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Purrose. To investigate how macular thickness varies with intermediate age-related
macular degeneration (JAMD) severity and the presence of subretinal drusenoid deposits
(SDDs).

Mernops. A longitudinal prospective study of 143 participants >50 years of age with no
to intermediate AMD who were followed with multimodal imaging and functional test-
ing. Participants were stratified by iAMD severity according to imaging features. Macular
thicknesses measurements over the central circles with 1-mm, 3-mm, and 6-mm diame-
ters obtained from ocular coherence tomography imaging were compared across severity
categories using cross-sectional (143 eyes) and longitudinal (subset of 77 eyes followed
for 4 years) multivariate analyses.

Resurts. Compared with control eyes without large drusen or SDDs (Group 0), central
maculas of lower risk eyes with unilateral large drusen (Group 1) were thicker (P =
0.014), whereas higher risk eyes with SDDs (Group SDD) were thinner (P = 0.02)
in cross-sectional multivariate analyses. In longitudinal analyses, maculas with SDDs
thinned more rapidly over 4 years relative to control eyes (P = 0.0058), which did not
show significant thinning. More rapid central macular thinning was associated with worse
baseline best-corrected visual acuity (BCVA) (P = 0.016) and more rapid BCVA decline
(P = 0.0059).

Concrusions. Macular thickness in iAMD varies with disease severity, showing small
increases in eyes with large drusen and decreases in eyes with SDDs. Active processes
possibly related to neuroinflaimmation and neurodegeneration may be contributory.
Longitudinal central macular thickness evaluation is an accessible outcome measure
relevant to functional measures and is potentially useful for iAMD interventional
studies.

Keywords: reticular pseudodrusen, subretinal drusenoid deposits, intermediate age-
related macular degeneration, optical coherence tomography, outcome measures, macu-
lar thickness

ge-related macular degeneration (AMD), a progressive
retinal degenerative disease, is the leading cause of
blindness in developed countries.!> Drusen deposits, in
the form of large soft drusen, located beneath the retinal
pigment epithelium (RPE), and reticular pseudodrusen or
subretinal drusenoid deposits (SDDs), located in the subreti-
nal space, are important phenotypes within the stage of
intermediate AMD (iAMD), conferring increased risk for
progression to late disease.*”7 However, it is yet unclear
if and how the long-term presence of drusenoid deposits
induces structural changes in the retina and if these changes
influence visual function.
Efforts to develop novel interventions for iAMD have
been challenged in part by a paucity of clinical endpoints
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that can characterize AMD progression within the intermedi-
ate stage.®? Also unclear is the nature of biological changes
occurring in the retina that unfold during iAMD to patho-
genetically drive progression to late AMD. As current animal
models do not fully recapitulate the stepwise progression
of AMD,!%!! detailed anatomical observations made in clin-
ical studies can help provide critical insights into biological
changes during iAMD.

Here, we performed a prospective longitudinal study that
enrolled a cohort of patients with iAMD and age-matched
controls and evaluated their retinal structure using spectral
domain optical coherence tomography (SD-OCT) imaging
over a 4-year period. To examine progressive changes in
iAMD eyes, we stratified our study population by disease
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TasLe 1. Patient Demographics and Ocular Characteristics of Study Eyes (N = 143) at Study Baseline Grouped by AMD Severity Using the
Modified AMD Simplified Severity Scale

Group 0 Group 1 Group 2 Group SDD All Eyes
N 35 27 61 20 143
Patient demographics
Age at baseline (y), 73.04 (9.26) 69.14 (9.29) P=0.27" 71.13(9.52) P = 0.69 78.40 (7.08) P =0.117 72.24 (9.45)
mean (SD)
Sex (% male) 37.14 62.9 P=0.13" 44.26 P=0.87" 35.00 P> 0.99% 44.75
Ever smoked (%) 45.71 40.74 P=0.97" 54.10 P =0.82" 50.00 P =0.99" 48.95
OD (%) 60.00 48.14 P=0.73" 40.98 pP=o0.21" 45.00 P =0.64" 47.55
Ocular characteristics of study eyes
BCVA (letters), 85.37 (5.30) 83.48 (4.89) P =0.58" 80.77 (7.48) P = 0.0027" 80.30 (6.20) P = 0.016" 82.34 (6.64)
mean (SD)
Axial length (mm), 24.36 (1.57) 24.24(1.20) P=0.98" 24.07 (1.05) P=0.75 24.04 (1.13) P=0.81" 24.16 (1.20)
mean (SD)¥
Pseudophakia (%) 34.29 22.22 P =0.64" 19.60 P =0.32% 60.00 P=o0.11" 29.37

OD is the percentage of study eyes that were right eyes.
Group 0 No large drusen (drusen >125 pm in diameter) or late AMD in either eye; Group 1 - Presence of large drusen in the study eye;
fellow eye without large drusen or late AMD; Group 2 - presence of large drusen in study eye; presence of large drusen and/or late AMD

in the fellow eye; Group SDD - presence of SDD in the study eye.

