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Abstract

Introduction:Despite advances in imaging retinal amyloidosis, a quantitative and topo-

graphical investigation of retinal amyloid beta burden in patientswith cognitive decline

has never been reported.

Methods:We used the specific amyloid-binding fluorophore curcumin and laser oph-

thalmoscopy to assess retinal amyloid imaging (RAI) in 34 patients with cognitive

decline.Weautomatically quantified retinal amyloid count (RAC) andarea in the super-

otemporal retinal sub-regions and performed correlation analyses with cognitive and

brain volumetric parameters.

Results:RAC significantly and inversely correlatedwith hippocampal volume (HV; r= -

0.39, P= .04). The proximal mid-periphery (PMP) RAC and RA areas were significantly

greater in patients with Montreal Cognitive Assessment (MOCA) score < 26 (P = .01;

Cohen d = 0.83 and 0.81, respectively). PMP showed significantly more RAC and area

in subjects with amnestic mild cognitive impairment (MCI) and Alzheimer’s disease

(AD) compared to cognitively normal (P= .04; Cohen d= 0.83).

Conclusion: Quantitative RAI is a feasible technique and PMP RAC may predict HV.

Future larger studies should determine RAI’s potential as a biomarker of early AD.
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1 INTRODUCTION

Alzheimer’s disease (AD) is a devastating neurodegenerative disorder

and the most prevalent form of dementia, associated with enormous

social and public health challenges.1 Considerable evidence supports

that quantitative imaging of biofluid biomarkers of AD pathology, amy-

loid beta (Aβ), tau, and neurodegeneration, may be useful predictors of

subsequent cognitive decline.2 Aβ is a pathological hallmark of AD, the

target of disease-modifying therapies,3 and useful in discriminatingAD

from other neuropathologies.4 Surrogate markers of brain Aβ amyloi-

dosis include reductions in Aβ42 levels in the cerebrospinal fluid (CSF)
and increased amyloid tracer retention on positron emission tomogra-

phy (PET) imaging.5,6

Increased Aβ burden and Aβ deposits were also identified in

the human AD retina, a central nervous system (CNS) tissue that

has the advantage of increased accessibility for direct non-invasive

visualization.7–15 Clinical and preclinical data support that retinal

Aβ deposition correlates with and may even precede cerebral Aβ
deposition.7,13,16–19 Modern technology was recently developed to

image retinal amyloidosis in patients with AD,13,20–22 as fluorescence

signal and other retinal featuresmay aid in predicting cerebral amyloid

status.17,23 One of the contemporary imaging modalities is curcumin-

enhanced retinal fluorescence imaging that was pioneered as a use-

ful non-invasive tool for retinal Aβ plaque detection in animals and

humans.7,9,13

Curcumin has a chemical structure similar to that of Congo red

and binds to the beta-pleated sheets in Aβ aggregates with high affin-

ity and specificity.24,25 In the tissue, curcumin displays natural fluo-

rescence with peak excitation and emission wavelengths of 420 and

520 nm, respectively.26 Curcumin is a safe product on the US Food

and Drug Administration (FDA) Generally Recognize as Safe (GRAS)

list, and can be used to enhance the intrinsic autofluorescence signal of

Aβ.24,25,27–29 We previously demonstrated the specificity of curcumin

labeling of retinal Aβ deposits and its optical signature both ex vivo and
in vivo.7,13 In a proof-of-concept study, we showed the ability to image

at high resolution and quantify retinal Aβ deposits and found signif-

icantly higher retinal amyloid burden in AD patients as compared to

cognitively normal (CN) controls.13 Prior studies have indicated that

the superotemporal retinal region is especially affected inAD.12,13,17,30

In order to develop a sensitive and specific imaging technique for

widespread clinical and research use, it is critical to be able to deter-

mine the retinal subregionsmost predictive of cognitive loss.

In this cohort study, we aimed to investigate quantitative retinal

amyloid imaging (RAI) in a population of patients with mostly amnes-

tic mild cognitive impairment (aMCI), using a new modified iPAD-

controlled ophthalmic device that is user- and patient-friendly. We

introduced a new image-processing sectoral segmentation system for

evaluating retinal amyloid burden in predefined topographic regions in

the superotemporal quadrant. We further assessed the potential cor-

relation of subregional retinal amyloid scores with demographic, cog-

nitive, and brain imaging parameters.

