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Purrose. Neuroinflammation plays a significant role in the pathology of Alzheimer’s
disease (AD). Mouse models of AD and postmortem biopsy of patients with AD reveal reti-
nal glial activation comparable to central nervous system immunoreactivity. We hypoth-
esized that the surface area of putative retinal gliosis observed in vivo using en face
optical coherence tomography (OCT) imaging will be larger in patients with preclinical
AD versus controls.

MetHoDs. The Spectralis II instrument was used to acquire macular centered 20 x 20 and
30 x 25-degrees spectral domain OCT images of 76 participants (132 eyes). A cohort of 22
patients with preclinical AD (40 eyes, mean age = 69 years, range = 60-80 years) and 20
control participants (32 eyes, mean age = 66 years, range = 58-82 years, P = 0.11) were
included for the assessment of difference in surface area of putative retinal gliosis and
retinal nerve fiber layer (RNFL) thickness. The surface area of putative retinal gliosis and
RNFL thickness for the nine sectors of the Early Treatment Diabetic Retinopathy Study
(ETDRS) map were compared between groups using generalized linear mixed models.

Resutrs. The surface area of putative retinal gliosis was significantly greater in the preclin-
ical AD group (0.97 & 0.55 mm?) compared to controls (0.68 & 0.40 mm?); F(; 7, = 4.41,
P = 0.039; Cohen’s d = 0.61. There was no significant difference between groups for
RNFL thickness in the 9 ETDRS sectors, P > 0.05.

Concrusions. Our analysis shows greater putative retinal gliosis in preclinical AD
compared to controls. This demonstrates putative retinal gliosis as a potential biomarker
for AD-related neuroinflammation.

Keywords: putative retinal gliosis, preclinical Alzheimer’s disease (AD), en face
spectral domain optical coherence tomography (SD-OCT) imaging, retinal nerve fiber
layer (RNFL) thickness, multimodal model

Izheimer’s disease (AD) is a progressive neurodegen-

erative disease that ranks as the most common cause
of dementia in the elderly accounting for about 60% to
80% of all cases.! Pathological changes in AD precede
any symptomatic changes by almost 2 decades.?”’ The
progression of the disease referred to as the AD contin-
uum signifies the transition from pathological changes in
the brain that are unobtrusive to the individual to those
changes that cause memory problems and disability.® The
initial stage of the continuum, the preclinical phase, is
the period where the individual exhibits no symptomatic
changes but shows measurable biomarker abnormality like
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amyloid beta (AB) deposition, as measured using brain
positron emission tomography (PET) scans or cerebrospinal
fluid (CSF) assessment via lumbar puncture.'®!! The preclin-
ical stage is typically followed by mild cognitive impair-
ment (MCD due to AD and subsequently by dementia
due to AD. The goal is to detect the disease during the
preclinical phase when emerging therapeutics are likely
to be most effective. PET and CSF assessment have not
been widely used in clinical practice because they are
expensive and invasive, respectively. Although blood-based
biomarkers have greater likelihood of becoming part of
the normal clinical diagnostic pathway within the next
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12-14 there is still a need for other noninvasive

few years,
biomarkers.

As an extension of the brain, the retina provides a
potential noninvasive window for early diagnosis of AD.17-23
Neuroinflammation is a common pathological feature in
AD.?%?> Mouse models of AD and postmortem biopsy of
patients with AD reveal retinal glial activation comparable to
the central nervous system (CNS) immunoreactivity.2-2% The
neurosensory retina houses glial cells, including Miiller cells,
astrocytes, and microglia. Miiller cells are radial cells that
span the entire retina. Astrocytes are predominantly found
in the retinal nerve fiber layer (RNFL), and microglia reside
predominantly in the inner plexiform and outer plexiform
layers (IPL and OPL), but they are also present in small
proportion in the retinal ganglion cell (RGC) layer, RNFL,
and at the internal limiting membrane (ILM) junction.?-3°

The classical structural biomarker investigated in AD
with respect to the neurosensory retina includes the RNFL
thickness at the macular (mRNFL) and the peripapillary
region (pRNFL). Investigations into RNFL thickness during
the preclinical and MCI stages of AD yield conflicting
results.?!:31-34 Quadrant-specific RNFL thinning in patients
with MCI due to AD has been shown but the region of the
RNFL affected varies substantially between studies.?>% In
contrast, other studies did not find significant differences in
RNFL thickness between MCI and cognitively unimpaired
(CU) participants altogether.’”-3® Nonsignificant results in
RNFL thickness have also been found in preclinical AD.32-34
Interestingly, thicker mRNFL has been reported in partic-
ipants with MCI due to AD compared with AD dementia
and CU participants, with the areas of thickening hypothe-
sized to be a result of neuroinflammation or gliosis in the
RNFL bundle.?!3! This can be explained by the fact that
the hyper-reflective band of the RNFL on spectral domain
optical coherence tomography (SD-OCT) is made up of not
only RNFL bundles, but also contains non-neural compo-
nents including retinal glial cells (astrocytes, microglia, and
end feet of Miiller cells) and blood vessels.**~% When there
is thinning of the RNFL hyper-reflective band shown on
SD-OCT in AD,'8-20:22,23,35.36 jt js assumed that the atro-
phy of the RNFL bundles is what drives the reduction
of the RNFL thickness. However, this thinning could be
due to atrophy of the non-neural structures in the RNFL
hyper-reflective band. In addition, variability in blood vessel
diameter, activated microglia, and astrocytes (gliosis) in the
RNFL hyper-reflective band may also cause artifacts in thick-
ness measurements**~% and thereby account for studies
that report thinning/thickening/null results of the RNFL in
MCI?!:31:35-38 or nonsignificant results in RNFL thickness in
preclinical AD.3?73% All the above results point to lack of
consistency in RNFL thickness measure to be used as a
unique biomarker for AD.

SD-OCT en face images of individual retinal layers can
be generated from dense or volume scans by using infor-
mation segmented from specific retinal layers.*-% Puta-
tive retinal gliosis (activated retinal astrocytes, microglia,
and Miller cells) has been quantitatively characterized as
hyper-reflective patches on SD-OCT en face images that
correspond to similar structures on the b-scans in glau-
coma,*48-50 diabetic retinopathy,’'~>* and retinal vein occlu-
sion.> The presence of these hyper-reflective structures
(putative gliotic changes) and the extent of retinal region
covered with them have been reported to have a greater
potential of being an indicator for glaucomatous degenera-
tion.*> These areas of putative gliosis are also increased in

15,16
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proliferative diabetic retinopathy compared to nonprolifer-
ative and control participants, with patients with diabetic
macular edema having larger areas compared to patients
with no macular edema.>?