T One-way ANOVA compared to Group 0, adjusted for multiple comparison using Siddk correction.
¥ Axial length was obtained in 101 out of 143 study eyes (21, 21, 44, and 15 for Groups 0, 1, 2, and SDD, respectively).

severity, utilizing fundus features corresponding to increased
risk for the progression to late AMD. We incorporated
SDDs into the stratification scheme, due to their recent
identification as a risk-conferring feature separate from
large drusen.!>!> We examined how retina structure in
eyes with increasing severity categories of iAMD compared
with control eyes without AMD when considered cross-
sectionally and longitudinally, with the goal of understand-
ing how retinal structure changes during iAMD. A charac-
terization of structural changes can provide critical insights
into the pathobiology of AMD and be leveraged to generate
outcome measures helpful in testing interventions that slow
iAMD progression.

METHODS
Study Population

The study participants consisted of patients recruited
from the eye clinic at the National Eye Institute, National
Institutes of Health, Bethesda, MD, and enrolled in
a prospective longitudinal study of dark adaptation in
AMD (identifier NCT01352975, www.clinicaltrials.gov).'
The inclusion and exclusion criteria have been described
previously.'4 Patients 50 years and older with no to iAMD
in at least one eye were enrolled, excluding patients with
bilateral late AMD (the presence of choroidal neovascu-
larization and/or central geographic atrophy as defined in
the Age-Related Eye Disease Study [AREDS]).!> Eyes devel-
oped late AMD after the baseline visit were excluded from
the 4-year longitudinal analysis. Two eyes had missing data
for 4 years but had 5-year data which were included. The
study was approved by the Institutional Review Board of
the National Institutes of Health and followed the tenets
of the Declaration of Helsinki. This research complied
with the Health Insurance Portability and Accessibility Act.
All participants provided written informed consent after
the nature and possible consequences of the study were
explained.

Categorization of AMD Severity

Eligible participants were grouped into severity categories
based on their macular features, using two separate sever-
ity grading scales. In both scales, participants with SDDs in
the study eye were assigned a single separate group (Group
SDD), regardless of other macular features. The first severity
grading scale, referred to as the modified simplified sever-
ity scale, was adapted from the AREDS simplified sever-
ity scale.’® Based on this scale, participants without SDDs
were stratified into three groups: a control group (Group 0),
consisting of participants with an AREDS simplified severity
scale score of 0, characterized by the absence of large drusen
(diameter >125 pm) or late AMD in either eye; Group 1,
consisting of participants with an AREDS simplified sever-
ity scale score of 1, characterized by large drusen and no
late AMD in the study eye and no large drusen or late
AMD in the fellow eye; and Group 2, consisting of partic-
ipants with an AREDS simplified severity scale score rang-
ing from 2 to 4, characterized by large drusen in the study
eye and either large drusen or late AMD in the fellow eye
(Table 1).

The second scale, referred to as the AREDS-based scale
(ABS), was derived from the nine-step AREDS severity
scale.!® It categorized participants according to features
found in the study eye alone, without reference to the fellow
eye. Study eyes were divided into ABS Group 1 (AREDS
step 1), ABS Group 2 (AREDS steps 2 and 3), ABS Group
3 (AREDS steps 4 and 5), and ABS Group 4 (AREDS steps
6-9). As before, eyes with SDDs were placed in a separate
group (Group SDD) regardless of other macular features.

Study Assessments

Participants underwent measurement of best-corrected
visual acuity (BCVA), using the Early Treatment Diabetic
Retinopathy Study chart; ophthalmoscopic examination; and
retinal imaging during both baseline and 4-year follow-
up visits that took place at least 48 months after the
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initial visit. Color fundus photographs and fundus autoflu-
orescence images were acquired with the TRC-50DX reti-
nal camera (Topcon Medical Systems, Oakland, NJ, USA).
Infrared reflectance and fundus autofluorescence images
were acquired with the Spectralis system (Heidelberg Engi-
neering, Heidelberg, Germany). Choroidal assessments were
performed using enhanced depth imaging (EDI) SD-OCT
scans acquired with the Spectralis instrument as a single
horizontal B-scan (scan length of 8.7 mm comprised of
768 A-scans averaged over 100 individual repeated B-scans)
centered at the fovea. Retinal thickness assessments were
acquired with the Cirrus HD-OCT instrument (Carl Zeiss
Meditec, Jena, Germany) using a 512 x 128 volume scan
pattern with a 6 X 6-mm area centered on the fovea. All scans
were manually assessed by two readers to achieve adequate
quality and positioning of the retina that would allow accu-
rate measurement of retinal thickness.

