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Purpose: To evaluate the correlation between functional visual acuity and focal
electroretinograms (fERGs) and morphological abnormalities in the retinal pigment
epithelium and outer retinal atrophy (RORA) assessed by subretinal illumination (SRI)
parameter at optical coherence tomography (OCT) examinations as signs of early
disease in early and intermediate non-exudative age-related macular degeneration
(ne-AMD).

Methods: One hundred forty-one eyes of 74 patients were retrospectively evaluated. A
subgroup of patients (34/74) had a follow-up of at least 1 year. The study included both
cross-sectional and longitudinal analyses. All eyes were assessed by OCT tomeasure the
macular outer nuclear layer thickness, extent of ellipsoid zone interruption, absence or
presence of drusen/reticular pseudodrusen in the foveal and perifoveal fields, and the
SRI area closest to the fovea. Additionally, fERGs were performed.

Results: In the cross-sectional analysis, visual acuity and fERG amplitude were corre-
lated (P< 0.01) with the SRI area. The fERG amplitude was correlated (P< 0.01) with the
extent of ellipsoid zone interruption and tended to be lower in reticular pseudodrusen
compared with drusen. In the longitudinal analysis, fERG amplitudes and outer retinal
thickness tended to decrease on average by 15% and 18%, respectively, after 1 year of
follow-up. The baseline RORA area, but not fERG amplitude or visual acuity, significantly
predicted with 77% accuracy (P < 0.01) morphological deterioration, which was deter-
mined by an increase in the RORA area after 1 year.

Conclusions: Functional visual acuity and its morphological correlations can be
assessed in early and intermediate ne-AMD eyes. SRI, as a result of RORA, is a potential
predictor of ne-AMD progression in a short-term follow-up.

Translational Relevance: SRI assessment, an objective method to measure RORA, is a
potential biomarker for non-exudative AMD progression.

Introduction

Age-related macular degeneration (AMD) is one
of the leading causes of worldwide vision loss.1

The diagnostic signs of early and intermediate non-
exudative AMD (ne-AMD) are based on specific sizes,
types, and locations of drusen and anomalies of the
retinal pigment epithelium (RPE). Drusen are consid-
ered the hallmark lesions of aging, and they are
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classified as different types. Hard and soft drusen
consist of sub-RPE deposits of amyloid, choles-
terol, and lipoproteins. Reticular pseudodrusen repre-
sent subretinal drusenoid deposits that are similar
to drusen in composition but with higher concen-
trations of unesterified cholesterol, vitronectin, and,
in contrast to drusen, photoreceptor pigments such
as opsins.2,3 The Age-Related Eye Disease Study
(AREDS) determined that large drusen in the central
macula and pigment changes identified on color
fundus photography indicate an increased risk of
macular degeneration.3 Recently, multimodal imaging,
including optical coherence tomography (OCT), has
identified reticular pseudodrusen as being a macular
feature of the evolution of geographic atrophy; other
signs of progression include increased drusen volume,
decreased internal reflectivity of drusen (identified
as calcified drusen), and intraretinal hyperreflective
foci.4–7 Several classifications are based on drusen
characteristics and the alterations of epithelial pigmen-
tation to differentiate early and intermediate ne-AMD.
One of the most recent is the evidence-based clini-
cal classification system described by Ferris et al.,8
which is based on fundus lesions assessed within 2
disc diameters of the fovea in persons older than 55
years. According to this classification, the presence
and dimension of drusen and pigment abnormalities
(hyper- or hypopigmentation) are criteria to estab-
lish ne-AMD stage. Early ne-AMD is characterized
by medium (<63 and <125 μm) drusen and no
pigmentary abnormalities, whereas intermediate ne-
AMD is identified by the presence of large (>125
μm) soft drusen. The advanced stages of ne-AMD
are defined by the presence of geographic atrophy.8
Recently, the Classification of Atrophy Meetings
program suggested a new consensus nomenclature for
the various AMD stages based on the use of high axial
resolution OCT to detect lesions more accurately even
before they become clinically visible on color fundus
photography.9

Guymer et al.10 defined incomplete or complete
retinal pigment epithelium and outer retinal atrophy
(iRORA or cRORA) based on OCT-specific findings,
such that iRORA is characterized by (1) a region of
signal hypertransmission into the choroid not exceed-
ing 250 μm; (2) a corresponding zone of attenuation
or disruption of the RPE, with or without persis-
tence of basal laminar deposits; and (3) evidence of
overlying photoreceptor degeneration, including subsi-
dence of the inner nuclear layer and outer plexi-
form layer, presence of a hyporeflective wedge in
the Henle fiber layer, thinning of the outer nuclear
layer (ONL), interruption of the external limiting
membrane, or segmentation of the ellipsoid zone (EZ).

