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PURPOSE. To quantitatively analyze morphological features in eyes with neovascular AMD
(nAMD) at baseline, after 12 months, and after 24 months of intravitreal ranibizumab
treatment and to perform a structure/function correlation.
METHODS. Eyes with treatment-naı̈ve nAMD were treated with intravitreal ranibizumab
according to a standardized dosing regimen over 2 years and followed continuously in a
prospective study design. The central foveal area of 1000 lm (horizontal) 3 960 lm (vertical)
of spectral-domain optical coherence tomography (SD-OCT) volume scans was evaluated
quantitatively (using proprietary software) for the following pathologies: alteration of the
external limiting membrane (ELM), alteration of the ellipsoid zone, subretinal fluid, pigment
epithelium detachment, drusen, intraretinal cysts, subretinal mass, and subretinal pigment
epithelium mass. The total area of each pathology was calculated in mm2 at baseline and after
1 and 2 years of ranibizumab therapy and correlated with BCVA results.
RESULTS. In total, 480 central SD-OCT scans of 20 consecutive patients were evaluated. In the
multivariate regression analysis, the area of ELM alteration, the area of intraretinal cysts, and
foveal retinal thickness were significant variables influencing visual acuity at baseline (R ¼
0.827; R2 ¼ 0.684; P < 0.001). The area of ELM alteration was the only significant factor to
be directly associated with visual acuity at 12 months (R ¼ 0.846; R2 ¼ 0.716; P < 0.001)
and 24 months (R ¼ 0.778; R2 ¼ 0.606; P < 0.001).
CONCLUSIONS. The integrity of the ELM appears to be the most important feature correlating
with visual acuity in native nAMD as well as nAMD treated with intravitreal ranibizumab at
each time interval, but not prospectively. In general, no significant predictors for an individual
gain or loss in mid- (12 months) or long-term BCVA results (24 months) were found by OCT.
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A

ge-related macular degeneration (AMD) is the most
common cause of severe and irreversible vision loss in
the elderly population in industrialized countries.1–5 The
neovascular form of AMD (nAMD) is characterized by the
development of marked degrees of retinal edema, sub- or
intraretinal fluid, hemorrhage, and/ or fibrous scarring, if left
untreated.6 Since the introduction of anti-VEGF agents, the
visual prognosis of patients with nAMD has improved
drastically.7–10 The pivotal phase III studies testing the efficacy
of intravitreal ranibizumab as treatment for nAMD have shown
that monthly injections over the course of 2 years can halt
disease progression in most patients.10–12 Nevertheless, morphologic changes are also noted under therapy, and visual
function demonstrates a huge variability between patients. In
addition, simply due to the large number of patients, monthly
injections appear to be difficult to implement in clinical
practice for both logistical as well as economical reasons. Even
though intravitreal injections are a safe procedure, every
injection bears the risk of endophthalmitis; moreover, monthly
administration of anti-VEGF agents is cost-intensive and was
found to be associated with progressive geographic atrophy.13,14 Flexible regimens rely on specified retreatment

criteria, including changes in best corrected visual acuity
(BCVA), as well as leakage in fluorescein angiography (FA),
morphologic findings in optical coherence tomography (OCT),
and/or in ophthalmologic fundus examination.15 Recently, OCT
has become a valuable, if not the most valuable tool in the
diagnosis and monitoring of patients with nAMD.8,16,17 The role
of morphological OCT parameters for visual function is
currently being discussed very controversially.
In various pharmaceutical studies, as well as in clinical
practice, a reduction in central retinal thickness (CRT) was
considered a therapeutic success even though it has been
shown that a decrease in retinal thickness is not necessarily
related to superior retinal function. The dissociation between
CRT and BCVA highlights the need for OCT parameters, which
better indicate the functional success of therapy.9,18,19 Some
authors have identified structural changes relevant for visual
function based on the analysis of time-domain OCT (TD-OCT)
scans.13,20–22 Since spectral-domain OCT (SD-OCT) has largely
replaced TD-OCT due to better image quality and faster imaging
speed, a more detailed analysis of the retinal microstructure has
become available.23–26 Despite an abundant offer of morphologic features in the clinical management of patients, however,
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the diagnostic ‘‘view’’ of the treating ophthalmologist alone is
rather inconsistent and substantial inconsistencies were noted
even between retina experts.27 Solid and quantitative automated algorithms and procedures are more promising to provide
fast and reliable insights into structure-function correlations.
In this prospective study, the influence of ranibizumab
therapy on the foveal microstructure has been investigated
using a quantitative analysis of SD-OCT scans through the
entire fovea of treated individuals over a continuous 2-year
follow-up period. The foveal center was analyzed systematically in this study for two reasons: first, the foveal center is the
most important retinal area for distance visual acuity and,
second, an automated algorithm for an evaluation of the retinal
microstructure is more likely to be technically feasible and
clinically implementable in a smaller section of the central
retina.28,29 Attention has been directed to lesions of the
external limiting membrane (ELM) and the ellipsoid zone (EZ)
(formerly known as the boundary between the inner and the
outer segments)30 of the photoreceptors, as both of these lines
have been shown to reflect photoreceptor function and may
explain distinct recovery patterns of visual acuity.31–36 Other
OCT features typical of nAMD, like the presence of subretinal
fluid (SRF), retinal pigment epithelium detachment (PED),
drusen, intraretinal cysts, subretinal mass, and subretinal
pigment epithelium mass were also evaluated in this study.

