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PURPOSE. Age-related macular degeneration (AMD) is a progressive disease with multifactorial
etiology. There is a need to identify clinical features that are harbingers of advanced disease.
We evaluated morphologic features of the retina and choroid on optical coherence
tomography (OCT) to determine if they predict progression to advanced disease.

METHODS. Progressors transitioned from early or intermediate AMD to advanced disease (n ¼
40 eyes), and were matched on baseline AMD grade and follow-up interval to nonprogressors
who did not develop advanced AMD (n ¼ 40 eyes). Features of the neurosensory retina,
photoreceptors, retinal pigment epithelium (RPE), and choroid were evaluated. Logistic
regression was used to evaluate univariate associations between features and progression to
overall advanced AMD, geographic atrophy (GA), and neovascular disease (NV). Multivariate
associations based on stepwise regression models were also assessed.

RESULTS. Ellipsoid zone disruption was associated with progression to overall advanced AMD
and NV (odds ratios [ORs]: 17.9 and 30.6; P < 0.001), with a similar trend observed for GA.
Drusenoid RPE detachment, RPE thickening, and retinal pigmentary hyperreflective material
were significantly associated with higher risk of progression to advanced AMD (ORs: 5.0–8.5)
and NV (ORs: 10.8–17.2). Pigmentary hyperreflective material was associated with
progression to GA (OR: 7.5, P ¼ 0.009). Total retinal thickness, pigmentary hyperreflective
material, nascent GA features, and choroidal vessel abnormalities were independently
associated with progression to advanced AMD in a multivariate stepwise model.

CONCLUSIONS. Abnormalities in the photoreceptors, retinal thickness, RPE, and choroid were
associated with higher risk of developing advanced AMD. These findings provide insights into
disease progression, and may be helpful to identify earlier endpoints for clinical studies.

Keywords: age-related macular degeneration, choroidal neovascularization, geographic
atrophy, optical coherence tomography, progression

Age-related macular degeneration (AMD), the leading cause
of irreversible loss of visual function in patients over age 60

in developed countries, is a multifactorial disease with both
genetic and environmental risk factors.1–3 Manifestations of
advanced AMD include neovascular disease (NV) and geograph-
ic atrophy (GA). Both are preceded by early and intermediate
stages that are characterized by pigmentary abnormalities and
drusen, although predictive morphologic features are not yet
established and are worthy of investigation.

With the advancement of in vivo imaging, optical coherence
tomography (OCT) is capable of noninvasive visualization of
the retina and choroid that is close to histopathologic
resolution, allowing for identification of disease biomarkers
that surpass standard clinical investigation.4 Soft drusen in the
macular area are a well-established clinical feature associated
with AMD progression.5–7 OCT further refines disease risk

assessment by revealing qualitative and quantitative imaging of
the neurosensory retinal layers and retinal pigment epithelium
(RPE) that are not readily appreciated on ophthalmologic
examination.8 For example, drusen volume and their tomo-
graphic reflectivity were found to be associated with progres-
sion to advanced stages of AMD.9,10 Despite such advances,
established OCT biomarkers cannot fully predict the timing or
transition to advanced disease, or which presentation—NV or
GA—a given eye will develop.

Although anti-vascular endothelial growth factor (VEGF)
injections are available for patients with NV, these are not
curative. No treatment is currently available for patients with
GA. There is, therefore, an unmet need to identify robust
biomarkers that could be used to monitor disease severity and
assess risk of progression prior to the onset of advanced
disease. In addition, it is still debatable whether NV and GA are
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distinct entities of different etiology. Mechanisms related to
VEGF upregulation are involved in the development of NV,
while VEGF dysregulation is associated with choriocapillaris
degeneration and GA.11 Dysregulation of the alternative
complement pathway has also been implicated in the
development of both advanced presentations.12–14 These
endpoints may, therefore, have overlapping disease mecha-
nisms. Our study evaluates morphologic features of the retina
and choroid on OCT that may be precursors of progression to
overall advanced AMD, NV, and GA.