When the RORA involves more than 250 μm, then
it is referred to as cRORA, which corresponds to
geographic atrophy.

Retinal sensitivity is reported to be reduced in the
early ne-AMD stage.11 Central retinal function proper-
ties, as evaluated by focal electroretinogram (fERG),
decreased in eyes before visual acuity, and funduscopic
changes were detectable in early ne-AMD.12

These parameters may play an important role
in defining the features of early AMD and its
progression.13 The relationship between functional and
anatomic parameters in early AMD and potentially
predictive parameters for the progression of disease
currently remain unclear.18,19

The main goal of this retrospective study was
to evaluate the relationship between the morpholog-
ical changes in early and intermediated ne-AMD, as
assessed by OCT examination, and macular functions,
based on visual acuity and fERG parameters. The
correlations were evaluated by either cross-sectional or
longitudinal analyses. In the latter, the potential predic-
tive value of morphological and functional parameters
on disease progression was also evaluated.

Methods

Subjects

In this study, we evaluated 141 eyes of 74 patients
who underwent treatment at the retina services of
the Ophthalmology Unit at the Fondazione Policlin-
ico Universitario A. Gemelli IRCCS, Rome, Italy. All
patients were affected by early or intermediate ne-
AMD. All patients underwent the following exami-
nations at the same session: (1) best-corrected visual
acuity (BCVA), (2) fERGexamination, and (3)macular
OCT examination. Patients with previous or new
diagnoses of neovascular exudative AMD (e-AMD),
patients whose eyes presented a signal strength of <5
at the OCT examination, and patients who missed one
of the three main examinations at the same session
were excluded from the study. Other exclusion criteria
were patients affected by other retinal or optic nerve
disorders, such as previous retinal detachment, retinal
vein or artery occlusion, or glaucoma. One eye for each
patient was considered for data analysis. When both
eyes had a comparable disease stage, we collected data
from the eye with the worse BCVA.

Visual Function Test Methods

All patients diagnosed with ne-AMD underwent
a complete ophthalmologic examination, BCVA
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measurement, fundus stereoscopic evaluation with
slit-lamp biomicroscopy, OCT, and fERG examina-
tion.14 The visual acuity of all patients was evaluated
before the other functional and structural examina-
tions. Visual acuity was based on the smallest line
correctly identified, and the decimal scores were
converted to logMAR using the formula logMAR
= –log(decimal acuity).15 The use of Early Treat-
ment Diabetic Retinopathy Study (ETDRS) charts is
superior and more accurate compared with Snellen
decimal acuity. However, all patients were tested
for Snellen acuity, whereas only some patients were
also tested with ETDRS charts. For uniformity,
we converted all of the Snellen data to logMAR
values.

All patients underwent a fERG examination at the
same session, and the cone-mediated focal macular
ERG testing was executed using a previously published
technique.16 Briefly, fERGs were recorded from
the central 18° using a uniform red field stimulus
superimposed on an equiluminant steady-adapting
background to minimize stray light.

The stimulus was generated by a circular array of
eight red light-emitting diodes (LEDs) (K maximum,
660 nm; mean luminance, 93 cd/m2) presented on the
rear of a Ganzfeld bowl (white-adapting background
with luminance of 40 cd/m2). A diffusing filter in
front of the LED array made it appear as a uniform
field of red light, with the white-adapting background
with luminance of 40 cd/m2. fERGs were recorded
in response to the sinusoidal 95% luminance modula-
tion of the central red field. Flickering frequency was
41 Hz. Patients fixated monocularly at a 0.25° central
fixation mark under the constant monitoring of an
external observer. Subjects underwent a preadaptation
period of 20 minutes to the stimulus mean illumi-
nance. fERGs were recorded by an Ag–AgCl electrode
taped on the skin over the lower eyelid. A similar
electrode, placed over the eyelid of the contralat-
eral patched eye, was used as a reference (interocular
recording).

fERG signals were amplified (100,000-fold),
bandpass filtered between 1 and 100 Hz (6
decibels/octave), and averaged (12-bit resolution,
2-kHz sampling rate, 200–600 repetitions in two
to six blocks). Offline discrete Fourier transform
analysis quantified the peak-to-peak amplitude and
phase lag of the response fundamental harmonic
(first harmonic) at 41 Hz. A noise response at 41
Hz was estimated either by recording the signals in
response to an occluded stimulus or by sampling
the signal at a frequency 1.1 times the frequency
of the stimulation. The noise value at 41 Hz was
typically 0.05.