Measurement of Retinal Thickness

Total retinal thickness (TRT), defined by the Cirrus HD-OCT
(Carl Zeiss Meditec) segmentation software as the distance
from the inner border of the inner limiting membrane (ILM)
to the inner one-third of the RPE layer, was computed from
Cirrus HD-OCT scans employing Cirrus software version
9.5.0.11469. Automated retinal segmentation in volume
scans was audited and manually corrected as needed, with
attention to excluding drusen deposits external to the RPE
layer from retinal thickness computations. Total retinal thick-
ness measurements were averaged over three concentric
circles that were 1 mm (subfoveal), 3 mm, and 6 mm in diam-
eter, as adapted from the ETDRS grid.

Automated segmentation of retinal layers into the inner
and outer retina was performed using the software package
Orion version 3.0.6997 (Voxelron, Pleasanton, CA, USA). This
algorithm was used to perform automated segmentation of
the posterior boundary of the outer plexiform layer (OPL)
line.'” The distance between the ILM and the OPL segmen-
tation lines was defined as the inner retinal thickness (IRT),
and the distance between the OPL and RPE segmentation
lines was defined as the outer retinal thickness (ORT). Longi-
tudinal comparisons of retinal thickness were performed
by semi-automated spatial alignment of separately captured
follow-up OCT scans using the Cirrus or Voxelron software.
These were audited for accuracy and subjected to manual
correction if necessary.

Measurement of Choroidal Parameters

EDI-OCT horizontal line scans obtained through the fovea
were exported from Heidelberg Eye Explorer (HEYEX)
software, version 1.9.13.0, into Image] software (National
Institutes of Health, Bethesda, MD, USA). Measurements
of choroidal parameters of total choroidal thickness and
choroid vascularity index (CVI) were performed as described
previously.!® These parameters were assessed in the central
6-mm and 3-mm regions (i.e., 3 mm and 1.5 mm, respec-
tively, on either side of the foveal center). Choroidal thick-
ness was measured from the outer border of the hyperreflec-
tive band representing the RPE/Bruch’s membrane complex
to the inner border of the hyporeflective line representing
the sclera/choroid junction or suprachoroidal layer. The CVI
was assessed as the ratio of the summed area of total cross-
sectional intraluminal spaces within the choroid to the entire
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cross-sectional area of the choroid and was expressed as a
percentage.

Statistical Analysis

A cross-sectional analysis of average retinal thickness
measured in the each of the defined macular areas was
performed at study baseline; comparisons between the
control group (Group 0) and each AMD severity group were
performed for each area using the ANOVA test, with Sidik
correction. Longitudinal analysis was performed by comput-
ing changes in retinal thickness between the 4-year visit
and the baseline visit (as percentage change from base-
line). Comparisons between the control group (Group 0)
and each AMD severity group were again performed for
each macular area using a corrected ANOVA test. Univari-
ate analyses compared retinal thickness at baseline and
percentage changes in each retinal subfield (1-mm, 3-mm,
and 6-mm circles) to age, sex, smoking status, phakic
status, axial length, and BCVA, using non-parametric statis-
tics (Mann-Whitney U test and Spearman’s rank-order corre-
lation). Multivariate analyses of retinal thickness percent-
age changes were performed with all variables except axial
length. Axial length was excluded, as it was recorded in
only a subset (101/143) of study eyes. Using the appropri-
ate subsets of study eyes, we also conducted separate multi-
variate analyses of (1) retinal thickness at baseline using
all variables including axial length, and (2) retinal thick-
ness change over 4 years in all eyes, excluding eyes that
developed central geographic atrophy and excluding eyes
that developed either central or non-central graphic atrophy
during the 4-year period. These analyses were conducted
using mixed models for cross-sectional analyses of retinal
thickness and generalized least squares for retinal thickness
changes. Statistical significance was set at P < 0.05. All data
analysis was conducted using SAS 9.3 software (SAS Insti-
tute, Cary, NC, USA).

REsuLTS
Participant Demographics

A total of 154 participants were enrolled in the study,
with each contributing a study eye. Eleven participants
were excluded from further analysis due to the following
features in the study eye: presence of epiretinal membrane
confounded measures (n = 06), inability to completely
image choroidal structures using OCT because of increased
choroidal thickness (n = 2), history of central serous chori-
oretinopathy (n = 1), presence of vitreomacular traction
(n = 1), and history of complicated phacoemulsification
(n = 1). The demographic features, ocular characteristics,
and classification on the modified simplified severity scale
of the 143 remaining participants analyzed are summarized
in Table 1. Compared with control Group 0, study eyes in
Groups 1, 2, and SDD were not statistically distinct in terms
of age, sex, smoking, phakic status, and axial length, but
Groups 2 and SDD demonstrated significantly decreased
BCVA (P = 0.005 and P = 0.027, respectively).