METHODS

Study Population and Definition of Progression

All participants were enrolled in prospective epidemiologic
studies of AMD beginning in 1988 (Ophthalmic Epidemiology
and Genetics Service, Tufts Medical Center, Boston, MA, USA).
Participants were derived from clinic populations and nation-
wide referrals and were prospectively followed. This research
adhered to the tenets of the Declaration of Helsinki and was
performed under approved institutional review board protocol.
Written informed consent was obtained from all participants.

AMD stage was classified by clinical history, ocular
examination, and all available imaging modalities, including
color fundus photography, fundus autofluorescence, fluores-
cein angiography, and OCT. Fundus autofluorescence was
particularly relevant to monitor GA, while fluorescein angiog-
raphy was useful in monitoring NV. Grades were defined using
the Clinical Age-Related Maculopathy Staging system: grade 1,
no AMD (no drusen or a few small drusen < 63 lm); grade 2,
early AMD (intermediate-size drusen 63–124 lm); grade 3,
intermediate AMD (large drusen ‡ 125 lm); grade 4, GA (with
or without foveal involvement); and grade 5, NV.15

The selection process for this study from our OCT cohort is
outlined in Supplementary Figure S1. Participants were eligible
for this study of AMD progression if they had spectral-domain
OCT imaging (Cirrus; Carl Zeiss Meditec, Inc., Dublin, CA,
USA) available for review (n ¼ 573 participants) with at least
one year of follow-up. The inclusion interval for this study was
from 2009 to 2016. In this cohort, mean age was 77.1 6 12.6
years and mean follow-up time was 9.1 6 7.1 years. Eligible
study eyes were classified as having either early or intermediate
AMD at baseline with at least 12 months follow-up with high-
quality OCT imaging. Participants without a confirmed
diagnosis of AMD, advanced AMD in both eyes at baseline,
poor image quality that could compromise the qualitative
assessments, or less than 1 year of follow-up time after the
baseline OCT scan were not eligible for inclusion. Scans with
signal strength less than 7 were excluded due to poor quality as
has been previously reported.16 Additional exclusion criteria
included the presence of any concomitant feature that could
compromise the assessment of imaging data or confound the
interpretation of study results, such as ocular media opacity or
retinal detachment. Fellow eyes of included participants could
present with any AMD stage. A total of 302 participants were
considered to be eligible based on these criteria.

Progressors (n¼ 40) transitioned from early or intermediate
AMD to NV or GA in the study eye over the follow-up interval.
Presence of NV and GA was determined by a combination of
the clinical history and examination, as well as multimodal
imaging including color fundus photography, fundus autofluo-
rescence, fluorescein angiography, and OCT. Nonprogressors
(n¼ 262) did not develop advanced AMD, and a subset of this
group (n¼40) was matched on baseline AMD stage and follow-
up interval to the progressor cohort in a 1-to-1 ratio for further
systematic imaging analysis. Therefore, among 80 eyes in this

study, there were 40 progressors to overall advanced AMD (20
each for NV and GA) and 40 matched nonprogressors.

Systematic Analysis of OCT Scans

A standardized grading form was used to systematically assess
clinical features of interest in the retina and choroid on OCT.
For progressors, cross-sectional, structural OCT scans were
evaluated at baseline, annually, and at the last examination
prior to development of advanced AMD. For nonprogressors,
images were assessed at baseline, annually, and at the most
recent exam.

The OCT scanning protocols included high-definition (HD)
1 Line scan, HD 5 Line scan, and macular cube over a 6- by 6-
mm square. All available scans for each visit were systemati-
cally evaluated. Morphologic features of the neurosensory
retina, RPE, and choroid were analyzed independently by two
reading center–certified graders experienced in the analysis of
OCT imaging (EAN and RNL). Both readers were masked to
progression status. Disagreements were resolved by open
adjudication with assistance from a senior grader (DF). Kappa
statistics were calculated for each OCT feature in order to
assess inter-grader reliability, and ranged from 0.82 to 0.97 for
the 15 features evaluated.