Imaging Assessment

The OCT examination allows specific layers
impacted by a disease process to be selectively evalu-
ated. For eyes with ne-AMD, visualization of the
individual outer retinal layers has allowed the detec-
tion of subtle alterations before they can be identified
by color fundus photography or fundus autofluores-
cence.9,17 A major morphological parameter evaluated
by automated OCT algorithm analysis is the subretinal
illumination (SRI) areas in the macular region, identi-
fied as bright areas of increased light transmission
beneath the RPE corresponding to RPE atrophy over
a circular area of 5 mm around the fovea.

For the OCT examination, at least one high-
definition 5-line raster image and one 6 × 6-mm
macular cube 512 × 128 scan were required. The
high-definition 5-line raster and 6 × 6-mm macular
cube 512 × 128 scan protocols were performed using
OCT (Cirrus HD-OCT 5000 with AngioPlex software,
version 10.0; Carl Zeiss Meditec, Jena, Germany).

The parameters examined by OCT to provide struc-
tural data for the functional analyses included the
following: (1) foveal ONL thickness, (2) EZ interrup-
tion, (3) presence or absence of macular drusen or
pseudodrusen, and (4) SRI that quantified the RORA
and was detected by the device.

Two separate examiners (S.F. and A.S.), based on B-
scans through the fovea, manually measured the foveal
ONL thickness. The average of their two measures was
taken as the final value. When atrophy occurred, the
value of 0 was considered. The same two independent
retinal operators also manually measured the EZ inter-
ruption on the B-scans. The EZ was considered to be
the second hyperreflective band on theOCT scan, refer-
ring to the inner/outer segment junction of photorecep-
tors. When multiple EZ interruptions were observed,
the nearest interruption to the foveal center was taken
as the best assessment (Fig. 1). The consensus agree-
ment (Cohen coefficient agreement) was considered
suitable only if >0.9.

The presence or absence of drusen or reticular
pseudodrusen was also analyzed by OCT B-scans.
Drusen were considered to be deposits between the
RPE and Bruch’s membrane or pigmentary abnormal-
ities, whereas reticular pseudodrusen were rectangular
or pyramidal-shaped foci extending radially through
photoreceptor cell-attributable bands.4 The value of 0
indicated that bothwere absent, the value of 1 indicated
the presence of drusen, and the value of 2 indicated the
presence of reticular pseudodrusen. The RORA corre-
sponded to SRI that was automatically measured by
the advanced RPE analysis software through the 6 ×
6-mm macular cube 512 × 128 images. The advanced
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Figure 1. Example of B-scan analysis. TheONL thickness (yellowarrow) was assessed in the foveal region; EZ interruption (greenarrows) was
assessed in to the 5mmaround the foveal region as the presence of drusen (blue asterisks) or pseudodrusen. Subretinal pigment epithelium
transmission (red asterisks) was automatically measured by the advanced RPE analysis software embedded in the OCT device.

RPE analysis software was used to determine the areas
of SRI (mm2) for increased light penetration through
atrophic RPE and choriocapillaris by means of sub-
RPE slab tools derived from segmentation.13 The SRI
identifies bright areas of increased light transmission
beneath the RPE, indicating RPE atrophy, and is
averaged over a circular area of 5 mm around the
fovea by the automated OCT software as previously
reported.13 The automated software provides two types
of values: (1) the average of the total SRI area in a
circle of 5 mm centered on the fovea, and (2) the closest
distance to the fovea in millimeters. For this second
measurement, we considered the value to be 0 when the
software provided the value of xxx, indicating that 0
was the distance from the fovea.

The foveal center on the OCT fundus image
was identified using an automated fovea localization
algorithm.When the algorithm failed due to significant
tissue disruption, the fovea was identified manually.
OCT scans passing through the fovea identified clear
evidence of zones of light hypertransmissionwithin the
choroid corresponding to the retinal pigment epithe-
lium or outer retina atrophy. We used the definition
suggested by Guymer et al.,10 based on OCT-specific
findings, to define iRORA or cRORA in our study.

Statistical Analysis

The results from only one eye for each patient (the
eye with lower visual acuity or, if acuity was identical
in both eyes, the right eye) were included in the analy-
ses. In the cross-sectional part of the study, morpho-
logical and functional parameters were correlated in the
study eyes. In the longitudinal analysis, results obtained
at baseline were compared with those obtained at the

end of 12-month follow-up. The cross-sectional study
power analysis with Pearson’s correlation showed that
a sample of 74 patients provided a power of 80% at 0.05
sensitivity to detect a correlation with an r of 0.3. In
the longitudinal study, a sample of 34 patients provided
a power of 80% at 0.05 sensitivity to detect a change
of at least 20% in each numerical parameter at the
end of the follow-up. Results were analyzed with non-
parametric Mann–Whitney tests or parametric paired
t-tests, depending on data distribution.