Of the 143 study eyes analyzed at the baseline visit, 77
eyes in the study at the 4-year visit were available for longi-
tudinal analysis. The demographics features and ocular char-
acteristics in this subset are summarized in Supplementary
Table S1. Among the 77 eyes, six eyes developed non-central
geographic atrophy (GA) during the 4-year period. These six
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Modified Simplified Severity Scale

Ficure 1. Comparison of total retinal thickness (TRT) in eyes with iAMD across severity categories as determined using the modified
AREDS simplified severity scale. TRT measurements were obtained in study eyes (n = 143) at baseline over the central circles 1 mm, 3 mm,
and 6 mm in diameter. TRT distributions for eyes in each intermediate AMD severity group (Groups 1, 2, and SDD) on the modified AMD
simplified severity scale were compared with the distribution in the control group (Group 0). The horizontal lines and error bars represent
the means and standard errors of the distribution, respectively. The P values shown above each group were obtained from multivariate
analyses; significant values are highlighted in bold.

TaBLe 2. Multivariate Analysis of Parameters Associated with TRT in the 1-mm (Subfoveal), 3-mm, and 6-mm Circles at Study Baseline
(N = 143)

Total Retinal Thickness (um)

Parameter 1-mm Circle P 3-mm Circle P 6-mm Circle P

Age (y) 0.025 (—0.49, 0.54) 0.92 —0.24 (—0.66, 0.18) 0.26 0.17 (—0.55, 0.13) 0.23
Male (%) 12.00 (3.88, 20.12) 0.004 6.98 (0.36, 13.59) 0.039 2.69 (—2.63, 8.00) 0.32
Smoking status —3.93 (—11.78, 3.91) 0.32 —2.23 (-8.61, 4.16) 0.49 —1.47 (—6.60, 3.65) 0.57
BCVA (letters) 1.66 (0.97, 2.36) <0.0001 0.97 (0.41, 1.54) 0.0009 0.43 (—0.025, 0.88) 0.064
Pseudophakia —1.79 (—11.60, 8.03) 0.72 —5.27 (—13.26, 2.72) 0.19 —5.40 (—11.83, 1.02) 0.098
Group 1 vs. Group 0 15.56 (3.16, 27.96) 0.014 2.17 (1.001, 21.19) 0.032 6.67 (—1.44, 14.79) 0.11
Group 2 vs. Group 0 —2.57 (—13.06, 7.92) 0.63 —2.13 (—10.67, 6.40) 0.62 —0.55 (=7.42, 6.31) 0.87
Group SDD vs. Group 0 —16.46 (—30.27, —2.64) 0.020 —11.21 (—22.46, 0.035) 0.051 —3.13 (—12.06, 5.80) 0.49
Mean choroid thickness” —0.063 (-0.11, —0.017) 0.0075 —0.025 (—0.062, 0.012) 0.19 —0.011 (—0.045, 0.023) 0.52
Mean choroidal 18.98 (—53.85, 91.80) 0.61 25.93 (—33.36, 85.21) 0.39 52.17 (=7.67,112.01) 0.087

S .
vascularity index

Values represent estimates with 95% confidence intervals in parentheses. Significant estimates are highlighted in bold.
" Choroidal features were assessed for total retina thickness (TRT) in single horizontal scans traversing the fovea across the 1-mm, 3-mm,

and 6-mm regions centered on the fovea.

eyes are included in the main analysis, but a separate multi-
variate analysis excluding these eyes was also conducted
(n = 71; Supplementary Table S3).

Cross-Sectional Comparison of Retinal Thickness
of Eyes in Different AMD Severity Groups

Total retinal thicknesses in the central 1-mm, 3-mm, and
6-mm circles are compared among study eyes (n = 143)
of different AMD severity categories in a cross-sectional
manner at the study baseline in Figure 1. Multivariate analy-
ses (Table 2) determined that, relative to Group 0 control
eyes, the TRT of Group 1 eyes was significantly greater
in the central 1-mm circle (P = 0.014) and 3-mm circle
(P = 0.032), but this increase did not reach statistical signif-
icance in the 6-mm circle (P = 0.11). Conversely, the TRT

of Group SDD eyes was significantly lower in the central
1-mm circle (P = 0.02) and 3-mm circle (P = 0.032) but
not in the 6-mm circle. Other significant associations found
for TRT included sex, with TRT being greater in males in
the 1-mm circle (P = 0.004) and 3-mm circle (P = 0.039),
and BCVA, with TRT being greater with higher BCVA in the
1-mm circle (P < 0.0001) and 3-mm circle (P = 0.0009).
None of the comparisons involving TRT in the 6-mm circle
reached significance for any parameter examined, suggest-
ing that intergroup differences in macular thicknesses are
more prominent in the central 3-mm region of the macula
than in regions of the outer macula. In a separate multivari-
ate analysis of 101 eyes with axial length data, axial length
was only associated negatively with retinal thickness in the
6-mm circle (P = 0.025) and not with the retinal thickness
of the subfoveal or 3-mm circle (data not shown).
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Modified Simplified Severity Group

Ficure 2. Analysis of inner and outer retinal contributions to differences in TRT observed among AMD severity categories. Total retinal
thickness (TRT) measurements obtained at study baseline were segmented into IRT and ORT measurements for the 1-mm, 3-mm, and 6-mm
retinal areas. (A) Comparisons of IRT and ORT measurements in Group 0 (n = 35) and Group 1 (n = 27) eyes. (B) Comparisons of IRT and
ORT measurements in Group 0 (n = 35) and Group SDD (n = 20) eyes. Statistical comparisons were performed using one-way ANOVA with
Sidak correction; comparisons with significant P values (P < 0.05) are highlighted in bold.