In addition to the clinical examination and multimodal
imaging assessment mentioned above, signs of NV on OCT
included intraretinal or subretinal fluid with or without the
presence of subretinal hyperreflective material, fibrovascular
pigment epithelium detachment (PED) defined as an irregular
PED of heterogeneous internal reflectivity correspondent to
NV on multimodal imaging, or disciform scar. Signs of GA on
OCT were loss of the full-thickness outer retina, including the
following layers: outer nuclear layer (ONL), external limiting
membrane (ELM), ellipsoid zone, photoreceptor outer seg-
ments, interdigitation zone, and RPE, associated with hyper-
transmission of OCT signal below Bruch’s membrane.17

Inner and outer neurosensory retinal thicknesses were
classified as preserved or abnormal, and were qualitatively
evaluated based on the contour of the retinal architecture.
Abnormal thickness was defined as focal irregularity (thicken-
ing or thinning) of a given retinal layer in comparison to
adjacent areas throughout the cross-sectional OCT scan. The
integrity of the ELM, ellipsoid zone, photoreceptor outer
segments, interdigitation zone, and RPE was also assessed.
Each layer was classified as preserved (rectilinear OCT signal of
homogeneous reflectivity throughout the scan), irregular
(misaligned OCT signal of heterogeneous reflectivity through-
out the scan), or disrupted (optically empty spaces at the level
of a given layer and OCT signal of markedly heterogeneous
reflectivity throughout the scan). The RPE was also considered
disrupted if hypertransmission of OCT signal below Bruch’s
membrane was present.

Other distinct outer retinal abnormalities were also
assessed. Presence of pigmentary hyperreflective material
through the neurosensory retina was evaluated as previously
described, representing migration of the RPE.18 Focal thicken-
ing of the RPE layer on OCT corresponded clinically to focal
hyperpigmentation. Drusenoid PEDs were defined by volumi-
nous confluent soft drusen detaching the RPE.

Subsidence of the outer plexiform layer (OPL) and inner
nuclear layer (INL) and the presence of a hyporeflective
wedge-shaped band within the limits of the ONL were
classified as present or absent, and were evaluated using
previously defined criteria.17 These features were recently
characterized as ‘‘nascent GA’’.17 Other features typically
associated with subsidence of the INL and OPL include
abnormality of the ELM, disruption of the ellipsoid zone and
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RPE, and traces of hypertransmission of OCT signal below
Bruch’s membrane.

The choroidal vessels were qualitatively evaluated as
preserved or irregular, based on the gross appearance of each
layer throughout the cross-sectional OCT scan. Subfoveal
choroidal thickness, defined as the distance between Bruch’s
membrane and the choroidal–scleral interface, was also
measured with the OCT built-in measurement tool. The mean
value obtained by the two assessors for each eye at each visit
was analyzed. Mean subfoveal choroidal thickness for pro-
gressors and nonprogressors was ranked into quintiles
according to the mean value prior to progression, with
quintiles 2 through 4 and quintile 5 compared separately to
the first quintile.

Statistical Analysis

Analyses of OCT features were based on individual eyes.
Presence of each feature at multiple time points was evaluated
prior to the development of advanced AMD in each subgroup:
overall advanced AMD (either NV or GA combined), and NV or
GA separately.

Univariate associations with progression to overall ad-
vanced AMD, NV, and GA were evaluated. Exact logistic
regression models were used to estimate the associations
between each OCT feature and progression to each of the
three endpoints. Odds ratios (ORs) and 95% confidence
intervals (CIs) were obtained, and were adjusted for age and
sex. A permutation test P value was obtained using PROC
MULTTEST with the Cochran-Armitage test option. The
permutation test was conducted with adjustment for age–sex
groups that were defined as follows: (1) male, age < median
(75.94 years for overall advanced AMD); (2) male, age ‡
median; (3) female, age < median; and (4) female, age ‡
median.