The goal of the current study was three-fold: (1) investi-
gate differences in the surface area of putative retinal glio-
sis in vivo using SD-OCT en face imaging in preclinical AD
versus controls, (2) examine association between the surface
area of putative retinal gliosis versus RNFL thickness, and (3)
determine whether a multimodal model of the surface area
of putative retinal gliosis and RNFL thickness would better
distinguish between preclinical AD and controls compared
to a model of the surface area of putative retinal gliosis
alone.

METHODS
Study Participants

This is a cross-sectional multisite study involving 42 partici-
pants from the Butler Hospital Memory and Aging Program,
Providence, RI (part of the Atlas of Retinal Imaging in
Alzheimer’s Study; ARIAS) and 51 participants from the
University of Alabama at Birmingham (UAB) Alzheimer’s
Disease Research Center (ADRC). The study protocol
adhered to the tenets of the Declaration of Helsinki and
was approved by the BayCare and UAB Institutional Review
Boards. Written informed consent was obtained from all
participants prior to experimental data collection. The inclu-
sion criteria for participants in the study were as follows:
age > 55 years, absence of or controlled hypertension
(< 140/90; Table 1), hyperlipidemia, and systemic diabetes
(HbAlc < 7; see Table 1). Eyes were excluded if there
were any associated retinal pathology that could predis-
pose the individual to developing glial changes like in
glaucoma, diabetic retinopathy, retinal ischemic conditions,
epiretinal membrane (ERM), age-related macular degenera-
tion, macular hole, other retinal procedures, including pars
plana vitrectomy, laser photocoagulation, ILM peeling, etc.
Other exclusion criteria included unstable doses of antide-
pressants that have significant anticholinergic side effects,
large cataracts that would impede imaging, current intake of

Tasre 1. Demographics of the Study Participants
Control Preclinical
Variables (N=20) AD (N=22) P Value
Age, y (mean + SD) 66 £ 6 69 +5 0.11"
Sex, n (%) 0.90%
Male 6 (30) 7 (31.8)
Female 14 (70) 15 (68.2)
Race, n (%) 0.57F
Caucasian 18 (90) 21 (95.5)
Black or African 105 —
American
Others 15 1(4.5)
Diabetic status, 7 (%) 0.087"
Absent 20 (100) 19 (86.4)
Controlled (HbAlc < 7) — 3 (13.6)
Hypertension status, 7 (%) 0.28"
Absent 15 (75) 13 (59.1)
Controlled (BP < 140/90) 5 (25) 9 (40.9)

BP, blood pressure.
" Independent samples -test.
 Chi-square test of independence.
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retino toxic drugs such as chloroquine, hydroxychloroquine,
and cancer drugs, and other neurodegenerative diseases,
such as Parkinson’s disease or multiple sclerosis. All the
eyes involved in the study had best corrected visual acuity >
20/40 (approximately Log MAR = 0.30) and refractive errors
< 4 3.00 DS (spherical equivalent) which will correspond
to an approximate equivalent axial length of 22 to 24 mm
to prevent significant differences in retinal magnification, as
noted by the Bennett formula.>®

Out of the 42 participants from Butler Hospital Memory
and Aging Program, 5 participants were excluded due to
the presence of image artifacts, ERM, or sheen, and out
of the 51 participants from the UAB ADRC, 12 partici-
pants were excluded due to presence of ERM, sheen, hyper-
tensive/diabetic retinopathy, and peripheral exudates/heme.
Thus, a total of 76 participants (132 eyes) comprising 59
CU older adults, 11 patients with MCI, and 6 patients with
Alzheimer’s dementia were involved in the study. Out of the
59 CU older adults, 42 participants had AS PET results avail-
able. A cohort of 22 preclinical AD (7 men and 15 women, 40
eyes, mean age = (09 years, range = 60-80 years; see Table 1)
and 20 control participants (6 men and 14 women, 32 eyes,
mean age = 606 years, range = 58-82 years; see Table 1; N
= 72 eyes) were included for the assessment of difference
in surface area of putative retinal gliosis and RNFL thick-
ness. There were no significant differences between the two
groups in age (t(40) = 1.65, P = 0.11) or sex (x> (1, N =
42) = 0.016, P = 0.90; see Table 1). Both preclinical AD and
control participants were CU based on neuropsychological
evaluation. Preclinical AD participants were AS PET positive,
whereas controls were A PET negative. CU participants had
Montreal Cognitive Assessment (MoCA) scores of > 26,56’57
a Clinical Dementia Rating (CDR) global score of 0° (Butler
Hospital and UAB ADRC), and Repeatable Battery for the
Assessment of Neuropsychological Status Update (RBANS-
U) Delayed Memory Index (DMI) scores of > 85%:% (Butler
Hospital cohort only).

An estimated sample size (N = 52) was computed with the
GPower version 3.1 calculator®® using parameters obtained
from a previous study that examined differences in the
number of retinal inclusion bodies and thickness of reti-
nal neuronal layers between groups with high versus low
neocortical AB load* (effect size; Cohen’s d of 0.80, two-
sided o of 0.05, and a power of 0.80). Considering 72
eyes were involved in this study, our study was adequately
powered to detect differences in the surface area of putative
retinal gliosis and RNFL thickness.

Cognitive Assessment

Syndromal/clinical staging of the Alzheimer’s continuum
was assessed for the participants from the Butler Hospi-
tal Memory and Aging program using MoCA,3%57 CDR,*
and RBANS-U,*-%° whereas participants from the UAB ADRC
were classified based on MoCA and CDR. In both scenarios,
final clinical staging was done by a trained neuropsycholo-
gist or cognitive neuroscientist.

MoCA is a validated highly sensitive tool for early detec-
tion of MCI>®> It is a one-page test totaling 30 points
that can be administered in approximately 10 minutes. It
assesses various domains of cognition involving attention
and concentration, executive functions, memory, language,
visuospatial skills, orientation, calculations, and conceptual
thinking. A score of greater than or equal to 26 classifies the
individual as CU.
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CDR is a 5-point scale that is widely used to assess the
severity of dementia in an individual.®® Based on observa-
tions and interviews with both the patient and an infor-
mant, the CDR rates a person’s cognitive and functional
performance across six domains, including memory, orien-
tation, judgment and problem-solving, community affairs,
home and hobbies, and personal care. The 5 levels of the
global scores are as follows: CDR 0 — no impairment; CDR
0.5 - questionable cognitive impairment; CDR 1 - mild
impairment; CDR 2 — moderate impairment; and CDR 3 -
severe impairment.