HIGHLIGHTS

∙ Quantitative curcumin-enhanced retinal amyloid fluores-

cence imaging is feasible and non-invasive.

∙ Amyloid count in superotemporal retina is increased in

mild cognitive impairment.

∙ Mid-peripheral retinal amyloid count inversely correlates

with hippocampal volume.

RESEARCH INCONTEXT

1. Systematic review: The authors reviewed the scientific

literature and meeting abstracts. Retinal amyloid beta

(Aβ) correlates with brain Aβ burden. Various imaging

techniques were discovered to visualize retinal amyloi-

dosis. As our group developed and translated curcumin-

enhanced retinal fluorescence amyloid imaging in human

trials with Alzheimer’s disease (AD) patients, we sought

to topographically and quantitatively investigate retinal

amyloidosis in patients with mild cognitive impairment

(MCI). Also for the first time, we sought to assess possible

correlations between retinal amyloidosis, brain atrophy,

and cognitive screening parameters. All relevant citations

are appropriately included and discussed.

2. Interpretation: Retinal amyloid count (RAC) in the super-

otemporal quadrant is increased in patients with the

Montreal Cognitive Assessment (MOCA) score< 26. Fur-

thermore, RAC inversely correlates with hippocampal

volumes. Based on our new topographical sub-regional

analysis, amyloid count in the proximal mid-periphery

solely showed more significant increase in MCI/AD

patients as compared with cognitively normal individuals

andwas associated with lower hippocampal volume.

3. Future directions: Themanuscript generates newdata on

regional retinal amyloid burden in patients with mainly

MCI andprovides great incentive to conduct future larger

retinal imaging studies to confirm these findings as well

as assesses correlations with brain amyloidosis and neu-

rodegeneration. The specificity of retinal amyloid in the

proximal mid-periphery (PMP) of the superotemporal

quadrant needs to be replicated and the potential vul-

nerability of this retinal region elucidates in cognitively

impaired individuals. Finally, the specific cut-off for RAC

that is predictive of cognitive and brain volumetric scores

needs determination.
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TABLE 1 Patients’ demographic characteristics, brain volumetric and retinal imaging parameters, stratified by Clinical Dementia Rating (CDR)
andMontreal Cognitive Assessment (MOCA)

Variable

CDR 0.5

(n= 13)

CDR 1

(n= 17)

CDR 2

(n= 4) P
MOCA> 26

(n= 18)

MOCA≤ 26

(n= 16) P

Age(years) (mean±

SD)

63± 6.53 65.41± 6.61 70.50± 9.11 .17 63.50± 6.69 66.94± 7.16 .15

Range 54-75 51-74 64-84 51–75 57-84

Sex (n) .25 .09

Male (M) M (4) M (9) M (3) M (6) M (10)

Female (F) F (9) F (8) F (1) F (12) F (6)

Years of education

(mean± SD)

16.6± 2.06 16.82± 1.87 16.50± 3.41 .94 16.25± 2.51 17.11± 1.56 .23

Co-morbid sleep

disorder (%)

30 23 50 .52 25 33 0.6

GDS (mean± SD) 5.9± 4.7 5.87± 3.99 3.33± 1.52 .60 5.57± 4.25 5.66± 4.01 .95

PSQ (mean± SD) 57.38± 23.84 44.2± 22.65 62.0± 11.31 .38 43.80± 24.58 58.70± 18.88 .14

HTN (%) 38 35 25 .11 31 38 .65

HLD (%) 61 35 50 .38 50 44 .75

DM (%) 0 17 0 .20 12 5 .49

ICV (cm3)

(mean± SD)

1532± 163 1522± 136.6 1532± 148.9 .98 1567± 164.2 1473± 94.92 .1

HV (cm3)

(mean± SD)

7.50± 0.55 7.59± 0.82 5.93± 0.88 .004 7.64± 0.71 6.94± 0.93 .053

ILVV (cm3)

(mean± SD)

1.67± 1.05 1.55± 0.60 4.09± 2.60 .006 1.45± 0.53 2.21± 1.75 .13

Total RA count

(mean± SD)

