currently used neuroimaging biomarkers, such as white mat-

ter hyperintensities (WMH), lacunes, and microbleeds, are markers

of irreversible tissue damage and cannot be considered surrogate,

dynamic, treatment markers.3 In addition, WMH are not specific, as

they can also result fromnon-vascular etiologies inAlzheimer’s disease

(AD) and frontotemporal lobar degeneration (FTLD).4 Researchers and

clinicians often rely on these indirect neuroimaging measures despite

the limited resolution of conventional computed tomography andmag-

netic resonance imaging (MRI) imaging because direct visualization of

cerebral small vessels (CSV) is not feasible.5

Investigating the retinal vasculature offers a unique window into

the cerebral vascular bed.6 A large body of evidence supports reti-

nal macro- and microvascular alterations in vascular and non-vascular

dementias.7 Nevertheless, previous fundoscopy-based methods quan-

tify mainly traditional markers of retinopathy (arteriovenous nicking,

vascular caliber changes, and vascular attenuation) and lack the direct

visualization of the in vivo transparent arteriolar vessel wall, which

might hamper the accurate quantification of retinal arteriolar changes.

Similarly, high-resolution optical coherence tomography angiography

(OCT-A) demonstrates the lumen structure without sufficient demon-

stration of the vascular wall. In addition, many of the previous studies

had small samples of VCI participants and were not sufficiently pow-

ered to analyze retinal vessel parameters.7 To date, the biological

concept of parallel changes in the retinal arterioles and their cerebral

counterparts in cerebral small vessel disease (CSVD) has never been

validated in vivo, as the visualization of the CSV is not feasible.

Intensity-based retinal arteriolar visualization in OCT is a novel,

rapid, non-invasive method of visualization of the retinal arteriolar

structure.8-10 The method, referred to in this work as I-bRAVO, lever-

ages thehigh axial resolution and standardizedquantificationOCT ring

scan diameters, which allow a rapid (less than 5 minute per patient)

assessment of mean wall thickness (MWT), lumen diameter (LD), and

wall-to-lumen ratio (WLR) with high intra- and inter-rater reliability.8

One previous pilot study reported increased MWT and WLR of the

temporal retinal arterioles in a small number of participantswithCSVD

compared to healthy controls (HC), including healthy elderlies.10 In

this study, retinal arteriolar parameterswerequantifiedusing I-bRAVO

in a large cross-sectional cohort, including various clinical phenotypes

of neurodegenerative diseases. We aimed to evaluate the correlation

between retinal arteriole parameters and a novel imaging classifier for

arteriosclerosis.11 In addition, we analyzed the association of retinal

vascularmeasurementswithWMHof vascular origin, imagingmarkers

of neurodegeneration (gray andwhite matter atrophy), and cognition.

2 METHODS

2.1 Study population

OCT scans were retrospectively identified between August 1, 2020

andDecember 1, 2020 fromparticipantswhowere enrolled in ongoing

longitudinal studies (since 2012) of brain aging and neurodegen-

erative disease at the Memory and Aging Center at University of

California San Francisco (UCSF; federally funded studies: Aging and

Cognition, Chronic Inflammation, MarkVCID studies, and Alzheimer’s

Disease Research Center, VascBrain; and Larry L. Hillblom founda-

tion Aging Network study). All study participants underwent physical

examination, identificationof cardiovascular disease risk factors (blood

pressure, body mass index, history of hyperlipidemia, hypertension,

smoking, and diabetes), extensive neuropsychological testing, andMRI.

Classification as HC, clinically asymptomatic (cognitively, behaviorally,

and functionally) participants with evidence of vascular MRI lesions

(aCSVD), and cognitive impairment due to AD, VCI, FTLD, primary pro-

gressive aphasia (PPA), and sporadic Creutzfeldt-Jakob disease (sCJD)

was made through a multidisciplinary consensus conference based on

clinical history and available neuroimaging, biomarkers, and family his-

tory. In aCSVD and VCI, the white matter lesions were considered of

vascular origin by board-certified neuroradiologists, and when other

causes of similar imaging findings (such as inflammatory or metabolic

diseases) were excluded by the treating board-certified neurologists.