The RBANS-U is a brief neuropsychological assessment
battery that can be administered to adult patients aged 20 to
89 years 0ld.>?*°° The RBANS consists of 10 subtests, which
give 5 scores (one for each of 5 domains tested), includ-
ing immediate memory, visuoperceptual abilities, language,
attention, and delayed memory. The RBANS-U DMI score >
85 is considered normal for episodic memory.

AB PET Acquisition

To evaluate the level of neocortical amyloid accumulation,
each participant underwent an A PET scan. This involved
an intravenous injection of 18F-florbetapir at a dose of 370
MBq (10 mCi +/— 10%; Butler Hospital) or C11-PIB (UAB
ADRC). Around 50 minutes after the injection, a 20-minute
PET scan was conducted along with a head computed
tomography (CT) scan to correct for attenuation. The images
were captured using a 128 x 128 matrix and then recon-
structed using iterative or row action maximization likeli-
hood algorithms. The PET standardized uptake value (SUV)
data were summed and standardized against the SUV of
the entire cerebellum, creating a ratio known as SUV ratio
(SUVr). An SUVr threshold of > 1.1 was considered as
AB-positive where as an SUVr threshold < 1.1 was consid-
ered as AB negative, as done previously>* These SUVr
computations used the MIMneuro software and A positiv-
ity/negativity was confirmed in all cases through a read by
a board-certified radiologist, respectively, from the Bulter
Hospital Memory and Aging Program, Providence, RI, and
the UAB ADRC.

SD-OCT Volume Scan Image Acquisition

All participants were dilated with two drops of tropicamide
(Mydriacyl 1%) per eye, prior to imaging. Following a
15-minute wait time, dense macular centered 20 x 20
degrees (approximately 6 x 6 mm) SD-OCT images consist-
ing of 512 b-scans, 512 A-scans per b-scan, 12 microns spac-
ing between the b-scans, and 5 frames averaged per each
b-scan location was acquired for both eyes of the partici-
pants using the Spectralis HRA 4 OCT (Eye Explorer version
1.10.4.0; Heidelberg Engineering, Heidelberg, Germany).
The signal quality values were ensured to be at least 30 to
maintain good image quality.

Gliosis Definition and Computation

Reflectance en face images are those that are produced
from reflection as a variation of intensity across the under-
lying anatomy.®? Putative retinal gliosis characterized by
increased reflectivity appeared as white or hyper-reflective
patchy structures at the ILM/RNFL boundary en face images
(macrophage like cell [MLC layer]; Fig. 1A).51-5%% These
hyper-reflective patches on the ILM/RNFL boundary en
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Processed Image

IOVS | May 2024 | Vol.65 | No.5 | Article 5 | 4

Ficure 1. Putative retinal gliosis computation in MATLAB performed using 3 en face slabs in a 60-year-old female patient with preclinical AD
with AB PET SUVr of 1.53 with no visible posterior vitreous detachment. Three en face slabs were involved in the computation: macrophage
like cell (MLC) layer — segmented at the ILM at the vitreoretinal interface (A); nerve fiber layer (NFL) — segmented from the ILM to RNFL/RGC
layer boundary (B) and superficial vascular plexus (SVP) — segmented from the ILM to the IPL/INL boundary (C). Averaged MLC and NFL
slab (E). Sharpened and spatially filtered image after the SVP en face slab has been subtracted from the averaged image to eliminate vascular
artifacts (F), and binarized image (G) for quantification of the surface area of putative retinal gliosis. White pixels represent putative retinal
gliosis. OCT b-scans corresponding to the cross-sectional location of the yellow line (D) and the green line (H) on (A). Hyper-reflective
patches representing gliosis on en face MLC slab (red, yellow, blue, green, and pink boxes) displaying similarly color-coded aligned regions
of hyper-reflective lines (red, yellow, blue, green, and pink arrows) on OCT b-scans (D, H, I-M).

face images typically corresponded to regions of hyper-
reflective lines at the same location on OCT b-scans (see
Figs. 1A, 1D, 1H-1M) as reported in other studies3!->4%3
Other regions of hyper-reflectivity causing artifacts like reti-
nal sheen as a result of specular reflection® displayed
a bleached appearance and did not correspond to simi-
lar locations of hyper-reflectivity lines on the OCT b-scans
(Fig. 2). To prevent bias in putative retinal gliosis computa-
tion, eyes with artifactual reflectivity were excluded from the
analysis.

Computation of putative retinal gliosis was performed
using three en face slabs representing: (a) the MLC layer
- segmented at the ILM at the vitreoretinal interface®!~>%%3
(see Fig. 1A); (b) the NFL - segmented from the ILM to
RNFL/RGC layer boundary (see Fig. 1B); and (c) the superfi-
cial vascular plexus (SVP) layer — segmented from the ILM to
the IPL/inner nuclear layer (INL) boundary (see Fig. 1C).7
These three en face slabs were obtained from the dense
volume SD-OCT scans using the vendor software. The MLC
layer en face image has previously been defined via adaptive
optics OCT (AO-OCT) imaging as having the highest density
of glial structures.®* Histological and in vivo imaging also
show that the RNFL contain non-neural components, such as
glial cells and blood vessels.?30:3-43 These three SD-OCT en
face slabs were automatically cropped to exclude the infra-
red component and exported into a custom programming
software (MATLAB, Mathworks) as tiff files.