307.2± 79.57 300.6± 83.11 434.8± 109.3 .023 300.9± 82.66 339.1± 101.6 .23

Total RA area

(mean± SD)

1364± 347.9 1361± 596.6 1896± 575.4 .164 1460± 491.5 1394± 568 .72

PP RA count

(mean± SD)

81.62± 36.92 114.6± 52.91 126.8± 62.63 .12 92.06± 40.01 106.1± 46.57 .30

PP RA area

(mean± SD)

476.1± 228.7 503.1± 363.1 776.4± 282.6 .18 406.4± 203.6 465.1± 275.9 .49

PMPRA count

(mean± SD)

114.9± 51.65 113.9± 46.18 187.8± 58.33 .031 98.35± 33.81 142.1± 56.53 .01

PMPRA area

(mean± SD)

476.1± 228.7 503.1± 363.1 776.4± 282.6 .23 389.2± 135 593.6± 274.4 .01

DMPRA count

(mean± SD)

110.7± 60.61 72.0± 28.65 120.3± 68.59 .056 84.0± 38.67 91.0± 46.63 .64

DMPRA area

(mean± SD)

517.6± 370 342.9± 205.9 472.6± 233.9 .24 365.7± 175.0 374.2± 176.6 .89

Abbreviations: DM, diabetesmellitus; DMP, distalmid-periphery; GDS, GeriatricDepression Scale; HLD, hyperlipidemia; HTN, arterial hypertension;HV, hip-

pocampal volume; ICV, intracranial volume; ILVV, inferior lateral ventricle volume; n, number; PMP, proximalmid-periphery; PP, posterior pole; PSQ, Pittsburg

SleepQuestionnaire; RA, retinal amyloid; SD, standard deviation.

2 METHODS

2.1 Participants

This prospective cohort study received approval from the Cedars-

Sinai Institutional Review Board. We enrolled subjects older than

40 years who presented to our neurology clinic with subjective

cognitive decline and were interested in pursuing retinal imag-

ing after signing an informed consent. All subjects underwent a

neurological examination and standard battery of neuropsycho-

logical tests with a certified licensed neuropsychologist (DS). Their

demographic information (age, gender, race, number of years of

education), history, and clinical parameters were collected (see

Table 1).
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2.2 Brain imaging

Subjects completed a standard-of-care 3 Tesla non-contrast structural

brain magnetic resonance imaging (MRI). Automated NeuroQuant

software was used for brain volumetric analysis31 and the follow-

ing parameters were collected: total intracranial volume (ICV) (cm3),

hippocampal volume (HV) (cm3), and inferior lateral ventricle volume

(ILVV) (cm3).

2.3 Retinal amyloid imaging

The study included a 4-day curcumin loading protocol. This was mod-

ified from the previously reported 10-day protocol, since the study

showed that near-maximum red blood cell concentration of curcumin

was measured after 4 days.13 Each subject was provided with four

packages of unencapsulated Longvida curcumin powder (20 grams

each), four bottles of Ensure liquid nutritional shake, and four soft gels

of vitamin E of 400 IU. The Longvida curcumin is specifically intended

to increase curcumin bioavailability without co-ingestion of a glu-

curonidation inhibitor.32 Subjects were instructed to take one package

of curcumin mixed with the Ensure and one gel of 400 IU vitamin E

once per day on an empty stomach, and 1 hour before breakfast. The

vitamin E was used to further enhance bioavailability, augmenting the

antioxidant used in the Longvida formulation to stabilize and to recycle

curcumin and to prevent it from becoming a pro-oxidant in the body.

Retinal imaging was performed several hours after the last curcumin

mixture intake (day 4). After ocular dilation, a confocal scanning oph-

thalmoscope (Retia, CenterVue SpA) was used to obtain retinal images

using blue light for excitation of curcumin emission to obtain images of

the retina. The camera utilizes an illumination LED at 452 nanometers

(nm) and uses a barrier filter to collect fluorescent emissions greater

than or equal to 500 nm. The camera field of view is 60 degrees (H)

x 55◦ (V), and the nominal optical resolution on the retina is 17 μm.

At least 18 images of the superior retina were taken for each eye, six

images at each of the three different focal planes (autofocus and ± 2

machine diopters) to accommodate focus variability and eye curvature.