To evaluate the relative contributions of the inner and
outer retinal layers to the observed differences in TRT,
the SD-OCT images of the study eyes were subjected to
segmentation analysis to obtain outer retinal and inner reti-
nal thickness measurements. This sub-segmentation analysis
indicated that the greater TRT measurements in Group 1
versus Group 0 eyes were detectable as slightly greater
mean IRT and ORT in all three macular regions (Fig. 2A).
However, the differences reached significance only for ORT
in the 1-mm and 3-mm areas, suggesting a more prominent
outer retinal contribution to this retinal thickness difference.
Sub-segmentation analysis in Group SDD and Group 0 eyes
similarly showed that both mean IRT and ORT were lower
in Group SDD in all three macular regions, with significant
differences found for IRT (at 3-mm) and ORT (at 1-mm)
comparisons, indicating that decreases in both the inner and
outer retina may contribute to lower TRT in Group SDD eyes.

To support the above findings of differences in retinal
thickness among severity groups defined by the modified
simplified severity scale (which categorizes AMD severity
from features observed in both eyes of the same partici-
pant), all 143 study eyes were categorized using an alter-
native AREDS severity scale (ABS), which employs features

in the study eye alone without consideration of the fellow
eye (Supplementary Table S2). We found that, relative to
ABS Group 1 controls, ABS Group 2 and Group 3, which
represent earlier stages of iAMD, demonstrated a trend
toward increased TRT, particularly in the central 1-mm circle.
Conversely, Group 4 and Group SDD, which represent later
stages of iAMD, demonstrated a trend toward decreased
TRT in the 1-mm and 3-mm circles (Supplementary Figure
S1). These trends in this alternative severity staging scheme
corroborate the observations that earlier stage iAMD eyes
tend to show increased TRT, whereas later stage iAMD eyes,
particularly those with SDDs, tend to show decreased TRT.

Longitudinal Analysis of Retinal Thickness
Changes in Eyes in Different AMD Severity
Groups

The intergroup differences detected in the above cross-
sectional analyses suggest that eyes with iAMD develop
progressive intraretinal changes even in the absence of
late AMD. To investigate longitudinal changes in retinal
thickness in study eyes with iAMD, we analyzed changes



Investigative Ophthalmology & Visual Science

Macular Thickness Changes in Intermediate AMD

Absolute change in retinal
thickness from Baseline to Year 4

IOVS | June 2020 | Vol. 61 | No.6 | Article59 | 6

. 3-mm Circle 6-mm Circle
20- 1(;T5m Clggze 00058 10 0051 0057  <0.0001 104 0.049 048 <0.0001
f ° .i. :°§ o:
0 % AAAAAA LTSS L S ofe °
_&_ _I_ o 0= PYTTN P 9. oenenn
¢ IS, —'_'|'_'— s = %
Hm .20 v o - =
’ -101 . s
-401 -30 . !
60— : : x -40—— — 20—
Q Vv Vv
& L K 600 R 600
& & S S & & & ® & & & ®
o o o 0‘00 © ©
Percentage change in retinal
thickness from Baseline to Year 4
1-mm Circle 3-mm Circle 6-mm Circle
104 029 067 0.0023 51 0.077  0.084 <0.0001 44 0.070 061 <0.0001
57 3 o; 050 ° 21 33 .
o ° o® 8000800 o0 % by
S 0] oSl oadae  riirgerrin 0 8. BB v o :
% -\%‘ _i_ _i_ 3 % 8 % 0- eii% ...... SEar $3........ PO
£ .5 o % _I_ . . H &
o : 3 ° e 2 3 F ¥
X 101 o . -5 o ﬂ:_ ° v . _I_
159 3 4 - 8
20 . i 40— OB R L i
Q N Vv N Vv Vv
L & K g,°° @ & LS R ¥
o o o & &S o o o o o
& & & K & o o N & & & K
() ()
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Ficure 3. Analysis of longitudinal 4-year changes in total retinal thickness (TRT) in eyes with intermediate AMD across severity categories
as determined using the modified AREDS simplified severity scale. Changes in TRT measurements over 4 years were computed for a subset

of study eyes that did not progress to late AMD from the baseline to th
in TRT were computed for each severity group. The distribution for
no interval change); distributions significantly different from zero are

e year 4 study visits (n = 77). Absolute (A) and percentage (B) changes
each group was compared to the horizontal (i.e., y = 0, representing
indicated as P < 0.05, “P < 0.01, or ™"P < 0.001 (using the Wilcoxon

signed-rank test). The distributions for Groups 1, 2, and SDD were compared with that for Group 0 using multivariate analysis; P values that

are significant are highlighted in bold.