To accurately quantify putative macrophage cells, present
at both the ILM interface and the RNFL boundary, the MLC
and NFL en face slabs were averaged (see Fig. 1E). The SVP
en face slab was then subtracted from the averaged image
to eliminate the background and vascular artifacts, thereby
preventing unwanted hyper-reflectivity in gliosis computa-
tion. Variability in blood vessel diameter/vascular artifacts
are known to influence RNFL thickness measurements*~40
and hence were removed from the computation of putative
retinal gliosis. Following this, the image was converted into
gray scale for further processing and analysis. Processing of
the image involved sharpening and spatial filtering (using a
spatial filter of size 3) which was performed to denoise and
enhance the area of gliosis in the images (see Fig. 1F).%
Final analysis involved the binarization process in which
pixels above the threshold was converted into white and
those below were converted into black pixels (see Fig. 1G).
A total count of the white pixels that represent gliosis hyper-
reflectivity was obtained. The surface area of putative reti-
nal gliosis was calculated by converting the total number of
white pixels into mm? based on the micron-to-pixel ratio in
the x and y directions, as obtained from the fiducial marks
of the vendor software. Data from both eyes were analyzed
so far as they were of good image quality and met the inclu-
sion criteria. In cases where only one eye had good image
signal quality/met the inclusion criteria, only that eye was
selected.
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Ficure 2. Retinal sheen displaying hyperreflectivity on macrophage like cell (MLC) layer en face slab (A) and OCT b-scans corresponding
to cross sectional location of the green line (B) and the yellow line (C) in a 58-year-old CU male participant with A PET SUVr of 0.98. Areas
of hyper-reflectivity representing sheen (green and yellow boxes) on the en face MLC slab (A) does not correspond to aligned regions of
hyper-reflective lines (green and yellow arrows; B and C) on OCT b-scans. MLC slabs with retinal sheen (artifactual hyper-reflectivity) were

excluded to prevent bias in putative retinal gliosis computation.

Macular Centered RNFL Thickness

Macular centered SD-OCT images of size 30 x 25 degrees
(approximately 8.8 x 7.4 mm) with 61 b-scans, 123 microns
spacing between b-scans, and 10 frames averaged per each
b-scan location were taken with the Heidelberg Spectralis
OCT.%® The inbuilt Spectralis segmentation software was
used to segment the RNFL, as has been done previously.?’
Manual correction of the segmentation of the retinal layers
and centration of the Early Treatment Diabetic Retinopathy
Study (ETDRS) map®’ was also performed in cases where
necessary. The retinal layer segmentation algorithm of the
Spectralis has been validated previously.%® The average RNFL
thickness in each of the nine sectoral regions of the ETDRS
map®” was computed using the vendor automated software.

Reliability Assessment for the Computation of
Putative Retinal Gliosis and an Example of a
Longitudinal Change

To investigate the test-retest reliability for the computation
of putative retinal gliosis, a second intra-session image was
acquired for participants approximately 2 minutes after the
first OCT image acquisition. The test-retest reliability was
assessed for the 39 participants (65 eyes) from the UAB
ADRC because those were the individuals from whom 2
intra-session images were obtained. Out of the 39 partic-
ipants from the UAB ADRC, 15 participants had Ap PET
results available of which 5 were CU, 7 were MCI, and 3 had
dementia. We therefore included all 39 participants based on
clinical/syndromal staging (22 CU participants, 11 patients
with MCI, and 6 patients with dementia) to increase the
sample size for the test-retest reliability assessment. We also
provided a case-in-point example of a 66-year-old female
preclinical AD participant with an SUVr of 1.45 to show
longitudinal changes in putative retinal gliosis.

Statistical Analyses

Statistical analyses were performed using IBM SPSS Statis-
tics for Windows, version 29 (IBM Corp., Armonk, NY, USA)
and R version 4.3.1 software (R Foundation for Statistical

Computing, Vienna, Austria). The R statistical software was
also used for data visualization purposes using the ggplot2
package. All values are descriptively represented as mean
+ SD. Considering a sample size of 72 eyes with kurto-
sis and skewness of < £ 3.50 for all our outcome vari-
ables, normality was assumed, and parametric tests were
performed for the data analyses. An independent sample
t-test was used to compare the difference in age between the
groups. Because age was not significant between groups, it
was not included as a covariate in our analysis. Consider-
ing the binocular eye measurements for the same subject in
our study, generalized linear mixed-effects models (GLMMs)
were used to assess the difference between preclinical AD
and controls where the group served as a fixed effect, partic-
ipants served as random effects, and the eyes served as
the within-subject factor. Individual GLMMs were used to
compare the difference in the surface area of putative reti-
nal gliosis and RNFL thickness at the nine ETDRS sectors
between groups, accounting for correlation between eyes
(Table 2). A P value < 0.05 was considered significant and
Cohen’s d was used as the effect size measure. An intercept-
only mixed-model blocking on OCT region (which nests
regions within subjects) was performed to assess association
between the surface area of putative retinal gliosis and RNFL
thickness across all regions (global RNFL thickness, evaluat-
ing the ETDRS regions as a 9-level factor rather than 9 indi-
vidual models). From there, association between the surface
area of putative retinal gliosis and RNFL thickness at the indi-
vidual ETDRS sectors were examined using Pearson corre-
lation coefficient (Table 3). A mixed-model variation of the
single Pearson correlations in Table 3 was also performed to
account for the eye as a within-subject factor (Table 4). Abso-
lute agreement, 2-way random-effects model on the k-rater
average intraclass correlation coefficient ICC; value > 0.75
considered acceptable)® with 95% confidence interval (CI)
was also performed to evaluate the test-retest reliability of
the intra-session gliosis measurements for all the 39 partici-
pants from the UAB ADRC and then separately for the 22 CU
participants (35 eyes) from the same cohort. This was done
to show that gliosis measurements were repeatable indepen-
dent of clinical AD staging (test-retest reliability analysis for
the 22 CU participants is analogous to the main 42 partici-
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TaBLE 2. Macular Retinal Nerve Fiber Layer (mRNFL) Thickness for the Nine Early Treatment Diabetic Retinopathy Study (ETDRS) Sectors
Compared Between Preclinical Alzheimer’s Disease and Control Older Adults

Variables Control (32 Eyes; Mean + SD)

Preclinical AD (40 Eyes; Mean + SD)

GLMM Corrected P Value

Central RNFL thickness 11.7 £ 2.13 pm

Inner nasal RNFL thickness 20.1 =+ 1.91 pm
Outer nasal RNFL thickness 48.4 £+ 7.58 ym
Inner superior RNFL thickness 23.1 + 2.90 ym
Outer superior RNFL thickness 37.4 + 6.52 pm
Inner temporal RNFL thickness 17.6 £ 1.39 pm
Outer temporal RNFL thickness 19.5 + 1.76 pm
Inner inferior RNFL thickness 24.1 £ 3.10 pm
Outer inferior RNFL thickness 38.8 £+ 6.20 pm

12.5 £ 2.62 pm 0.275
21.4 + 3.59 um 0.161
49.7 +9.79 um 0.611
24.6 £ 4.24 pm 0.155
38.1 + 6.76 pm 0.792
17.6 + 1.57 pm 0.817
20.1 + 1.89 pm 0.213
25.7 + 3.65 um 0.139
40.5 £+ 9.39 pm 0.374

Generalized linear mixed models (GLMMs) were performed to compare mean RNFL thickness between groups, accounting for correlation

between eyes.