The superior retinal field is centered horizontally on the fovea and

vertically 20 degrees above the fovea. The set of retinal images was

processed using an investigational automated retinal fluorescence

measurement software system (NeuroVision Imaging, Inc.). The soft-

ware was fully automated, blinded to the operator, and functioned

as follows: image sets for each eye were imported into the software

and were algorithmically screened for image quality (including focus,

contrast, variation in illumination, eye motion, obstruction, and proper

fixation), and the software selected the eight highest quality images for

further processing. These eight images were aligned and combined to

reduce noise and further processed to reduce background variability

and to maximize dynamic range. A common region of interest (ROI)

was applied with a field of view of 50 degrees positioned on the image

center, using fovea and optic nerve head centers as reference points to

correct for eye rotation, with a zone around the fovea and optic nerve

head masked. Pixels within the ROI manifest in a probability density

function histogram that was mathematically characterized, and pixels

that were abnormally intense compared to the retinal background

structure were segmented and quantified. The repeatability coeffi-

cient of variation was found to be 8.7% for pixel count, and 11.6% for

spot count, using a separately collected data set of 25 subject eyes,

three repeat measures each on three machine-operator pairs. The ROI

was further divided into three subregions: posterior pole (PP), proxi-

mal mid-periphery (PMP), and distal mid-periphery (DMP) (Figure 1).

Retinal amyloid count (RAC) and total area were further quantified in

the target ROI and the three subregions using NIH ImageJ software.

The experiments conducting the image processing and quantifications

were blinded to the patients’ clinical characteristics.

2.4 Assessments

The primary measures were differences in RAC or area in the three

subregions of the superotemporal retina in subjects with Montreal

Cognitive Assessment (MOCA) scores ≤26 (compared to scores >26)

and correlationwithHV. Secondarymeasureswere differences in amy-

loid count or area in the three subregionsof the supero-temporal retina

according to Clinical Dementia Rating (CDR) scores 0.5, 1.0, and 2.0, as

well as diagnostic groups, and correlation with HV.

2.5 Statistical analysis

Descriptive statistics were calculated for patient demographics and

clinical characteristics. Data are expressed as mean ± standard devia-

tion unless otherwise stated. Groups were stratified based upon CDR

and MOCA scores. MOCA scores of ≤26 were considered indicative

of cognitive impairment, whereas score >26 indicate normal cognitive

function.33 CDRwas stratified in three levels, with 0.5 indicating ques-

tionable dementia, one indicatingmild cognitive impairment (MCI), and

two indicating moderate cognitive impairment.34 Group differences

between continuous variables were evaluated using Student t test,

while nominal qualitative variables were assessed using a chi-square

test. Groupdifferences between the three levels of CDRwere assessed

using one-way analysis of variance (ANOVA). Univariate associations

between variables were assessed with Pearson correlation (r corre-

lation coefficient). Cohen’s d coefficient was used to assess the effect

size. All statistical analyses were performed using GraphPad Prism

8.3. (GraphPad Software) with two-sided tests and a significance level

of< 0.05.

2.6 Patient population

Thecohort included18 female (52.94%) and16male (47.05%)patients.

The mean age was 65 ± 7.03 (range 51 to 84) years. Most of the pop-

ulation (97.05%) was Caucasian, with only one subject being African

American. Based on their neuropsychological reports, 8 subjects had

normal cognitive scores, 22 had amnesticMCI, three had probable AD,
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F IGURE 1 Illustration of the study timeline and topographical segmentationmethodology for retinal amyloid analysis. Study timeline (A).
Representative post-processed image of the retinal superotemporal quadrant from a subject with amnestic mild cognitive impairment (B)
Illustration of the region of interest from the retinal supero-temporal quadrant and its predefined divisions, that were used for the quantification
of the retinal amyloid plaque burden (C) aMCI, amnestic mild cognitive impairment (MCI); DMP, distal mid-periphery; ODD, optic disc diameter;
PMP, proximal mid-periphery; PP, posterior pole

and one had possible frontotemporal dementia. The median MOCA

score was 27 (range 4 to 30). From the total of 34 subjects, 13 subjects

had a CDR classification of 0.5 (32.23%), 17 had a CDR of 1 (50%), and

4 subjects had a CDR of 2 (11.76%). Patient demographics and comor-

bid conditions were not different when compared according toMOCA

or CDR scores, and HV and ILVV were significantly different between

the three levels of CDR score (Table 1).