All participants diagnosed with cerebral autosomal dominant arteri-

opathy with subcortical infarcts and leukoencephalopathy (CADASIL),

either symptomatic or asymptomatic, had a pathological mutation

in neurogenic locus notch homologue protein 3 gene (NOTCH3).12

Familial CJD (fCJD) caseswere diagnosed after the detection of patho-

logical mutations in the human prion protein (PRNP) gene. Exclusion
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criteria were active or uncontrolled psychiatric diseases such as psy-

chosis, brain tumor, or history of brain surgery. In addition, participants

with clinically significant ophthalmological abnormalities, such as glau-

coma, vision-compromising cataract, macular degeneration, or cystoid

macular edema, based on ophthalmological evaluation (AG) were not

included.

2.2 Ethical approval

All study participants provided informed consent, and the study proto-

col was approved by the UCSF Human Research Protection Program

and Institutional Review Board (11-05333). The research was per-

formed in accordance with the code of ethics of the World Health

Organization.

2.3 OCT examination and assessment of the
retinal arterioles

A detailed description of the intensity-based assessment of retinal

vessels is described elswere.8-10 In summary: OCT examination was

performed using spectral-domain (SD)-OCT (Spectralis platform, Hei-

delberg Engineering: software version 6.12). Retinal vessels were

visualized using a 3.4 mm circular scan around the optic nerve. All

included scans fulfill the OSCAR-IB criteria.13 Of special relevance

were “O”: obvious problems, “S” signal strength>15, “C” all scans were

appropriately centered, “R,” scans with obvious retinal pathology were

excluded, “I” optic nerve head was well illuminated, “B” illumination

beam placed correctly. The “A” was not relevant for our findings, as our

analysis does not involve segmentation algorithm. The median Auto-

matic Real Time (ART) function and signal index quality were exported

for each of the included ring scans. Signal quality between 20 and 25 is

considered good and above 25 excellent.14

We analyzed the superior temporal arteriole of the central retinal

artery at its crossing on the 12◦ circular scan using intensity-based

analysis. Inner wall thickness (IWT), outer wall thickness (OWT), and

LDwere assessed in both eyes.8,9 To increase the accuracy of the outer

wallmeasurements, in each individual scan, the intensity-based curve’s

end was placed to match the outer rim of the outer wall structure as

visualized on the B-scan (Figure 1). The MWT was the mean of the

IWT and OWT values. The WLR, as a composite measure of the ves-

sel pathology, was calculated by dividing the MWT of the included

retinal arterioles by the corresponding LD; in the case of bifurcation

of the superior retinal arteriole or arteriovenous crossing at the ring

scan, the inferior temporal arteriole was assessed instead, as prior

studies did not show any significant difference in the vessel param-

eters of the superior and inferior temporal branches.9 All steps of

data acquisition were conducted by individuals who were blinded to

the working hypothesis and group assignment. Retinal vessel parame-

ters were measured by two raters blinded to the underlying diagnosis,

imaging findings, and cardiovascular risk factor evaluation. Inter-rater

reliability is demonstrated in Figure S1 in supporting information.

2.4 Magnetic resonance imaging

Magnetization-prepared rapid gradient echo (MPRAGE) sequences

were used to acquire T1-weighted images with the following param-

eters: sagittal slice orientation; slice thickness = 1.0 mm; slices per

slab = 160; in-plane resolution = 1.0 × 1.0 mm; matrix = 240 × 256;

TR = 2300; TE = 2.9; TI = 900 ms; flip angle = 9◦. Fluid attenuated

inversion recovery (FLAIR) magnetic resonance images were acquired

using the following parameters: slice thickness = 1.00 mm; slices per

slab = 176; in-plane resolution = 1.0 × 1.0 mm; matrix = 256 × 256;

TR = 5000; TE = 397; TI = 1800 ms; flip angle = 120◦. FLAIR images

were used to evaluate the Fazekas scores of superficial and deepwhite

matter changes.15 Tissue segmentation of the T1-weighted images

was performed using SPM12 (Wellcome Trust Center for Neuroimag-

ing, http://www.fil.ion.ucl.ac.uk/spm) unified segmentation. Diffusion

tensor imaging (DTI) protocol used the following parameters: 15 non-

collinear gradient directionswith b= 1000 s/mm2, one b= 0 reference

image, 35 contiguous slices of 3 mm thickness, TR/TE= 12,400/69ms,

128 × 128 matrix covering a field of view of 25.6 × 25.6 interpolated

to give a final 1 × 1 × 3 mm3 resolution). Total gray matter and white

matter were calculated by multiplying each participant’s unsmoothed

and unwarped probability maps by the voxel size in the respec-

tive tissues.16 The Fazekas score was estimated by board-certified

neuroradiologists.