TasLe 3. Correlation Between the Surface Area of Putative Retinal
Gliosis and the Nine Early Treatment Diabetic Retinopathy Study
(ETDRS) Sectors Macular RNFL Thickness

Pearson Correlation

Regions Coefficient P Value
Central RNFL thickness —0.020 0.87

Inner nasal RNFL thickness 0.318 0.007
Outer nasal RNFL thickness 0.275 0.019
Inner superior RNFL thickness 0.390 <0.001
Outer superior RNFL thickness 0.276 0.019
Inner temporal RNFL thickness 0.191 0.107
Outer temporal RNFL thickness 0.338 0.004
Inner inferior RNFL thickness 0.323 0.006
Outer inferior RNFL thickness 0.228 0.054

TaBLE 4. A Mixed-Model Variation of the Single Pearson Correla-
tions Between the Surface Area of Putative Retinal Gliosis and the
Nine Early Treatment Diabetic Retinopathy Study (ETDRS) Sectors
Macular RNFL Thickness, Accounting for the Eye as a Within-Subject
Factor

Beta T-TEST P
Regions Coefficient STATISTIC Value
Central RNFL thickness —0.111 —0.255 0.80
Inner nasal RNFL thickness 1.021 191 0.063
Outer nasal RNFL thickness 3.22 2.01 0.051
Inner superior RNFL thickness 2.55 3.46 0.001
Outer superior RNFL thickness 2.26 1.91 0.064
Inner temporal RNFL thickness 0.338 1.01 0.317
Outer temporal RNFL thickness 1.08 2.90 0.006
Inner inferior RNFL thickness 1.84 2.43 0.02
Outer inferior RNFL thickness 2.05 1.47 0.148

pants in our study). A Bland-Altman plot was used to evalu-
ate the 95% limits of agreement between the 2 intra-session
putative retinal gliosis measurements for the 39 participants
from the UAB ADRC. A linear regression of the differences
between the two sessions versus the average tested whether
there was a proportional bias in the Bland-Altman plot.”
An initial logistic regression model was created to obtain
predictive probabilities for preclinical AD based on gliosis
measurements only. A second logistic regression model was
created using a combination of gliosis, inner inferior, inner
superior, and inner nasal RNFL thicknesses to obtain predic-
tive probabilities. The inner inferior, inner superior, and
inner nasal RNFL thicknesses were chosen for the second
model since they were close to significance when compared
between the groups (see Table 2). A receiver operating

characteristic (ROC) curve was constructed in both logis-
tic regression models to assess the sensitivity, specificity,
and area under the curve (AUC) to distinguish between the
two regression designs. The maximum Youden’s index was
chosen to establish cutoffs (see Supplementary Fig. S1). The
following AUC categorization was used for the study: 0.5 to
0.6 = unsatisfactory, 0.6 to 0.7 = satisfactory, 0.7 to 0.8 =
good, 0.8 to 0.9 = very good, and 0.9 to 1 = excellent.

REsuULTS

Test-Retest Reliability Analysis for Putative
Retinal Gliosis

We first assessed test-retest reliability for the putative retinal
gliosis measurement by analyzing 2 separate intra-session
images from 39 participants from the UAB ADRC. Test-retest
reliability of the surface area of putative retinal gliosis was
good, ICC = 0.88 (95% CI = 0.81-0.93), P < 0.001 for all 39
participants from the UAB ADRC, and excellent, ICC = 0.93
(95% CI = 0.86-0.96), P < 0.001, for the 22 CU participants
from the same cohort. This shows that the computation of
the surface area of putative retinal gliosis was repeatable
independent of clinical AD staging. For all the participants
from the UAB ADRC, there was no significant difference
between the surface area of putative retinal gliosis measured
in session 1 (0.80 &£ 0.73) versus session 2 (0.81 % 0.79), t4)
= —0.163, P = 0.87. The 95% limits of agreement ranged
from —0.98 to 0.96 with a mean of the differences of —0.01
(Fig. 3). There was no proportional bias in the Bland-Altman
plot, as determined from a linear regression of the differ-
ences between the two sessions versus the average, F(, ¢3)
= 1.04, P = 0.31 (see Fig. 3). First intra-session gliosis results
are reported in subsequent analysis.

Comparison of Putative Retinal Gliosis Between
Preclinical AD and Controls

The surface area of putative retinal gliosis was significantly
greater in the preclinical AD group (0.97 + 0.55 mm?, range
= 0.134-2.39, 95% CI for mean = 0.793-1.15, SEM = 0.087)
compared to the controls (0.68 & 0.40 mm?, range = 0.145-
1.36, 95% CI for mean = 0.533-0.821, SEM =0.07); F, 79) =
4.41, P=0.039, Cohen’s d = 0.61 (Fig. 4). Figure 5 represents
an example of a larger surface area of putative retinal gliosis
in a preclinical AD participant compared to a similarly aged
and sex-matched control.
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Ficure 3. A Bland-Altman plot of the difference between the first and second measurements of putative retinal gliosis from intrasession
optical coherence tomography (OCT) images as a function of the mean of two measurements. The solid line represents the mean difference
between the two measurements and the dashed lines above and below the mean difference line represents the 95% limits of agreement
calculated from the mean and SD of the differences (mean + 1.96*standard deviation = upper limit; mean — 1.96*standard deviation = lower

limit). Most data points are within the 95% limits of agreement.
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FiGure 4. Mean surface area of putative retinal gliosis with stan-
dard deviation error bars and individual data points by the eyes in
preclinical AD and controls. The surface area of putative retinal glio-
sis is significantly greater in the preclinical AD group compared to
controls (P = 0.039) with a moderate effect size (Cohen’s d = 0.61).
*P < 0.05.

Comparison of RNFL Thickness Between
Preclinical AD and Controls

RNFL thickness at the nine ETDRS sectors for preclinical
AD and controls are summarized in Table 2. There was
no statistically significant difference between preclinical AD
and controls in terms of RNFL thickness at the nine ETDRS
sectors, P > 0.05 (see Table 2, Fig. 6). However, there was
a trend toward thicker RNFL for the preclinical AD group
compared to controls except at the inner temporal region
(see Table 2, Fig. 0).