3 RESULTS

All retinal amyloid parameters showed a significant correlation

between the right and the left eyes (Pearson r = 0.63 [P = .002] for

total RAC and Pearson r = 0.67 [P = .0003] for total RA area in the

ST quadrant) and were similar in male and female patients [P > .05

for all comparisons (not shown)]. Study timeline and topographical

segmentation of retinal amyloid images are described in Figure 1.

Representative retinal images from subjects with different MOCA

(female and male) and CDR values are illustrated in Figures 2A-D

and 3A, respectively. The left eye was chosen arbitrarily for the com-

parative and correlation analyses. When compared for retinal amyloid

parameters, the sub-regional analysis suggested that the PMP region

of the superotemporal retina was preferentially predictive of severe

cognitive deficits, where amyloid count and area were significantly

higher in subjects with greater CDR and lower MOCA score (Table 1,

Figure 2E-F, and Figure 3C). Patients with lower MOCA had lower

total ICV (P = .09) and HV (P = .05) (Figure 2G-H). In addition, the

total RAC was significantly different between the three CDR groups

(Figure 3B; P = 0.023). Age was correlated significantly with ILVV

(r = 0.48, P = .01), but not with HV or ICV. Age was not significantly

correlated with any of the retinal parameters, although PMP amyloid

area did approach significance (r = 0.33, P = .052). Both MOCA and

CDR correlated with HV and ILVV (P < .05). The CDR score signifi-

cantly correlated with total RAC (r = 0.38, P = .02) and PMP amyloid

count (r=0.37, P= .02). The total RAC significantly correlatedwithHV

(Figure 2I; r= - 0.39, P= .04), whereas its correlationwith ICV reached

near statistical significance (P = .06). On subregion analysis, only the

RAC in the PMP correlated with HV (Figure 2J; r = − 0.41, P = .03).

When compared to individuals with normal cognition, the group of

subjects with amnestic MCI and probable AD had significantly higher

RAC in the PP and PMP subregions (Figure 3D and 3E; P = .036 and

P = .042, respectively), with a large effect size (Cohen d = 0.83). Large

effect sizes were also demonstrated by the comparisons between

RAC and respective area, which were significantly greater in patients

with MOCA ≤26 compared to MOCA >26 (Cohen d = 0.83 and 0.81,

respectively). The RAC and area were found to be highly correlated

(Pearson r = 0.74 (P < .001) for the association between total RAC

and total retinal amyloid area; Pearson r = 0.84 (P < .001) for the

association between PMP and PMP retinal amyloid area).

4 DISCUSSION

Our study exploring RAI features with Retia confocal digital imaging

device in a cohort of patients with cognitive decline is the first compre-

hensive study quantitatively evaluating subregional distribution of the

superotemporal retinal amyloid burden in patients with mostly early

cognitive impairment, and assessing the relationship with cognitive

scores and brain volumes. Because the retinal amyloid quantification

was blinded to the clinical and brain imaging parameters, the findings

are not related to any bias. Furthermore, subjects were balanced for

sex and age as confounders in experimental groups; hence, we believe

the observed elevated retinal amyloid burden is specific to AD patho-

logical changes. As the effects were independent of right vs left eye,

but amyloid PET imaging was not performed, it remains unclear if dif-

ferential amyloid left and right eye predict asymmetric burden, as is

commonly leftward in primary progressive aphasia and rightward with

visual spatial impairment.35 The significant association between reti-

nal amyloid burden, especially in the PMP topographical region, paired

with significantly lower HV and poor cognitive scores, suggests the

possibility for early detection of neurodegeneration through a retinal

scan.
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F IGURE 2 Retinal amyloid plaque scores per topographical regions for individuals stratified by theMontreal Cognitive Assessment (MOCA)
score of 26. Representative fluorescent fundus images (A-D’). Graphs illustrating the differences in the proximal mid-periphery (PMP) amyloid
count (E) and area (F), and total intracranial volume (G) and hippocampal volume (H) when stratified byMOCA score. Graphs illustrating the
correlations between the hippocampal volume and total (I) and proximal mid-periphery (PMP) (J) retinal amyloid count. DMP, distal mid-periphery;
PP, posterior pole.Whiskers bar graphs are showing individual data points as well as mean and deviation (* P< .05 by two-tailed paired Student t
test)