In the longitudinal study, each studied eye was
identified as progressor or non-progressor during
follow-up based on the following features:

• Increase in the number of drusen and/or
pseudoreticular drusen, and/or
• Increase in RORA area measured in the fovea and
in the perifoveal regions (within 5 mm radius from
the fovea)

Baseline morphological and functional features
were statistically evaluated to determine if one or more
parameters differed significantly between “progressor”
and “non-progressor eyes.” For this analysis, non-
parametric Mann–Whitney tests were employed; for
the significant parameters, receiver operating charac-
teristic (ROC) curves were analyzed. In the cross-
sectional analysis, correlations between morpholog-
ical and functional parameters were evaluated by
Pearson’s test. The association between fERG ampli-
tude and drusen type was evaluated by the non-
parametric Mann–Whitney test. In the longitudinal
analysis, paired t-tests were employed to compare the
data collected at baseline with those obtained at 1 year.
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Results

Cross-Sectional Analysis

BCVAwas positively correlatedwithONL thickness
(P < 0.001; R2 = 0.24) and with fERG (P < 0.001; R2

= 0.20) and negatively correlated with EZ interruption
(P < 0.001; R2 = 0.38) and SRI (RORA) area (P =
0.002;R2 = 0.14) (Fig. 2). Furthermore, negative corre-
lations between fERG amplitude and SRI parameter
(P = 0.006; F = 0.17) and between fERG amplitude
and EZ interruption (P = 0.01; R2 = 0.10) were found,
indicating deterioration of the ERG response as the
severity of damage to the photoreceptor–RPE complex
increased (Fig. 3). The fERG amplitude tended to be
lower in eyes with reticular pseudodrusen compared
with the other two groups. However, due to the large
overlap between groups, the difference did not reach
statistical significance (P = 0.13; F = 2.19) (Fig. 4).

Longitudinal Analysis

Thirty-four patients had a follow-up of 12 months,
and nine out of the 34 patients showed AMD lesion
progression in the studied eye based on the above

criteria (see Methods). The remaining 25 patients
had no morphological changes over the follow-up
period. Figure 5 shows the OCT images in two repre-
sentative patients having either an appearance of newly
formed drusen or an enlargement of the RORA area at
the 12-month follow-up.

On average, fERG amplitudes and outer retinal
thickness tended to decrease by 15% and 18%, respec-
tively, after 1-year follow-up. These changes did not
differ between eyes with anatomic disease progression
and those not showing any change. The decline was
not statistically significant, with the mean fERG ampli-
tude being 0.68 ± 024 at baseline and 0.54 ± 0.22 at 1
year; the mean outer retinal thickness at baseline was
45 ± 12 μm, and at 1 year it was 38 ± 12 μm (paired
t-test = 0.43).

Among the examined parameters, RORA area at
baseline significantly predicted the anatomic progres-
sion of the AMD lesions after 1 year. Indeed, the
median RORA area was larger in progressor compared
with non-progressor eyes. Using a cutoff of 1.5 mm,
ROC curve analysis showed a sensitivity of 81.8%, a
specificity of 36.4%, and a total accuracy of 77% (area
under the curve = 0.77) (Fig. 6) to predict ne-AMD
progression in our studied eyes. The Table shows the
dataset of involved eyes.

Figure 2. The values of BCVA plotted as a function of morphological parameters are shown. BCVA was positively correlated with ONL
thickness (P < 0.001) and fERG amplitude (P < 0.001), and BCVA was negatively correlated with EZ interruption (P < 0.001) and SRI (RORA)
area (P = 0.002).
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Figure 3. The values of fERG amplitude plotted as a function of the SRI (RORA) area are shown. The negative correlations between fERG
amplitude and SRI parameter (P= 0.006) and EZ interruption (P= 0.01) suggest a deterioration of the fERG response with an increase in the
severity of damage to the photoreceptor–RPE complex (SRI).

Figure 4. The box plots show the fERG amplitude values as a
function of presence or absence of drusen as well as drusen type
(drusen or reticular pseudodrusen). fERG amplitude tended to be
lower in eyeswith reticular pseudodrusen comparedwith thedrusen
or no drusen group. The difference was not statistically significant
(P = 0.13; F = 2.19) because the groups overlapped largely.