Association Between Surface Area of Putative
Retinal Gliosis and RNFL Thickness

Overall, there was a main effect between RNFL thickness
and surface area of putative retinal gliosis with the hierar-
chical model where mean RNFL thickness increases by 1.08
um per mm? increase in the surface area of putative retinal
gliosis (t = 2.9, P = 0.006). Evaluating the random effects,
this was driven much more by regions than subject-level
variation. Hence, region level associations were investigated
(Tables 3, 4). For the Pearson correlations which do not
consider multiplicity/correlations between eyes, there were
no significant associations between the surface area of puta-
tive retinal gliosis versus central RNFL, inner temporal RNFL,
and outer inferior RNFL thickness (see Table 3). However,
significant positive correlations were found between the
surface area of putative retinal gliosis and inner nasal, outer
nasal, inner superior, outer superior, outer temporal and
inner inferior RNFL thickness (see Table 3).

Similar patterns/trends in association were observed in
the mixed-model variation of the single Pearson corre-
lations in Table 3, although accounting for the eye as
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Area of gliosis = 0.17 mm?

Figure 5. Example of greater surface area of putative retinal gliosis in a 66-year-old female patient with preclinical AD with A PET SUVr of
1.45 (top panel) compared to a 68-year-old female control participant with A PET SUVr of 1.09 (bottom panel) both with no visible posterior
vitreous detachment and history of diabetes. Raw en face MLC slabs depicting increased white or hyper-reflective patchy structures (putative
retinal gliosis) in preclinical AD (A) compared to the control (B). OCT b-scans corresponding to the cross-sectional location of the blue line
(C) and the green line (D) on (A) for preclinical AD and b-scans corresponding to the cross-sectional location of the blue line (E) and the
green line (F) on (B) for the control participant. Hyper-reflective patches representing gliosis on en face MLC slabs (blue and green boxes)
displaying similar color-coded aligned regions of hyper-reflective lines (red arrows) on OCT b-scans. Processed images demonstrating larger
surface area of putative retinal gliosis in preclinical AD (G; surface area of putative retinal gliosis = 2.39 mm?) versus control (H; surface
area of putative retinal gliosis = 0.17 mm?). Scale bar = 200 pm.
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FiGure 6. Mean macular retinal nerve fiber layer (mRNFL) thickness with standard deviation error bars and individual data points for the
nine sectors of the Early Treatment Diabetic Retinopathy (ETDRS) map. The preclinical AD group did not significantly differ from the control
group in mRNFL thickness for all the nine sectors (P > 0.05). A trend toward greater mRNFL thickness is observed for all the sectors in the
preclinical AD group except at the inner temporal region.
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FiGure 7. A receiver operating characteristic (ROC) curve showing a model of gliosis and a multimodal model of gliosis, inner inferior,
inner superior, and inner nasal RNFL thickness to distinguish between preclinical AD and controls. The ROC model including only gliosis
approached significance, AUC = 0.63 (95% CI = 0.50-0.76), P = 0.05. The multimodal model which combined the gliosis, inner inferior,
inner superior, and inner nasal RNFL thickness yielded a better model which was statistically significant, AUC = 0.68 (95% CI = 0.56-0.81),
P = 0.004.

2-yr follow-up

Ficure 8. Baseline, 1- and 2-year follow-up images of a 66-year-old female participant with preclinical AD with A PET SUVr of 1.45. The
surface area of putative retinal gliosis at baseline (2.39 mm?; A) reduced at 1-year follow-up (1.16 mm?; B), and to a greater extent at the
2-year follow-up (0.96 mm?; C). The red arrows show areas of putative retinal gliosis which are reduced at 1- and 2-year follow-ups.

a repeated/within-subject measure did temper the results ROC Model of Putative Retinal Gliosis to

(see Table 4). Significant positive correlations were found Distinguish Between Preclinical AD and Controls
between the surface area of putative retinal gliosis and inner

superior, outer temporal, and inner inferior RNFL thick- The ROC model based on the surface area of putative reti-
ness (see Table 4). Central and inner temporal RNFL thick- nal gliosis alone to distinguish between preclinical AD and
ness were clearly the least associated with the surface area controls had a satisfactory AUC of 0.63 (95% CI = 0.50 - 0.76)
of putative retinal gliosis in both models of associations and approached significance (P = 0.05; Fig. 7). A Youden’s
(see Tables 3, 4). In both models, regions that were thin- index of 0.331 was chosen to create a cutoff value of > 0.42

ner generally had weaker associations with the surface area mm? for the preclinical AD positive state with a sensitivity
of putative retinal gliosis, especially when considered in the of 92.5% and a specificity of 40.6% (see Fig. 7; see Supple-
context of thicker regions (see Tables 2-4). mentary Fig. S1).
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Multimodal ROC Model of Putative Retinal Gliosis
and RNFL Thickness to Distinguish Between
Preclinical AD and Controls

Interestingly, an ROC model which combined the surface
area of putative retinal gliosis, inner inferior, inner supe-
rior, and inner nasal RNFL thickness to distinguish between
preclinical AD and controls yielded a modestly better model
which was statistically significant, AUC = 0.68 (95% CI =
0.56 - 0.81), P = 0.004 (see Fig. 7). A Youden’s index of
0.313 was chosen to create a cutoff predictive value of
> 0.43. The cutoff predictive value corresponded to a gliosis
surface area of > 0.45 mm?, inner inferior RNFL thickness
of > 24 um, inner superior RNFL thickness of > 21 pm, and
inner nasal RNFL thickness of > 20 um for the preclinical
AD positive state with a sensitivity of 87.5% and a specificity
of 43.8% (see Fig. 7, see Supplementary Fig. S1).

Case-in-Point Example of a Longitudinal Change
in Putative Retinal Gliosis in Preclinical AD

Figure 8 shows a baseline, 1-, and 2-year follow-up images
of a 66-year-old female preclinical AD participant with AS
PET SUVr of 1.45. The surface area of putative retinal gliosis
at baseline (2.39 mm?; see Fig. 8A) reduced at 1-year follow-
up (1.16 mm?; see Fig. 8B), and to a greater extent at the
2-year follow-up (0.96 mm?; see Fig. 8C).