The retinas derived from AD patients are hallmarked by an array

of pathologies that mirror the disease in the brain, characterized

not only by Aβ deposits, but also phosphorylated tau, vasculopathy,

inflammation, and neurodegeneration.7–16,32,36,37 We translated

the RAI in clinical studies as a safe and non-invasive tool for retinal

curcumin-labeled Aβ plaque imaging, with the potential of early detec-

tion of a pathological biomarker of AD.7,13 Although curcumin, like

other anti-Aβ compounds including the FDA-approved PiB compound,

can bind to other misfolded proteins such as alpha-synuclein and

tau, it was shown to have a markedly higher affinity as compared

with the other compounds to Aβ fibrils, plaques, and oligomers, and

especially to the 1-42 aa long alloform Aβ1-42.38–44 The ability to

image, quantify, and/or label cerebral and retinal Aβ deposits with high
specificity using curcumin, administered either orally or intravenously,

was previously demonstrated.7,9,13,28 Here, we demonstrated that our

curcumin-enhanced retinal fluorescence amyloid imaging approach

can be further translated into a systematic imaging protocol with fully

automated fluorescence quantification software, as described in the

methods section that now allows repeatable measurement for further

clinical studies.
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F IGURE 3 Retinal amyloid plaque scores in total and PMP region for individuals stratified by Clinical Dementia Rating (CDR) scores and
clinical diagnosis. Representative fundus images in three patients of similar age group, demonstrating increased retinal amyloid count with higher
CDR (A-A’). Graphs illustrating the differences between total (B) and proximal mid-periphery (PMP) (C) RAC stratified by CDR. Graphs illustrating
the differences in the RAC in the posterior pole (PP) (D) and PMP (E), when stratified by diagnostic groups. Alzheimer’s disease (AD), probable AD;
aMCI, amnesticMCI;MOCA,Montreal Cognitive Assessment; NC, normal cognition.Whiskers bar graphs are showing individual data points as
well as mean and deviation (* P< .05 by two-tailed paired Student t-test)

Drusenoid structures can also be found in the peripheral retina

in cognitively impaired individuals.45 Anderson et al.46 showed that

drusen contains nonfibrillar Aβ structures; hence it is possible that cur-
cumin binds to drusenoid structures as well. A drusenoid structure,

which may contain Aβ, can be potentially distinguished from a retinal

amyloid plaque spatially and morphologically by using spectral domain

optical coherence tomography.45 Subsequent studies should assess the

value of multimodal retinal imaging for specific delineation of the Aβ
structures.

In this cohort study, total and PMP RAC in the superotemporal

quadrant correlated significantly with HV and CDR, supporting a pos-

sible association between RAC and AD stage. When stratified based

on clinical diagnoses, patients with amnestic MCI and probable AD

showed significantly greater amyloid accumulation in the PMP and the

PP regions, with a large effect size. Note that this increase in reti-

nal amyloid burden remained significant even after the three probable

AD patients were removed and the comparison was only with aMCI

patients (not shown). However, when stratified according to MOCA

(≤26 or >26), the PMP showed the most significant differences in

amyloid count and area that were higher with more advanced cogni-

tive impairment and lower HV. Although older patients tended to have

more amyloid accumulation solely in the PMP area as well, there were

no significant differences in the mean age between cognitive groups,

so aging is insufficient to explain the differences. Furthermore, the

total and PMP RAC and area were highly correlated but not identi-

cal due to diverse plaque size, which affects the amyloid area. In the

PMP region though, both RAC and area yielded significantly higher

values for patients with MOCA of ≤26 vs those with MOCA >26,

with large effect sizes of 0.83 and 0.81, respectively. This suggests

that future studies should focus on the PMP region of the superotem-

poral quadrant, which may be a more sensitive and specific indica-

tor of the cognitive status. Our findings support prior observations

that there is an increased Aβ deposition in the superotemporal quad-

rant in retinal flat mounts derived from neuropathologically confirmed

AD patients.7,12,13 These findings are also in agreement with previous

studies pointing to this retinal region for increased degeneration, atro-

phy, and vascular pathology inMCI or AD.12,17,30

The role of vascular dysregulation, neurovascular unit impair-

ment, and blood-brain barrier (BBB) disruption in AD is increasingly

recognized,47,48 with BBB pericyte injury being found as a predictor

of apolipoprotein E (APOE) ε4–associated cognitive decline.49 Shi et

al identified early and progressive pericyte marker platelet-derived
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growth factor receptor-β (PDGFRβ) deficiency and pericyte loss in

post-mortem retinal vasculature derived from MCI and AD patients.