2.5 ARTerioloSclerosis classifier

ARTerioloSclerosis (ARTS) is a novel, validated MRI-based classifier

of arteriolosclerosis trained by applying machine learning on MRI

and neuropathology data from the same older adults. A detailed

description of ARTS can be found elsewhere.17 In summary, ARTS pre-

dicts the presence of moderate to severe arteriolosclerosis based on

MRI measures of WMH, diffusion fractional anisotropy, and demo-

graphic features (age, sex, and education). The higher the ARTS score,

the higher the likelihood of arteriolosclerosis. The score was cal-

culated in a subgroup of the participants using the Rush-IIT ARTS

biomarker kit (version 1.0), when all the requiredMRI sequences were

available.

2.6 Cognitive testing

Neuropsychological test scores from the National Alzheimer’s Coor-

dinating Center Uniform Data Set (UDS v3.0) were used to calcu-

late an executive function composite score (UDS3-EF), as previously

described.18 The UDS3-EF is an item response theory-based com-

posite of executive functioning and processing speed derived from

seven UDS3-EF test scores: number span backward (total correct tri-

als), Trail Making Test parts A and B (correct lines per minute), lexical

fluency (F and L words; total correct), and category fluency (animals

and vegetables; total correct). For this study, we used the demographi-

cally adjusted standardized (z)UDS-EF score,which applies a nonlinear

http://www.fil.ion.ucl.ac.uk/spm
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F IGURE 1 Superior temporal branch of the retinal artery was identified at its crossing on the 12◦ circular scan (left). Intensity-based graph
(right) was generated using the volume of interest (VOI) line (middle figure, red line). Dimensions of inner wall (1), lumen (2), and outer wall (3)
were calculated and corrected to the optical coherence tomography (OCT) image scale

adjustment for age and linear adjustments for sex and education.18,19

Higher scores indicate better executive functioning.

2.7 Statistical analysis

Appropriate summary statistics were applied to describe the differ-

ent variables, that is, mean with standard deviation or median with

interquartile range for continuous variables and frequencies (percent-

ages) for categorical variables. Pearson (r) or nonparametric Spear-

man’s (ρ) correlation coefficients were used to test the correlations

between various parameters. All regression analyses were performed

using multivariate linear mixed-effect models with participant-ID as

random effect (to adjust for repeatedmeasures [eyes] per subject), and

themodels were fitted usingmaximum likelihood estimation. Logarith-

mic transformation (log) was performed for skewed variables. Sex, age,

and the retinal arteriolar parameter of interest were evaluated as fixed

effects. The standardized estimated effect size of the included retinal

parameters was reported as Cohen’s f2. f2≥ 0.02, f2≥ 0.15, and f2≥

0.35 represent small, medium, and large effect sizes, respectively.20

As the most prominent vessel changes were expected in two groups

with completely different age spectra in our cohort (CADASIL andVCI),

correction for age was omitted when investigating group differences.

Due to the small number of symptomatic participants with NOTCH3 or

PRNP mutations, they were analyzed collectively with asymptomatic

participants in the CADASIL or PRNP groups, respectively. Receiver

operating characteristic (ROC) curves were calculated to estimate the

discriminative ability of the included retinal vessels between the differ-

ent clinical subgroups. The cut-off values and corresponding sensitivity

and specificity were selected based on the Youden index. Statistical

significance was set at P < .05. All included group comparisons were

corrected for multiple testing using Bonferroni’s procedure. Statisti-

cal analysis was performed using IBM SPSS software version 25 and

RStudio (version 3.6.3), including the following packages: lme4 (version

1.1–26) and effect size (version 0.4.3).