DISCUSSION

One of the major findings of the study is the larger surface
area of putative retinal gliosis in preclinical AD compared to
similarly aged controls with a moderate effect size. However,
no significant differences in the mRNFL thickness in the
nine ETDRS sectors were observed between the two groups.
Nevertheless, there was a trend toward thicker RNFL in the
preclinical AD group compared to controls. Significant posi-
tive associations were found between the surface area of
putative retinal gliosis and global RNFL thickness as well as
at specific sectors, suggesting a possible contribution of glio-
sis to RNFL thickening. Whereas a borderline significant ROC
model using surface area of putative retinal gliosis alone was
obtained for distinguishing preclinical AD from controls, a
combined model considering the surface area of putative
retinal gliosis alongside specific RNFL thicknesses showed
improved specificity which was significant. In addition, glio-
sis computations were found to be a reliable measure of AD-
related neuroinflammation to allow for early disease detec-
tion. Last, a case-in-point longitudinal change of putative
retinal gliosis was shown in a preclinical AD participant,
suggesting the possible use of putative retinal gliosis to
monitor disease progression.

Increased gliosis or immunoreactivity in AD has been
mostly studied ex vivo or through animal models. Broadly,
elevated levels of inflammatory markers and risk genes
linked to immune system function in individuals with AD
have highlighted the role of neuroinflammation in the early
pathogenesis of AD (preclinical AD).”'~73 The co-existence
of reactive immune cells with A plaques further emphasizes
the critical role that neuroinflammation plays in the amyloid
pathological cascade of AD.”# Specifically, astrocyte dysfunc-
tion and microglial activation have been noted to commence
during the presymptomatic stages (preclinical AD), stabiliz-
ing/declining as the disease progresses from early to late
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stages of MCI and prior to neurodegeneration in the demen-
tia stage of the disease.”” Thus, neuroinflammation occurs
in preclinical AD prior to neurodegeneration in the demen-
tia stage of the disease. In agreement with brain histologi-
cal studies, the retina viewed as an extension of the brain,
also exhibits the implication of neuroinflammation in retinal
counterparts like the Miiller cells, astrocytes, and microglia.
Mouse models of AD and postmortem biopsy of patients
with AD have revealed retinal glial activation analogous to
the CNS immunoreactivity.?°~?® In addition, larger area of
hyper-reflective granular membranes hypothesized as mani-
festations of inner retinal gliosis has been shown in individ-
uals with early cognitive impairment due to AD compared
to controls on high-resolution in vivo imaging, such as AO
scanning laser ophthalmoscopy (AOSLO).”® Our finding of
larger surface area of putative retinal gliosis in preclinical
AD compared to controls via en face SD-OCT in vivo imaging
is consistent with findings of increased neuroinflammation
in mouse models of AD and postmortem biopsy of patients
with AD, as well as those found on advanced in vivo imag-
ing such as AOSLO.2°"2%.70 The moderate effect size found
for the surface of putative retinal gliosis in preclinical AD
suggests a possible clinical usability of this metric for early
detection of the disease.

In the retinal histopathological study by Xu et al., higher
microgliosis was found in the mid-peripheral retina of AD
donor eyes compared to controls.?® Interestingly, these mid-
peripheral regions of microgliosis co-localized with Ap
deposits in both the AD and control donor eyes.?® These
findings propose a possible mechanism triggering neuroin-
flammation subsequent to the initial deposition of AS in
the AD retina. Similar investigations can be done via a
multimodal in vivo imaging model involving Blue Autoflu-
orescence imaging>”’ and en face SD-OCT to determine
whether areas of putative retinal gliosis are co-localized with
retinal amyloid/inclusion bodies when the two images are
overlapped. This will be done in future studies as the next
progression of the current study. Furthermore, various stud-
ies have reported a decline or stabilization in heightened
gliosis from early (preclinical AD) to later stages of AD,”>""8
suggesting neuroinflammation (in early disease) precedes
neurodegeneration (in later disease) in AD. This assessment
is consistent with our case-in-point example of a longitudinal
change in preclinical AD where the surface area of putative
retinal gliosis reduced in follow-up visits compared to base-
line. This finding in addition to our cross-sectional results of
higher putative retinal gliosis in preclinical AD provides the
foundation for a larger longitudinal study to investigate the
use of the surface area of putative retinal gliosis to monitor
disease progression in preclinical AD.

The retina comprises of two primary glial cell types:
macroglia, which include astrocytes and Miiller cells, and
microglia. Miiller cells are the predominant glial cells of the
retina traversing the entire neurosensory retina.”® Astrocytes
are stellate glial cells mostly found in the RNFL in close
association with blood vessels.? Microglial cells are largely
present in the IPL and OPL, but a smaller portion are also
found in the RGC, RNFL, and at the ILM.*® During gliosis,
these glial cells become activated and undergo alterations in
their structure and behavior. They might proliferate, change
their shape, and release signaling molecules, cytokines, or
other factors in response to the presence of pathogens or
injury. Observations of heightened retinal hyper-reflectivity
at the ILM-RNFL junction speculated as putative retinal glio-
sis in our study aligns with the convergence of astrocytes,
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Miiller cells’ end feet, and microglia. Given this anatomic
convergence, the macrophages depicted in the MLC en
face slabs of our study might represent a collective acti-
vation of all three glial cell types. It is also appropriate
to hypothesize that the observed retinal changes might be
linked to astrogliosis, particularly considering the proxim-
ity of the hyper-reflectivity to the vessels (see Figs. 1, 5).
However, hyper-reflectivity in areas not adjacent to the
vessels could denote microglial activation contributing to the
retinal inflammation (see Figs. 1, 5). Another study argues
that these could possibly be vitreous hyalocytes rather than
retinal microglia even though this study used an en face slab
located above the ILM.®° Deciphering the distinct types of
glial activation during the early stages of the disease will
be crucial for understanding disease mechanisms and devis-
ing targeted therapeutic approaches. This could be done via
advanced high-resolution in vivo imaging, such as AO-OCT,
as has been done in multiple sclerosis,®' or a combination
of histology and high-resolution in vivo imaging.