In order to evaluate the multivariate associations between
all OCT features and AMD progression, we combined
individual features into composite feature groups, including
(1) total retinal thickness; (2) photoreceptor layer; (3) features
of nascent GA; (4) and RPE abnormalities. Total retinal
thickness was considered preserved if both the inner and
outer retinal layers were preserved, and was considered
abnormal otherwise. The photoreceptor layer was evaluated
based on the status of the ellipsoid zone, photoreceptor outer
segments, and interdigitation zone, and was considered
preserved only if all three variables were evaluated as
preserved. The three features indicative of nascent GA
(hyporeflective wedge-shaped band, subsidence of the OPL
and INL) were combined. Nascent GA was considered absent
only if all three distinct features were absent. Two RPE
variables (RPE thickening and integrity of the RPE layer) were
also combined. RPE abnormalities were considered absent if
both variables were absent, and were considered present
otherwise. For mean subfoveal thickness, quintiles 2 through 5
were considered together and were compared to quintile 1.
The original variables for the ELM, drusenoid PED, pigmentary
hyperreflective material, and choroidal abnormalities were
retained for use in these analyses.

A multivariate model containing all features was assessed
after adjustment for age and sex, and the STEPWISE selection
option of PROC LOGISTIC was used to determine the
features most predictive of progression to each advanced
outcome, with P < 0.05 for a feature to enter the model and
P < 0.10 to remain in the model. All nine features were
considered together in one analysis and were subsequently
included or not included in the final model. All statistical
analyses were performed using SAS version 9.4 (SAS Institute,

Inc., Cary, NC, USA). A P value < 0.05 was considered
statistically significant.

RESULTS

The mean age for the progressors was 76.2 years and was 74.1
years for the nonprogressors. The mean follow-up times for
progressors and nonprogressors were 5.2 and 5.6 years,
respectively. The distribution of each OCT feature during early
and intermediate AMD stages for all progressors and non-
progressors is presented in Table 1. The univariate associations
of these features with progression to overall advanced AMD,
NV, and GA are also displayed. Progressors to overall advanced
AMD tended to have abnormal outer (P < 0.001) and inner (P
¼ 0.008) retinal thickness, irregularity or disruption of the ELM
(P ¼ 0.001), a drusenoid PED (P < 0.001), thickening of the
RPE (P ¼ 0.001), pigmentary hyperreflective material (P <
0.001), features of nascent GA (including presence of the
hyporeflective wedge-shaped band, subsidence of the OPL,
subsidence of the INL, P values from 0.007 to <0.001), and
irregularities of the choroidal vessels (P < 0.001). Irregularity
or disruption of the photoreceptor outer segments, interdig-
itation zone, and RPE layer was not associated with progression
to overall advanced AMD.

Similar results were observed in separate analyses of the NV
and GA subgroups, with some differences existing between the
two. Among eyes that eventually progressed to NV, there was a
higher likelihood of irregularity or disruption of the ellipsoid
zone (P < 0.001), presence of drusenoid PED (P < 0.001), and
thickening of the RPE (P ¼ 0.003). These features were not
significantly associated with GA. Abnormal inner retinal
thickness (P ¼ 0.02), subsidence of the OPL (P < 0.001), and
subsidence of the INL (P < 0.001) were significantly associated
with progression to GA, but not to NV. All other OCT features
evaluated did not differ between the two advanced AMD
presentations.

Mean subfoveal choroidal thickness was significantly
thinner among progressors to NV compared to nonprogressors
(170.3 vs. 221.8 lm; P¼0.03). The difference in thickness was
not as large for overall advanced AMD (200.2 vs. 234.0 lm; P¼
0.11) and GA (230.1 vs. 246.2 lm; P ¼ 0.50) for progressors
and nonprogressors, respectively, although a protective effect
was suggested for comparisons of quintiles 2 through 4 to
quintile 1 for overall advanced AMD (OR: 0.3; P¼0.05). Similar
trends were observed for NV and GA, but were not statistically
significant.

The evaluation of combined OCT retinal and choroidal
features revealed similar associations with progression. Results
for overall advanced AMD are presented in Table 2. For this
endpoint, abnormal total retinal thickness was associated with
higher odds of disease progression, as were irregularity or
disruption of the ELM, drusenoid PED, retinal pigmentary
hyperreflective material, features of nascent GA, and choroidal
vessel abnormalities (all P < 0.001). A suggestive result of
reduced mean subfoveal choroidal thickness for progressors
versus nonprogressors was observed in a comparison of the
second through fifth quintiles to the first (OR: 0.3; 95% CI: 0.1–
1.1; P ¼ 0.06). A multivariate stepwise model of progression
identified four features that were significantly associated with
progression to overall advanced AMD. Abnormal total retinal
thickness (OR: 5.0; 95% CI: 1.0–24.9; P ¼ 0.05), pigmentary
hyperreflective material (OR: 5.0; 95% CI: 1.0–24.4; P¼ 0.05),
features of nascent GA (OR: 5.2; 95% CI: 1.2–22.8; P ¼ 0.03),
and irregularities of the choroidal vessels (OR: 6.1; 95% CI: 1.5–
25.6; P ¼ 0.01) were associated with a higher risk of
progression compared to the reference categories for each
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TABLE 2. Associations Between Combined OCT Retinal and Choroidal Features and Progression to Overall Advanced AMD