in TRT in a subset of study eyes that were followed over 4
years (n = 77). These eyes were categorized into the same
AMD severity categories based on their baseline features,
and comparisons of longitudinal changes in each group
were made with the control group (Group 0). We found
that Group 0 eyes demonstrated no significant changes
from baseline TRT measurements, with the mean absolute
and percentage change over 4 years being close to zero for
all macular areas (1-mm, 3-mm, and 6-mm macular circles)
(Fig. 3). Group SDD eyes demonstrated the largest and most
significant changes over 4 years, comprised of significant
TRT decreases from baseline values for all macular areas.
Group 1 and Group 2 eyes showed some decrease in TRT
over 4 years in all macular areas, but these decreases were
smaller in magnitude than those observed in Group SDD.
Multivariate analyses confirmed that, in intergroup
comparisons, 4-year thickness changes in Group SDD eyes
were significantly greater than those found in Group 0 in

all macular areas, whereas comparisons involving Group 1
and Group 2 eyes with Group 0 eyes did not reach statisti-
cal significance (Table 3). We also found a similar pattern of
significant decreases of TRT over 4 years in Group SDD eyes
after excluding eyes that developed non-central GA over
the 4-year period (Supplementary Table S3). Together, these
findings indicate that, over 4 years, Group 0 eyes showed
stability in retinal thickness and Group SDD eyes showed
significant loss of retinal thickness over much of the macula,
with Group 1 and Group 2 eyes showing less prominent
changes. Other variables associated with greater longitudi-
nal decreases in TRT in the 1-mm circle were older age
(P = 0.021), worse BCVA at baseline (P = 0.016), and
decreases in BCVA over 4 years (P = 0.0059). Baseline
choroidal parameters (choroid thickness and CVI) were not
significantly associated with longitudinal changes in TRT.
To evaluate the relative contributions of the inner and
outer retinal layers to the observed longitudinal decreases
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TaBLE 3. Multivariate Analysis of Parameters Associated with Absolute Changes in TRL Over 4 Years in the 1-mm (Subfoveal), 3-mm, and

6-mm Circles (N = 77)

Total Retinal Thickness (um)

Parameter 1-mm Circle P 3-mm Circle P 6-mm Circle P
Age at baseline (y) 0.35 (0.055, 0.65) 0.021 0.12 (—0.073, 0.31) 0.22 0.008 (—0.12, 0.14) 0.90
Male (%) —1.33 (—5.84, 3.18) 0.56 —1.81 (—=4.70, 1.07) 0.21 ~1.22 (—3.22, 0.79) 0.23
Smoking status 2.07 (—2.32, 6.46) 0.35 1.24 (—1.56, 4.05) 0.38 0.36 (—1.54, 2.25) 0.71
BCVA baseline 0.66 (0.13, 1.20) 0.016 0.16 (—0.18, 0.50) 0.36 0.020 (—0.21, 0.25) 0.86
Change in BCVA (letters) over 0.65 (0.17, 0.99) 0.0059 0.30 (0.25, 0.61) 0.027 0.069 (—0.11, 0.25) 0.44
4y
Pseudophakia —4.55 (—10.20, 1.088) 0.11 -3.93 (—-7.53, —0.33) 0.030 —1.48 (—3.94, 0.98) 0.23
Group 1 vs. Group 0 —3.88 (—10.52, 2.75) 0.25 —4.22 (—8.46, —0.013) 0.051 —2.92 (-5.84,—0.0074) 0.049
Group 2 vs. Group 0 —1.90 (—7.65, 3.86) 0.51 —3.57 (=7.24,0.11) 0.057 —0.89 (—3.39, 1.62) 0.48
Group SDD vs. Group 0 —10.82 (—18.38, —3.25) 0.0058 —11.88 (—16.77, —6.90) <0.0001 —6.74 (—9.96, 3.51) <0.0001
Choroid thickness at baseline” —0.0011 (—0.043, 0.020) 0.48 —0.0016 (—0.022, 0.019) 0.98 —0.00076 (—0.017, 0.015) 0.93
Choroid vascularity index at 21.43 (—24.49, 67.35) 0.35 3.21 (—26.12, 32.54) 0.83 —4.19 (—29.32, 20.94) 0.74

s
baseline

Values represent estimates with 95% confidence intervals in parentheses. Significant estimates are highlighted in bold.
" Choroidal features were assessed for TRT in single horizontal scans traversing the fovea across the 1-mm, 3-mm, and 6-mm regions

centered on the fovea.

in TRT in Group SDD eyes, TRT changes in Group SDD
(n = 27) and Group 0 (n = 35) were segmented into longi-
tudinal IRT and ORT changes over 4 years and compared
(Fig. 4). In Group 0 control eyes, both IRT and ORT were
unchanged over 4 years. In Group SDD eyes, changes in IRT
were not statistically different from those in Group 0 eyes,
whereas changes in ORT demonstrated significant thinning
compared to Group 0 eyes over all 1-mm, 3-mm, and 6-mm
areas, indicating a predominant outer retinal thinning.