RNFL thickness in the macular region showed no signifi-
cant difference in the nine ETDRS sectors between the two
groups. This finding is comparable to other studies that
reported no significant differences in the RNFL thickness in
preclinical AD.>?-3% The lack of significance in RNFL thick-
ness between the two groups could be due to the fact that
the entire hyper-reflective band of the RNFL on SD-OCT is
not made up only RNFL bundles but contains non-neural
components including glial and blood vessels.>*~** Variabil-
ity in blood vessel diameter and the non-neural compo-
nents may cause artifacts in thickness measurements and,
in turn, mask an assessment of subtle changes in the RNFL
bundle in preclinical AD. Interestingly, there was a trend
toward greater RNFL thickness in the preclinical AD group
compared to controls in all sectors except at the inner
temporal region. There were significant positive associations
between the surface area of putative retinal gliosis and RNFL
thickness globally, and at specific retinal sectors with areas
of thicker retinas having a stronger association with puta-
tive retinal gliosis and vice versa. These associations suggest
that the trend toward thicker RNFL in the preclinical AD
group could be due to the presence of putative gliosis in
the RNFL hyper-reflective band. This assessment is consis-
tent with prior studies that hypothesized that thicker mRNFL
in MCI due to AD may be due of neuroinflammation.?!3!
However, we provide actual quantitative data of putative reti-
nal gliosis in our study to show this association compared
to prior studies.?!»3!

Gliosis was least associated with central and inner tempo-
ral RNFL thickness in both models of association. This could
be due to the absence/decreased retinal nerve fibers at
those locations. The central region of the macular does not
contain retinal nerve fibers, and the inner temporal region
is made up of low-density temporal raphe®>4® which could
contribute to these nonsignificant correlations. Putative reti-
nal gliosis measurements were of good reliability indepen-
dent of clinical AD staging. This shows that the surface
area of putative retinal gliosis is a reliable measure of AD-
related neuroinflammation to be used for early detection
of AD.

A single retinal biomarker may not be sensitive or specific
to AD because the biomarker may be indicated in other reti-
nal diseases. For example, putative retinal gliosis has been
indicated in glaucoma,’>-%-0 diabetic retinopathy,>'->* reti-
nal vein occlusion,’* and ERM.®* Even though these condi-
tions were clinically excluded from our study, it may explain
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the reason why the multimodal model of putative retinal
gliosis and RNFL thickness yielded a better AUC and speci-
ficity compared to the unimodal of putative retinal gliosis
alone. Thus, preclinical manifestations of the above retinal
conditions may be difficult to distinguish from putative reti-
nal gliosis in preclinical AD. Although a retinal structural
metric such as the surface area of putative retinal gliosis
may have advantages over other known structural metrics
(RNFL thickness), it currently appears that the way forward
as a field is to utilize a multimodal approach that combines
both structural metrics to improve the AUC and specificity
of these metrics for early AD detection. Our results of a
better multimodal model distinguishing between preclinical
AD and controls are consistent with findings of our previ-
ous study that investigated a multimodal model of the mid-
peripheral capillary free zones and other vascular metrics for
early AD risk detection.'” It is also consistent with results of
a previous study that investigated a multimodal model of
fractal and lacunarity analysis to distinguish between cogni-
tively impaired and CU older adults.®?

Blood-based biomarkers are currently at the forefront
of scientific exploration, showcasing tremendous growth.
However, most blood-based biomarkers do not do well
in early AD probably due to the fact that, unlike the
retina, which is a direct extension of the brain, blood-based
biomarkers are derived via a downstream effect from the
CNS and can be influenced by genetic factors and renal func-
tion.!” Elevated levels of glial fibrillary acidic protein (GFAP),
an astrocytic protein signifying astrogliosis, have been iden-
tified in blood samples and linked to preclinical AD.!? Addi-
tionally, plasma levels of AB42/AB40 ratio and p-tau 217 are
elevated in individuals with preclinical AD.!3-'* This surge in
research focusing on blood-based biomarkers prompts our
immediate attention to compare and evaluate their associa-
tion with putative retinal gliosis. Given the flourishing trend
in blood-based biomarker research within neurodegenera-
tive diseases, another crucial future direction for this study
involves examining a combined model of putative retinal
gliosis and blood-based biomarkers (GFAP, AB42/A 40 ratio,
and p-tau 217) to improve the sensitivity, and specificity of
both biomarkers for preclinical AD detection.

The limitations of the study include its cross-sectional
nature. However, our cross-sectional results of larger surface
area of putative retinal gliosis in preclinical AD as well as the
case-in-point example of a longitudinal change in putative
retinal gliosis sets up the foundation for a larger longitudi-
nal study to investigate the use of this metric for monitor-
ing disease progression in preclinical AD. In addition, en
face SD-OCT imaging does not have the lateral resolution to
resolve the types of glial cells in these areas of presumed
gliosis. Future studies should focus on histology and high-
resolution in vivo imaging such as AO-OCT to resolve these
cells. The MATLAB software used in the computation of the
surface area of putative retinal gliosis also needs to be made
available on commercial SD-OCT devices. It is imperative to
mention that en face imaging modality is present in most
current commercial OCT systems, making its incorporation
as a screening tool for AD feasible in eye care practices or
community health settings. We used a 20 x 20 degrees dense
scan solely for the purpose of generating en face images
and 30 x 25 degrees scan for RNFL thickness measurements
using the ETDRS grid. En face images cannot be gener-
ated from the 30 x 25 degrees scan because of its coarse
nature. However, the scan is large enough to encompass
the entire area of the ETDRS grid compared to the dense
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20 x 20 degrees scan where portions of the ETDRS grid
(outer superior, inferior, nasal, and temporal regions) are not
adequately accounted for. We therefore chose the larger field
of view of the 30 x 25 degrees scan to compute the RNFL
thickness, even though it has less sampling compared to the
20 x 20 degrees scan. It is also important to mention that
we have previously published our protocol for mRNFL thick-
ness measurement,®® and the current work is an extension
of our previous publication.

In conclusion, our analysis showed greater putative reti-
nal gliosis in preclinical AD compared to similarly aged
controls with a moderate effect size. This suggests puta-
tive retinal gliosis as a potential biomarker for AD-related
neuroinflammation. A multimodal analysis of putative retinal
gliosis and RNFL thickness yielded a better AUC and speci-
ficity compared to gliosis alone for preclinical AD detection.
This finding indicates that a multimodal retinal structural
approach would be more valuable for early AD detection to
utilize in future research going forward. Our analysis shows
that RNFL thickening could be explained by putative reti-
nal gliosis. These findings suggest the potential value of the
surface area of putative retinal gliosis in early AD detection,
monitoring disease progression, and serving as surrogate
end points for neuroinflammation in clinical trials related
to AD.
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