Category

Progressors,

n (%)*

Nonprogressors,

n (%)

Univariate Models Multivariate Stepwise Model

OR (95% CI)† P Value OR (95% CI)‡ P Value

Neurosensory retina

Total retinal thickness

Preserved 11 (27.5) 35 (87.5) Referent <0.001 Referent 0.05

Abnormal 29 (72.5) 5 (12.5) 19.2 (5.3–89.7) 5.0 (1.0–24.9)

External limiting membrane

Preserved 7 (17.5) 30 (75.0) Referent <0.001

Irregular/disrupted 33 (82.5) 10 (25.0) 12.2 (3.9–43.1)

Photoreceptor layer

Preserved 1 (2.5) 6 (15.0) Referent 0.15

Irregular/disrupted 39 (97.5) 34 (85.0) 6.0 (0.7–284.5)

RPE abnormalities

Drusenoid PED

Absent 12 (30.0) 29 (72.5) Referent <0.001

Present 28 (70.0) 11 (27.5) 5.6 (2.0–16.8)

RPE thickening

Absent 3 (7.5) 6 (15.0) Referent 0.49

Present 37 (92.5) 34 (85.0) 2.2 (0.4–14.5)

RPE pigmentary

hyperreflective material

Absent 20 (50.0) 36 (90.0) Referent <0.001 Referent 0.05

Present 20 (50.0) 4 (10.0) 8.5 (2.4–38.8) 5.0 (1.0–24.4)

Features of nascent GA

Absent 8 (20.0) 29 (72.5) Referent <0.001 Referent 0.03

Present 32 (80.0) 11 (27.5) 9.2 (3.0–30.5) 5.2 (1.2–22.8)

Choroidal abnormalities

Choroidal vessels

Preserved 8 (20.0) 25 (62.5) Referent <0.001 Referent 0.01

Irregular 32 (80.0) 15 (37.5) 7.1 (2.3–24.9) 6.1 (1.5–25.6)

Subfoveal choroidal

thickness, lm

Quintile 1 12 (30.0) 4 (10.0) Referent 0.06

Quintile 2–5 28 (70.0) 36 (90.0) 0.3 (0.1–1.1)

AMD, age-related macular degeneration; CI, confidence interval; GA, geographic atrophy; OCT, optical coherence tomography; OR, odds ratio;
PED, pigment epithelial detachment; RPE, retinal pigment epithelium.

* Data are presented as n (%). Sample sizes are 40 progressors and 40 nonprogressors matched on baseline AMD status and follow-up interval.
† Univariate ORs and 95% CIs are adjusted for age (<median and ‡median, where median age¼75.94 years for overall advanced AMD) and sex.
‡ Multivariate stepwise ORs and 95% CIs are adjusted for age (< median and ‡ median as listed above), sex, and four OCT features included in

the model. Features not displayed were not significant in the stepwise models after inclusion of the other variables.

FIGURE 1. Retinal and choroidal features associated with progression to overall advanced age-related macular degeneration. The forest plot displays
four optical coherence tomography (OCT) features that were significantly associated with progression to advanced age-related macular
degeneration based on multivariate stepwise models. Odds ratios (ORs) and 95% confidence intervals (CIs) are presented for retinal thickness
abnormalities, retinal pigment epithelial (RPE) pigmentary hyperreflective material, features of nascent geographic atrophy (GA), and choroidal
abnormalities.
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variable. These multivariate associations are illustrated in
Figure 1.