DiscusSION

In this study, we evaluated how retinal thicknesses in eyes
with iAMD of varying severity are different from eyes with-
out AMD and how they may undergo longitudinal change,
even without overt progression to late AMD. A quantita-
tive characterization of the dynamic alterations in retinal
anatomy during intermediate stages, as revealed by OCT, can
potentially reflect intraretinal processes involving neurons
and glia that are induced by the evolution and persistence
of large drusen and SDDs, key phenotypes of iAMD. We
approached this question of examining structural changes
in eyes with iAMD in separate severity categories, strati-
fied based on grading scales that relate to the 5-year risk
of progression to late AMD.!> Statistical comparisons were
made using a multivariate analysis, taking into account the
contributions of other ocular and demographic factors so
as to more specifically discern the impact of iAMD severity
stage on retinal OCT anatomy.

Interestingly, we found that eyes in the earlier phase of
iAMD (i.e., with large drusen in the study eye but not in the
fellow eye, Group 1) demonstrated a small increase TRT in
the central macula relative to Group 0 control eyes, with
both the inner and outer layers of the retina apparently
contributing to this increase. Other studies of retinal thick-
ness in iAMD, performed using different approaches, have
obtained varying results in this regard. In a cross-sectional
study of 13 iAMD eyes, the foveal ORT was found to exceed
that in 63 control eyes,'” consistent with our results here.
Another cross-sectional comparative study of 71 early and
intermediate AMD eyes found lower thicknesses in the inner

retinal layers but higher thicknesses in the outer retinal
layers?® compared with 31 non-AMD control eyes. In another
study examining local retinal thickness in the region of
drusen, retinal thicknesses immediately above large drusen
were found to be locally decreased, whereas those in adja-
cent drusen-free regions were increased, relative to location-
matched regions in control eyes.?!*? In contrast, a study with
a similar design found a converse outer retinal thinning in
loci both overlying drusen and within drusen-free regions,
compared with location-matched measurements in normal
control eyes lacking drusen.?

In the current study, we addressed this question more
rigorously by instituting measures not performed in previ-
ous cross-sectional investigations, specifically (1) stratifying
iAMD study eyes into lower and higher risk severity cate-
gories, and (2) performing multivariate analyses correcting
for other influential patient and ocular factors. Our findings
indicated that eyes with lower severity iAMD showed a small
generalized increase in macular thickness in the central 3-
mm macula area. The etiology of this change is unclear
but may arise from early para-inflammatory responses to
the presence of drusen.?* Large soft drusen contain multi-
ple immunologically active molecules®® that can lead to
the accumulation of activated innate immune cells near
drusen and in the outer retina.?°-?® These can trigger
neuroinflammatory cellular changes, including gliotic and
hypertrophic changes in Miiller glia*:*° and the activation
of proinflammatory microglia cells?! that together might
culminate in subtle non-cystic retinal edema and increased
thickness.

The inconsistencies in previously published observations
of retinal thickening versus thinning observed in iAMD may
have arisen from opposite changes in the earlier versus later
stages of iAMD. By stratifying iAMD eyes according to sever-
ity, we observed that retinal thickness, which is increased
in less severe eyes, begins to trend toward lower values in
eyes with more severe AMD, particularly those with SDDs.
These data indicate that, although earlier responses to large
drusen may induce subtle retinal swelling, more chronic
retinal inflammation may give rise to degenerative changes
that culminate in detectable retinal thinning. Other studies
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FiGUuRe 4. Analysis of longitudinal inner and outer retinal changes
in Group 0 and Group SDD eyes over 4 years. TRT measurements
obtained at study baseline and year 4 were segmented into IRT and
ORT measurements for the 1-mm, 3-mm, and 6-mm retinal areas.
Longitudinal changes were computed for Group 0 (n = 35) and
Group SDD (n = 27) eyes. Statistical comparisons were performed
using one-way ANOVA with Siddk correction; comparisons with
significant P values (P < 0.05) are highlighted in bold.

that did not perform stratification of iAMD eyes by severity
may have combined eyes of varying severity, giving rise to
varied comparisons. From both our observations and those
in previous studies, it should be noted that the magnitude
of macular thickening in early iAMD is small in all cases; as
such, the establishment of its definite presence should be
further investigated in a larger cohort with rigorous sever-
ity stratification. Clarification of the phenomenon, as well
as the nature of drusen deposits that accompany it, can
be insightful to understanding the influence that sub-RPE
drusen formation can exert on the neuroretina. Furthermore,
we utilized an automated method (Orion software) with
manual verification for segmentation of retina to measure
IRT and ORT. Past studies have used other segmentation
methods such as the Spectralis OCT built-in software.?:3?
Given the small magnitude of the changes in retinal thick-
ness, more studies are necessary to compare these meth-
ods to understand if our different findings can be attributed
partially to differences in segmentation methods.