3 RESULTS

3.1 Study population

In this study, we assessed 500 eyes from 250 participants. The

median ring scans ART and signal quality were 100 (interquartile

range [IQR] 100 to 100] and 31 (IQR: 28 to 33), respectively. A

total of 112 (44.8%) research participants had CSVD. Of these, 41

(16.4% of total population) had sporadic VCI, 21 (8.4%) had NOTCH3

mutations causing CADASIL, and 50 (20%) had aCSVD. Of the par-

ticipants with NOTCH3 mutations, 16 were asymptomatic (no vascu-

lar events, cognitive abnormalities, or migraine). An additional 112

participants with non-vascular neurodegenerative diseases (NVND)

comprised 44.8% of the cohort. This group included 42 (16.8%) par-

ticipants with AD, 21 (8.4%) with behavioral variant frontotemporal

dementia (bvFTD), 14 (5.6%) with PPA, 15 (6.0%) with sCJD, and 20

(8.0%) PRNP mutation carriers (all asymptomatic except three par-

ticipants). In addition, 26 healthy participants (HC) without cognitive

impairment or vascular MRI lesions were included (10.4%). The demo-

graphic characteristics, retinal arteriolar parameters, and cognitive

performance of the included individuals are summarized in Tables 1

and 2.WLR showed a statistically significant but weak correlationwith

age (ρ = .14, P = .03). Females had higher MWT (27.6 vs. 26.8 μm,

P = .03, f2 = 0.02) and WLR (0.30 vs. 0.28, P = .02, f2 = 0.02)

thanmales.

3.2 Retinal vessel parameters are associated with
the extent of cerebral arteriolosclerosis

Higher MWT and WLR were associated with higher ARTS scores (ρ =
.46, .49, respectively; P < .001, n = 65). The correlation remained

significant after correcting for age and sex for both MWT and WLR

(unstandardized beta [B] = 0.1 and 6.7, 95% confidence interval [CI]

[0.05 to0.14] and [4.06 to9.34], f2=0.3 and0.31, respectively,P< .001
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TABLE 1 Demographics, retinal arteriole parameters, and cognitivemetrics of the included participants

Variable

Cerebral small vessel

disease (CSVD)

Non-vascular

neurodegenerative

diseases (NVND) Healthy controls (HC) P-values*

n= 112 (44.8%) n= 112 (44.8%) n= 26 (10.4%)

Median age (IQR) 72 (55–80) 64 (54–72) 38 (33–46) <.001

Sex (male/female) 51/61 56/56 13/13 .781

Education (in years) 17 (16–19) 16 (16–18) 16 (15–16) .005

Evidence of any cardiovascular

risk factors (CVRF)

64/112 (57.1%) 44/112 (39.3%) 3/26 (11.5%) <.001

Meanwall thickness (± SD) 28.18 (± 4.07) 26.72 (± 3.39) 25.22 (± 3.19) <.001

Mean lumen diameter (± SD) 93.92 (± 11.36) 92.66 (± 11.83) 102.93 (± 9.73) <.036

Meanwall-to-lumen ratio (± SD) 0.30 (± 0.06) 0.29 (± 0.05) 0.25 (± 0.04) <.001

MedianMini-Mental State

Examination (MMSE) (IQR),

No. (%with data)

29 (28–30), 95 (84.8%) 25 (22–28), 108 (96.4%) 30 (29–30), 22 (84.6%) <.001

AdjustedUniformData Set (v3.0)

executive function (UDS3-EF)

z-score

–0.29 (± 1.13) –2.09 (± 1.49) –0.01 (± 0.78) <.001

*P-values from chi-square test for sex and CVRF and Kruskal-Wallis H test for the remaining variables

Abbreviations: IQR, interquartile range; SD, standard deviation.

TABLE 2 Retinal vessel metrics in each of the study subpopulation

Cerebral small vessel disease (CSVD) Non-vascular neurodegenerative diseases (NVND)

VCI

NOTCH3
mutation aCSVD AD bvFTLD PPA sCJD

PRNP
mutation

Healthy

controls

# or eyes 82 42 100 84 42 28 30 40 52

Meanwall

thickness

(± SD)

27.47 (3.64) 32.4 (3.7) 26.97 (3.38) 27.03 (3.27) 27.34 (3.47) 26.49 (2.95) 27.02 (3.61) 25.38 (3.48) 25.22 (3.19)

Mean lumen

diameter

(± SD)

93.46

(11.76)

93.4 (10.7) 94.54 (11.37) 93.78 (11.23) 93.11 (9.21) 96.33 (13.34) 89.14 (14.53) 89.92 (11.50) 102.93 (9.73)

Meanwall-

to-lumen

ratio (± SD)

0.30 (0.05) 0.35 (0.06) 0.29 (0.05) 0.29 (0.05) 0.30 (0.05) 0.28 (0.05) 0.31 (0.06) 0.29 (0.05) 0.25 (0.04)

Abbreviations: aCSVD, asymptomatic cerebral small vessel disease; AD, Alzheimer’s disease; bvFTLD, behavioral variant frontotemporal lobar degeneration;

NOTCH3, neurogenic locus notch homologue protein 3 gene; PPA, primary progressive aphasia;PRNP, human prion protein gene; sCJD, sporadic Creutzfeldt-

Jakob disease; SD, standard deviation; VCI, vascular cognitive impairment.

for both; Figure 2). No correlation was found between age and ARTS

score.