Discussion

Our study was designed to evaluate the correla-
tion between functional and morphologic parame-
ters in early and intermediate AMD. The correla-
tion was evaluated both cross-sectionally and longitu-

dinally. The main hypothesis was that the structure–
function relation may help for early diagnosis of
ne-AMD lesions and for predicting their progres-
sion in a short-term follow-up. The results showed
that microanatomic abnormalities of the macula were
correlated with abnormalities in functional parame-
ters (acuity, fERG), indicating early losses in retinal
function.13,21 In addition, the extent of RORA, a
parameter correlated with visual acuity and fERG
amplitude, significantly predicted the progression of
disease at 12months. Our findings support the diagnos-
tic power and predictivity of morphofunctional assess-
ments in ne-AMD eyes.

Our previous studies reported that, in early ne-
AMD patients with soft drusen and/or early RPE
defects, fERG could detect a loss of retinal flicker sensi-
tivity and response kinetics in eyes with normal visual
acuity.13 In addition, the abnormalities of the fERG
response tended to be more profound and severe as
the AMD lesions became more severe.11,14 In other
studies, the combination of microperimetric sensitiv-
ity and low luminance deficit assessment have been
reported as suboptimal in predicting the progression of
disease.21

Morphologically, according to the AREDS study,
drusen and pigmentary changes identified on color
fundus photography are considered diagnostic signs of
early and intermediate age-related macular degenera-
tion.3 Subsequent identification of reticular pseudo-
drusen and subretinal drusenoid deposits indicated
that they were the main cause of ne-AMD progression
to exudative forms.6 An important role is also played by
autofluorescence (not evaluated in the current study),
especially quantitative autofluorescence, which has
shown signal declines with progression to atrophy.22
The use of this method is relevant when conducting
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Figure 5. Morphological changes of one representative subject and presenting the findings at baseline and after 1 year. At baseline, the
B-scan shows the pseudodrusen (pyramidal-shaped foci that extend radially through the photoreceptor layer) that result in greater irregu-
larity after 1 year. Additionally, the RPE elevation map shows the growth of irregularity, and the sub-RPE illumination analysis indicates the
progression of RORA.

Figure 6. ROC curve showing a sensitivity of 81.8%, a specificity of
36.4%, and a total accuracy of 77% (area under the curve = 0.77) to
predict ne-AMD progression in the studied eyes.

longitudinal observation23 and should be applied in
future structure–function studies in ne-AMD.24

Recently, morphological features observed by
RORA have been described as potential biomarkers
for the evaluation of eyes with ne-AMD mainly in
early and intermediate stage.10,13 The SRI represents a
quantitative index (expressed inmm2) of either iRORA
or cRORA, with respect to the 250-μm-width cutoff
used to discriminate between the two stages of AMD.9
The measurement obtained by SRI analysis corre-
sponded to the total area of light hypertransmission
through the choroid due to the atrophy of RPE and
outer retina. Hence, the introduction of RORA added
much information about the integrity of the RPE. The
SRI is an objective morphological parameter for the
evaluation of RORA during the follow-up of eyes with
RPE disturbances, such as ne-AMD. Visual acuity
and fERG amplitude were correlated (P < 0.01) with
RORA area.

In this study, we considered the potential predictiv-
ity of fERG and RORA in ne-AMD eyes. Our results
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Table. Sensitivity and Specificity of the RORA Area to Predict Morphologic Progression of AMD in Studied Eyes

Sensitivity % 95% CI Specificity % 95% CI Likehood Ratio

<1.200 75.76 58.98% to 87.17% 36.36 22.19% to 53.38% 1.190
<1.500 81.82 65.61% to 91.39% 36.36 22.19% to 53.38% 1.286

show that fERG amplitude was correlated (P < 0.01)
with the extent of EZ interruption and tended to be
lower in reticular pseudodrusen compared with the soft
drusen eyes. Furthermore, in the longitudinal analy-
sis, both fERG amplitudes and outer retinal thickness
tended to decrease after a 1-year follow-up (on average
by 15% and 18%, respectively), although these changes,
due to a small sample size, did not reach statistical
significance. An important aspect of our results is that
baselineRORAarea, but not fERGamplitude or visual
acuity, significantly predicted (with 77% accuracy, P <

0.01) morphological deterioration after 1 year. These
findings suggest that SRI should be evaluated regularly
at baseline in clinical practice to predict the evolution
of damage with greater accuracy to better personalize
treatment.

In conclusion, our results show that assessment
of functional visual acuity can detect morphological
abnormalities in early and intermediate AMD eyes.
SRI reflected the presence of RORA, a potential
predictor of AMD lesion progression, in a short-term
follow-up, prompting further longitudinal studies in
ne-AMD to confirm this hypothesis.
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