Progression to the distinct NV and GA presentations was
also evaluated, and results are shown in Table 3. Presence of a
drusenoid PED was significantly associated with NV only (P <
0.001). Combined features of nascent GA were significantly
associated with progression to GA (P < 0.001), but did reveal a
suggestive result for NV (P ¼ 0.07). The separate stepwise
models for NV and GA ultimately identified one feature for each
presentation: total retinal thickness (P ¼ 0.002) and the com-
bined features of nascent GA (P¼ 0.001), respectively. Results
for the separate analyses of each advanced presentation should
be interpreted with caution given the small sample sizes.

Representative features are illustrated in eyes that devel-
oped advanced AMD over time. Figure 2 shows progression
from intermediate AMD to NV within 2 years with pigmentary
clumping evident on OCT. In Figure 3, the left eye developed
NV after 2 years and was treated with three anti-VEGF
injections. Three years later, RPE atrophy developed with no
residual signs of NV or fibrovascular tissue. Figure 4 shows
progression from early AMD to GA within 4 years. Ellipsoid
zone irregularities and pigmentary mobilization were observed
on OCT prior to progression. Figure 5 shows progression from
intermediate AMD to GA within 5 years. Pigmentary hyper-

reflective material, ellipsoid zone irregularities, and ONL
thinning on OCT preceded the development of GA.

DISCUSSION

Our study of OCT features among AMD progressors and
nonprogressors suggests that abnormalities at the level of the
photoreceptors, particularly the ellipsoid zone, were associat-
ed with higher risk of progression to overall advanced AMD as
well as NV and GA separately. These results indicate that early
anatomic changes occur at the level of the photoreceptors in
eyes that will eventually progress to advanced disease. Of note,
photoreceptor dysfunction has been previously described in
intermediate AMD and nascent GA, as assessed by low-
luminance visual acuity and microperimetry.19 It has also been
identified in clinically preserved macular areas in the topogra-
phy of quiescent NV20 or surrounding overt GA lesions.21,22

Prior evidence of early photoreceptor dysfunction in the
course and progression of AMD is in alignment with our
anatomic findings.

In addition, many of our findings were similar for NV and
GA, suggesting that these clinical manifestations may have
similar disease mechanisms. Both NV and GA coexist in a large
proportion of advanced AMD cases, as revealed by recent

FIGURE 2. Progression from intermediate age-related macular degeneration to neovascular disease. Baseline color fundus photograph (A) and
optical coherence tomography (OCT) (C) show confluent drusen and drusenoid retinal pigment epithelial detachment that evolve to neovascular
disease (NV) (B, D). Pigmentary clumping was evident from baseline through progression to NV (arrows in A, B, D).

FIGURE 3. Progression from intermediate age-related macular degeneration to neovascular disease and eventually evolving to atrophy of the retinal
pigment epithelium. Baseline color fundus photograph (A) and optical coherence tomography (OCT) (D) show confluent drusen, drusenoid retinal
pigment epithelial (RPE) detachment, and pigmentary clumping ([A] arrow). This appears as pigmentary hyperreflective material on OCT ([D]
arrow). Two years later, neovascularization developed with subretinal hemorrhage evident on color photograph (B) and intraretinal fluid on OCT
(E). This eye was treated with three anti-vascular endothelial growth factor injections. Three years later (C, F), RPE atrophy evolved with no residual
signs of neovascularization or fibrovascular tissue. Figure insert (C) shows fundus autofluorescence imaging clearly documenting the area of RPE
atrophy.
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advances in ocular fundus imaging.23–26 Furthermore, AMD
genes to date are associated with both presentations, with only
a few sharing stronger associations for one advanced sub-
type.2,12,13,27

Total retinal thickness and RPE abnormalities, including
pigmentary hyperreflective material, were also associated with
a higher likelihood of progression to advanced disease. In
addition, OCT features characterizing ‘‘nascent GA’’17 were
related to progression to overall advanced AMD. These

features, including the presence of a hyporeflective wedge-
shaped band within the limits of the ONL and subsidence of
the OPL and INL, also preceded progression to GA. At present,
the definition of GA is based on variable imaging modalities and
generally denotes complete loss of the photoreceptors, RPE,
and choriocapillaris. One may speculate whether ‘‘nascent
GA’’ is still in fact a manifestation of intermediate AMD, or if
the onset of advanced disease has already occurred and cell
loss toward overt GA is irreversible.19