3.3 Retinal arteriolar parameters in the study
population

Participants with CSVD had higher MWT compared to those with

NVNDandHC (B=1.71 [0.89 to2.53], 3.22 [1.89 to4.54], f2 =0.05 and

0.12, P < .001 for both). Similarly, participants with CSVD had higher

WLR (B = 0.014 [0.002 to 0.03], 0.06 [0.04 to 0.08], f2 = 0.02, and 0.2,

P = .014 and <.001, respectively) compared to those with NVND and

HC, respectively. Lumen diameter did not differ significantly between

CSVD and NVND but differed compared to HC (B = –8.96 [–13.17 to

–4.75], f2 = 0.11, P< .001; Table 1, Table 2, and Figure 3). Those results

remained significant after correction for age (Table S1 in supporting

information).

Based on the variability in arteriolar pathology between inherited

and sporadic CSVD,21 we compared the retinal arteriolar parameters

between the CSVD subgroups. Participants with CADASIL had the

most notable vessel changes compared to those with VCI and HC.

MWTandWLRwere higher inCADASIL (32.43μm±3.66, 0.35±0.06)
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F IGURE 2 Retinal arteriolar parameters in correlation with imaging classifier of intracranial arteriosclerosis (ARTS). ARTS correlated with
meanwall thickness of retinal arterioles (left) andwall-to-lumen ration (right) from 130 eyes. ***: P< .001

F IGURE 3 Differences in retinal arteriole parameters between clinical subgroups. Meanwall thickness (MWT; A) andwall-to-lumen ratio
(WLR; B) were higher in participants with sporadic, genetic, and asymptomatic cerebral small vessel disease (CSVD) compared to non-vascular
dementias (NVND) and healthy controls (HC). Moreover, cerebral autosomal dominant arteriopathy with subcortical infarcts and
leukoencephalopathy (CADASIL) participants showed themost prominent difference inMWT (C) andWLR (D) compared to other causes of
vascular cognitive impairment (VCI), asymptomatic CSVD (aCSVD), and HC. *: P< .05, **: P< .01, ***: P< .001



ABDELHAK ET AL. 7 of 10

versus VCI (27.47 μm ± 3.64, 0.30 ± 0.05; B = 4.58 [2.98 to 6.16] and

0.05 [0.03 to 0.08], f2 = 0.77 and 0.22, respectively, P < .001 for both).

Similarly, higherMWTandWLRwere seen inVCI compared toHC (B=

2.38 [0.92 to 3.85] and 0.05 [0.03 to 0.08], f2 = 0.22 and 0.52, P= .001,

and<.001, respectively; Figure 2).

Considering the cumulative effect of cardiovascular risk factors on

vessel wall morphology, we assessed the arteriolar parameters in our

cases classified according to the presence or absence of cardiovas-

cular risk factors. MWT and WLR were higher in CSVD (B = 1.64

[0.49 to 2.81], 0.02 [0.001 to 0.04], f2 = 0.03, and 0.01, P = .001 and

.037, respectively) compared toNVNDwith cardiovascular risk factors

(mean 26.93 μm ± 3.43 and 0.29 ± 0.05). In addition, WLR was higher

in NVNDwith cardiovascular risk factors than in HC (B= 0.04 [0.02 to

0.07], f2 = 0.31, P < .001). For MWT, the difference was not significant

(P= .062).