These progressive atrophic changes occurring in the
context of iAMD with the prolonged presence of drusen are
also reflected in our 4-year longitudinal analysis of control
versus AMD eyes. We observed that, although aged reti-
nas without large drusen or SDDs demonstrated stability
in thickness, retinas with more severe stages of iAMD and
with SDDs demonstrated the most significant decrements
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in thickness across this relatively short time window. These
decrements occurred not only over the specific regions
immediately over drusen,?!:?>33 which may have arisen ster-
ically from the local deformations of retinal tissue from
raised drusen, but also more generally across the central
macula. These decrements in retinal thickness are particu-
larly marked and rapid in retinas with SDDs, with decre-
ments of approximately 5% in the central macula over 4
years. These decrements in SDD eyes also persisted even
after we excluded the eyes that developed non-central GA
over 4 years. These findings provide support for previous
reports of decreased retinal thickness in iAMD eyes with
SDDs'2:32:34-36 and corroborate associations of SDDs with
outer retinal thinning in the context of a preserved RPE, a
description referred to as cORA (for complete outer retinal
atrophy) in the OCT-based staging of AMD.!3:3

Although progression to the late forms of AMD, includ-
ing GA®® and neovascular AMD,* has long been associated
with marked decrements in central visual function, the func-
tional consequences of changes in retinal thickness in the
context of iAMD is less well characterized. In our dataset,
the majority of eyes in the study demonstrated good baseline
central function (mean BCVA > 80 for all severity groups),
but we were still able to detect that lower baseline central
macular thickness (1-mm and 3-mm circles) was significantly
associated with lower baseline BCVA (Table 2), and that
greater decreases in central macular thickness were also
associated with greater 4-year decreases in BCVA (Table 3).
These associations indicate that decrements in retinal thick-
ness in iAMD can contribute modestly but significantly to
decreased central visual function. Decreased retinal thick-
ness in early and intermediate AMD and decreased visual
function have also been correlated with decreased macular
sensitivity on visual field testing® and delays in dark adap-
tation.*! These data argue that longer term decrements in
retinal thickness in iAMD parallel negative effects on visual
function and that longitudinal changes in retinal thickness
and BCVA may serve as useful outcome measures in inter-
ventional trials for iAMD.

The cellular mechanisms that connect the prolonged
presence of soft drusen and SDDs to retinal thickness loss
in iAMD have been speculated on, but causal relationships
are yet unconfirmed. One hypothesis raised postulates that
vascular insufficiency in either the retinal or the choroidal
vasculature in iAMD eyes may drive retinal tissue loss. Stud-
ies of retinal vasculature using OCT angiography (OCT-
A) have found that eyes with large drusen and at high
risk for progressing to geographic atrophy have decreased
parafoveal superficial vascular plexus flow density relative
to non-AMD controls.*? Other OCT-A studies also detected
decreased central retinal vessel density in the superficial and
deep capillary plexuses in eyes with SDDs.>*3¢ With respect
to the choroidal circulation, the presence of SDDs has been
associated with decreases in choroidal thickness,*>% as
well as retinal thinning,3® suggesting that choroidal vascu-
lar compromise may drive retinal degeneration in SDD
eyes. In our study population, although we found that iAMD
eyes with SDDs had decreased choroidal thickness and CVI
relative to normal controls,'® these parameters were not
associated with decreased retinal thickness at baseline or
accelerated retinal thinning over 4 years. Dissection of these
relationships in future in vivo models of drusen formation
may be required to establish causative mechanisms.

The limitations of our study include a relatively circum-
scribed number of prospectively followed eyes in each
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severity category and a lack of OCT-A and macular sensi-
tivity characterizations. The AMD grading scales employed
in this study stratify eyes into only four groups based on the
presence of large drusen, pigmentary changes, the presence
of SDD, and the presence of advanced AMD in the fellow
eye. Although these incorporate key anatomic risk factors of
AMD progression, additional AMD grading scales that incor-
porate drusen area and volume may yield more insights into
the features that underlie retinal structural change.

In conclusion, we show here in a prospective and longi-
tudinal study of non-advanced AMD eyes that biphasic
changes in central macular thickness may occur in the
course of iAMD. Increased macular thickness, albeit of small
magnitude, was associated with the less severe categories
of iAMD, and decreased thickness was associated with the
more severe categories involving higher risk eyes and eyes
with SDDs. Decreases in retinal thicknesses were detectable
over a time course of 4 years and appear to be of func-
tional importance, as they were associated with lower base-
line visual acuity and more rapid decreases in visual acuity.
These findings highlight the presence of dynamic biolog-
ical changes occurring in the retina during the course of
iAMD, prior to advancement to late AMD, and underscore
the potential of longitudinal macular thickness measure-
ments as an outcome measure for interventional studies
targeting iAMD.
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