FIGURE 4. Progression from early age-related macular degeneration to geographic atrophy. At baseline (A, D), ellipsoid zone irregularities and
drusen are documented, with relatively preserved outer nuclear layer (ONL) thickness ([D] arrow). One year later (B, E), mild pigmentary
mobilization is evident in the macula ([B] arrow), while optical coherence tomography (OCT) shows thinning of the ONL and worsening of
ellipsoid zone irregularities ([E] arrow) with pigmentary mobilization. Three years later, disruption of the ellipsoid zone was associated with focal
patch of geographic atrophy ([C] arrow), defined on OCT by loss of full-thickness outer retina, including ONL, external limiting membrane,
ellipsoid zone, photoreceptor outer segments, interdigitation zone, and retinal pigment epithelium, associated with hypertransmission of OCT
signal below Bruch’s membrane ([F] arrow).

FIGURE 5. Progression from intermediate age-related macular degeneration to geographic atrophy. At baseline (A, C), optical coherence
tomography (OCT) shows pigmentary hyperreflective material ([C] arrow), retinal pigment epithelial split, and ellipsoid zone irregularities. Two
years later (D), outer nuclear layer (ONL) thinning is evident. One year later (E), ONL thinning progresses while OCT signs of geographic atrophy
(GA) become more evident with hypertransmission. Three years later (B, F), a large GA lesion (dashed line) is characterized by the
hypertransmission sign on OCT ([F] arrow).
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Choroidal abnormalities, as assessed by preservation or
irregularity of the choroidal vessels, also appeared to be
associated with progression, independent of other features.
The mean subfoveal choroidal measurements were lower
(thinner) among progressors to NV compared to nonprogres-
sors. However, when comparing the thinnest versus upper
quintiles of this measurement, choroidal thickness was
suggestive but not a significant predictor. There is a recognized
limitation in assessing the choroidal vasculature using only
structural, cross-sectional OCT.28 Superior in vivo imaging of
the choriocapillaris has been achieved with OCT angiography,
while medium and large choroidal vessels are better appreci-
ated using structural en face OCT.28

Extensive choriocapillaris loss was recently described in
postmortem eyes with clinically documented NV and GA.29

Choriocapillaris attenuation progressed with AMD severity, and
loss was observed even in early and intermediate AMD
stages.29 Previous histologic studies have reported choriocap-
illaris loss underlying drusen, occurring very early in disease
pathogenesis,30,31 as well as reduced choroidal vessel density
and diameter with advanced AMD.32–34 Prior studies also reveal
discordant results in evaluating the relationship between
subfoveal choroidal thickness and advanced AMD. This
inconsistency may be explained by the wide variability of
choroidal morphology and limitations of the qualitative and
quantitative choroidal assessment on standard cross-sectional
OCT.28 The evaluation of reticular pseudodrusen was limited in
this study, and no definitive conclusions related to this feature
could be made. Reticular pseudodrusen correspond to
subretinal drusenoid deposits characterized on histopathology,
and have been associated with advanced AMD.35

Strengths of our study include the well-characterized and
longstanding cohort with comprehensive imaging and clinical
data allowing for the assessment of tomographic features
associated with higher risk of progression over several years.
The availability of such a resource allowed for the evaluation of
a relatively large number of eyes that eventually progressed to
advanced disease in comparison to eyes with the same baseline
AMD status that did not progress during the same follow-up
interval. The systematic evaluation of OCT features by
experienced assessors enhanced reliability and reproducibility
of the results.

In summary, our study evaluated clinical OCT features in
early and intermediate AMD eyes in order to identify
biomarkers associated with a higher risk of progression to
advanced disease. Results indicate that there are early anatomic
changes in the retina, RPE, and choroid seen on OCT that are
indicators of future progression to advanced AMD, including
both NV and GA. These findings provide insights into AMD
progression, and may also be valuable when considering earlier
anatomic endpoints for clinical studies.
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