3.4 Correlation with MRI biomarkers of vascular
pathology

Higher MWT and WLR were associated with an increased burden of

white matter changes of vascular origin (periventricular and deepMRI

white matter lesions), as detailed in Table 3 and Figure 4. Moreover,

higher WLR was associated with lower gray matter volume (GMVOL)

in the entire study population (ρ = –.3, P < .001). In addition, a weak

negative association (ρ = –.1, P = .037) was found between the MWT

and GMVOL. After correcting for age and sex, the negative correlation

betweenGMVOL andWLR remained significant (B= –142.75 [–250.74

to –34.77)], f2 = 0.02, P = .01). The association was stronger by fitting

additional slopes for clinical diagnosis (CVSD vs. NVND vs. HC; B =

–163.18 [–273.43 to –52.74)], f2 = 0.02, P = .004). A similar associa-

tion betweenWLR and GMVOL was found in cases with sporadic CSVD

(B=–207.88 [–380.5 to –35.3], f2 =0.05,P= .019), but not inCADASIL

participants. In addition, we found a negative correlation (ρ = –.3, P =

.005) between WLR and white matter volume (B = –165.84 [–310.07

to –21.62], f2 = 0.04, P= .024).

3.5 Discriminative potentials of retinal arteriole
parameters

MWT andWLR could differentiate participants with CADASIL from all

other included clinical subgroups (aCSVD, VCI, NVND, and HC; area

under the curve [AUC] = 0.92 [0.86 to 0.98] and 0.85 [0.77 to 0.92],

respectively, P < .001). A cut-off value of 30.95 μm (MWT) and 0.32

(WLR) identified participants with CADASIL with 93% and 79% speci-

ficity and 81% and 86% sensitivity, respectively. In cognitively normal

participants (normal cognitive screening tests), the average WLR of

both eyes could differentiate between participants with asymptomatic

vascular MRI lesions and HC (AUC = 0.82 [0.72 to 0.91], P < .001). In

this group, a WLR cut-off value of 0.275 recognized participants who

had asymptomatic vascular MRI changes with a specificity of 89% and

sensitivity of 67%. T
A
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F IGURE 4 Retinal arteriolar parameters in association with the white matter lesion severity. Increasingmeanwall thickness and
wall-to-lumen ratio are associated with higher load of periventricular and deepwhite matter lesion load inmagnetic resonance imaging. Green
lines: deepwhite matter, red lines: periventricular white matter. *: P< .05, **: P< .01, ***: P< .001

3.6 Correlation between vascular parameters
and cognitive performance

Finally, we evaluated the correlation between retinal arteriolar param-

eters and cognition, specifically executive function. The median dura-

tion between OCT and cognitive testing was 0 days [IQR 0 to 0].

Correcting for age, sex, and education, and fitting additional slopes for

clinical diagnosis, we found no significant association between MMSE

scores andMWT orWLR in the whole study population, CSVD, or VCI.

Surprisingly, higher MWT was associated with a higher adjusted UDS-

EF score in the CADASIL group (B = 0.13 [0.03 to 0.23], f2 = 0.37,

P= .01).

4 DISCUSSION

We describe a rapid, reliable, and inexpensive technique for assess-

ing retinal arterioles as a surrogate marker for intracranial vascular

pathology and as a tool for the early recognition of asymptomatic

CSVD. The reported association between the novel ARTS classifier

and retinal arteriolar parameters provides a long-awaited, first-in-kind,

in vivo proof-of-concept for non-invasive retinal vessel imaging as a

tool to visualize the cerebral vascular pathologies. Furthermore, we

report increased MWT and WLR of the retinal arterioles in partici-

pants with sporadic and genetic CSVD compared to NVND and HC. In

line with these findings, greater MWT andWLR correlated with imag-

ing evidence of more significant vascular white matter lesion burden

in CSVD and lower white matter volume in VCI. NOTCH3 mutation

carriers showed more prominent abnormalities than those with spo-

radic VCI, even in the asymptomatic stage of disease. These results are

in strong agreement with the reported pathological changes found in

the cerebral arterioles of participants with CSVD, showing more florid

vessel changes CADASIL compared to that of sporadic VCI cases.21 In

addition, MWT and WLR showed promising applications in differen-

tiating CADASIL cases from other etiologies of cognitive impairment

and HCwith high sensitivity and specificity. Of note, CADASIL is a rare

condition, and its diagnosis requires high clinical suspicion.

Nevertheless, recent investigations have stated that NOTCH3 vari-

ants are much more common than previously assumed (1 in 450)

and are associated with various cerebral vascular events.22 There-

fore, retinal parameters could potentially be used as a convenient and

inexpensive tool to raise clinical suspicion of pathological NOTCH3

mutations, thus facilitating early directed genetic testing. Among par-

ticipants with CADASIL in our cohort, retinal arteriolar parameters

were not associated with brain volume. This may be a result of the low

mean age of the CADASIL group and changes in retinal parameters

before detectable brain volume loss. Despite this, our findings support

the promising utility of retinal arteriole assessment to better under-

stand the vascular pathophysiology of CADASIL and warrant future

study as a possible dynamic treatment responsemarker.