These findings were also associated with retinal vascular amyloidosis

and AD pathology in the brain.17 Aβ accumulation inside retinal

pericytes in AD and pericyte degeneration in the retina mirrored

prominent features of brain AD pathology.17,50 In this study, most sub-

jects had vascular risk factors. Their retinal vasculature pathological

changes are likely related to the retinal amyloid burden, as nowadays

we have a better understanding of the relationship between vascular

disease andAD. Future studiesmay consider addressingRAI in patients

without any vascular risk factors; however, this current approach is

more likely to preserve generalizability and clinical applicability.

The reason that PMP seems to be more vulnerable to AD pathol-

ogy including Aβ accumulation remains unknown. It is possible that

this phenomenon is rooted in the physiological structure of this retinal

region,making it increasingly prone to disease processes or connecting

it to brain pathology. Of interest, this temporal PMP retinal region is

considered clinically to be most vulnerable to glaucoma-related neu-

ronal damage,51 and retinal nerve fiber layer shows disproportion-

ate thinning in AD patients.52 It is also conceivable that technically

our current Retia ophthalmic device generated lower or inconsistent

image quality/resolution for DMP regions, which impacted data relia-

bility. The PMP region is consistently in better focus and with higher

image quality, so therefore possibly better able to discern subtle amy-

loid plaque. Future studies are warranted to further investigate and

validate these questions.

The significant relationship between retinal PMPamyloid count and

HV suggests that quantitative RAI may be a useful biomarker to pre-

dict the progression to AD. On the same line, a recent biochemical

study demonstrated that the levels of retinal high-molecular weight

Aβ40 andAβ42 significantly correlatedwith their corresponding levels
in the hippocampus as well as with brain neurofibrillary tangle and Aβ
scores.16 The ability to screen for early CNS amyloidosis using a retinal

scan in asymptomatic or early symptomatic patients is very relevant.

Finding individuals with AD pathology before the clinical manifesta-

tion of dementiamay open awindow of opportunity for early interven-

tion, as disease-modifying therapies are more likely to be effective if

applied in early disease stages before neurodegeneration develops.53

Although higher brain Aβ load assessed by amyloid PET in CN indi-

viduals with subjective cognitive impairment is associated with faster

rates of cognitive decline,54 the relationship between amyloid burden

and cognition is complex and stage dependent. Nevertheless, it is an

important outcome in clinical trials. Therefore, validation of PET amy-

loid association with retinal PMP amyloid would allow an economi-

cal biomarker for longitudinal studies. Furthermore, other accepted

biomarkers (CSF low Aβ and high tau) are recognized as predictors

of progression to AD,55 but require invasive collection of CSF, so it is

important to determine the relationship between these CSF biomark-

ers and retinal PMP plaques.

Although our study sample size was comparative to similar retinal

imaging studies,22 the data need to be validated with larger sample

sizes. Our population was the majority Caucasian; therefore, our find-

ings may not be generalized to other ethnicities. Group stratification

and data analysis were based on cognitive screening measures, and

only four subjects had a CDR of 2. Given the heterogeneity in sample

size across study groups, and low numbers of probable AD patients,

further confirmation of these interesting preliminary findings will be

necessary in the future. Additional analyses exploring retinal amyloid

burden with genetic markup and more robust neuropsychological

instruments may provide greater specificity between retinal markers

and cognitive performance indicators.

5 CONCLUSION

Our study provides evidence that RAI is feasible using the Retia device

with the automated retinal fluorescence measurement software, and

able to detect increased retinal amyloid burden, especially in the PMP

region, in patients withMCI. Future studies should assess the diagnos-

tic and screening value of RAI, focusing on retinal amyloid correlation

with brain Aβ and other markers of neurodegeneration.
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