Regarding cognition, processing speed and executive function tests

are more sensitive in reflecting longitudinal changes than memory and

language tests in CSVD.23 In our study, we found an initially counterin-

tuitivepositive correlationbetweenMWTandUDS3-EF inparticipants

with CADASIL. The clinical characteristics of our study population

could provide clues for the unclear association between retinal vessels

and cognition. The entire CSVD group performed better on average

than participants with NVND, likely due in part to including both

symptomatic andasymptomaticCSVDparticipants. In addition, several

featuresof theCADASIL groupmayexplain these seemingly discrepant

findings: the CADASIL sample was relatively small, the participants

were young, and the group contained many presymptomatic individu-

als. The different compositions of the VCI and CADASIL cohorts might

explain the different patterns of correlations between retinal arterio-

larmetrics and executive function, and further studies in larger cohorts

are warranted.

Early initiation of neurodegenerative disease treatments, even

in the asymptomatic phase, might be more advantageous than
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waiting until participants have already reached dementia levels of

impairment.24 With the introduction of specific preventive measures

and treatments forVCI in the future, early recognitionof asymptomatic

stages would be a key step in its successful management. The high

specificity of WLR for differentiating cognitively healthy individuals

with vascular white matter lesions from those without suggests the

potential utility of WLR as a preclinical biomarker in adults at high

risk of developing cognitive impairments such as VCI due to CSVD.

Bearing in mind that this technique is rapid and non-invasive, elderly

individuals with risk factors might benefit from routine WLR assess-

ment to identify those who may need further evaluation via brain MRI

and possibly optimize the status of risk factors or initiate preventive

treatment.

It should be noted that the population included in this studymay not

be entirely representative of the full spectrum of vascular-mediated

cognitive impairment, as fewof the included participants suffered from

severe cognitive deterioration. In addition,more thanhalf of the partic-

ipants with NVND hadMRI evidence of vascular white matter disease.

Obtaining two “pure” groups with VCI and NVND is quite challenging

in the clinical setting, given the high rates of comorbid vascular dis-

ease along the neurodegenerative disease spectrum and the variable

contributions of vascular changes to observed cognitive andbehavioral

symptoms.

The vessel dimensions reported are in line with previous reports

applying the intensity-based analysis. Indeed, MWT in HC was

reported to be 23.9 and 24 μm, while WLR was estimated to be 0.25

and 0.24.8,10 Both parameters are very close to the findings fromHC in

our population (25.2 and 0.24 for MWT and WLR, respectively). Simi-

larly, for sporadic CSVD, MWT was estimated to be 28.9 μm andWLR

0.32.10 resembling the findings in this larger study population. The

overlapping results could support the robustness of themethod among

different populations andOCT imaging protocols.

Nevertheless, one limitation of I-bRAVO is the variable angioar-

chitecture of the retinal vessels between subjects, which might cause

variation at the orientation of retinal arterioles at the ring scan. Yet,

including both the superior and inferior branch of the retinal arteri-

ole, from both eyes, lessens the effects of those variations. In addition,

the retinal angioarchitecture is not expected to vary majorly within

the same subject over longitudinal assessments. Beyond that, I-bRAVO

is principally dependent on axial resolution of the retinal imaging as

the vessel travels primarily in planes that are perpendicular to the ring

scan/B scan. Therefore, the superior axial resolution of OCT becomes

critical for appropriate generation of the wall intensity-based graphs.

On the other hand, a method that aims to demonstrate details of

the wall structure and morphological changes in the wall would defi-

nitely benefit from an enhanced lateral resolution (e.g., adaptive optics

scanning laser ophthalmoscopy).

In summary, our study highlights that I-bRAVOmaybe a useful tech-

nique for identifying participants with cerebral arteriosclerosis. The

discriminative power between clinical phenotypes with and without

CSVD, as well as its association with white matter vascular lesions and

neurodegenerative processes, justify the exploration of I-bRAVO as a

possible dynamic treatmentmarker. The large-scale clinical application

of retinal arteriole wall measurements might allow early identification

of participants suffering from CADASIL and asymptomatic vascular

white matter changes.
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