METHODS
Patients and Treatment
Twenty eyes of 20 consecutive patients with treatment-naı̈ve
nAMD were included in this observational case series. Every
patient gave written informed consent before study enrollment. The study protocol was approved by the local ethics
committee and adhered to the ethical tenets of the Declaration
of Helsinki.
All patients were examined monthly in our clinic and
received standardized intravitreal injections of 0.5 mg ranibizumab37 for 12 months (monthly dosing regimen or an as
needed [pro re nata (PRN)] regimen with monthly monitoring)
followed by an extended follow-up regimen and were followed
for 24 months (62 months). The flexible regimens (PRN and
extended follow-up) were based on the following retreatment
criteria:
A loss of BCVA of more than four Early Treatment Diabetic
Retinopathy Study (ETDRS) letters, sub- or intraretinal fluid on
OCT imaging, development of new or increase of preexisting
PED by SD-OCT, sub- or intraretinal hemorrhage by funduscopy, or leakage in FA examination. A complete clinical
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examination with BCVA testing, slit-lamp biomicroscopy,
ophthalmoscopy, and SD-OCT, was performed in monthly
intervals during the first year and, dependent on the disease
activity, monthly or 2-monthly during the second year. After the
first year of follow-up, intervals between the study visits could
be extended to 2 months, if the patients showed no sign of
disease activity for three consecutive monthly visits.
Fluorescein angiography was performed at baseline to
confirm the presumed diagnosis of nAMD and when necessary
to detect disease activity (e.g., in visual loss without OCT
changes).

OCT Evaluation Method
Spectral domain OCT images were obtained using the
Spectralis HRAþOCT imaging device (Heidelberg Engineering,
Heidelberg, Germany) at every patient visit. Volume scans
were obtained consisting of 49 horizontal B scans with 20
averaged frames per B scan centered over the fovea (spacing
between B scans 120 lm) and the integrated follow-up mode of
the device was used to ensure that the exact same retinal area
was imaged at every follow-up visit. Retinal thickness within
the central circle of the ETDRS-grid (diameter of 1 mm)
centered over the fovea (CRT) was measured using the
incorporated software of the Spectralis-OCT.
A proprietary software (OCT-toolkit version 1.6, provided
by the Vienna Reading Center) was used for microstructural
analysis, allowing the investigator to manually delineate areas
of interest in every cross-sectional image of a defined threedimensional dataset. The software has recently been described
by Sayegh et al.38 Two-dimensional areas (in mm2) of the
specific regions of interest were calculated automatically by
interpolating between the manually delineated areas in the
single B-scans. To exclude an individual reader bias, readings
were done by two different retina experts (PR, JM), who
graded the OCT B-scans independently at different time points
in different orders.
The present study evaluated the microstructure of the
central foveal 1 mm2 (consisting of eight consecutive
horizontal B scans) for specific morphologic findings (listed
below) at baseline, at month 12 (61 month), and at month 24
(62 months) using the following method: 500 lm on either
side of the center of the fovea was measured in each of the
eight central horizontal B scans, resulting in an area of 960 3
1000 lm (height 3 width) centered over the fovea. The height
of the volume stack resulted from the B-scan spacing of 120
lm. These dimensions were chosen to achieve the goal of
precisely investigating the central square millimeter of the
macula (Figs. 1–3).

FIGURE 1. Horizontal OCT B-scan of a healthy retina and the corresponding en face SLO-image illustrating the size of the evaluated area highlighted
in red. The red horizontal line in the en face SLO-image shows the B-scan position. In this subject, the ELM and the EZ are visualized as continuous
lines throughout the whole scan.
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FIGURE 2. Horizontal B-scan and the corresponding en face SLO image before the first ranibizumab injection illustrating some of the evaluated OCT
features. In this cross-sectional image, an ELM-disruption is highlighted in blue in the OCT B-scan and in the en face image. The red horizontal line
in the en face SLO-image illustrates the B-scan position. Intraretinal cysts and a subretinal mass can be observed. Both the ELM as well as the EZ are
absent within the central 1000 lm.

Definition and Identification of Morphologic
Parameters
Within the foveal area, the following pathologies were
recorded and quantified systematically:
1. Condition of the ELM: ELM present, discontinuous, not
present
2. Condition of the EZ: EZ present, discontinuous, not
present
3. Presence of SRF
4. Presence of PED
5. Presence of foveal drusen
6. Presence of intraretinal cysts
7. Presence of subretinal mass (hyperreflective material
located between the neuroretina and the RPE)
8. Presence of subretinal pigment epithelium mass (subRPE mass; hyperreflective material located below the
RPE)
The EZ was defined as the second hyperreflective band
above the RPE (Figs. 1–3) (the first hyperreflective band above
the RPE is believed to represent interdigitations between the
photoreceptor outer segments and the RPE cells39). The ELM
was defined as a discrete hyperreflective band at the outermost
border of the outer nuclear layer, located above the EZ (Figs. 1–
3). Subretinal fluid was diagnosed in areas where a nonreflective space was present between the posterior boundary
of the neuroretina and the RPE (Fig. 3).

Intraretinal cysts were identified as round, nonreflective to
minimally reflective spaces within the neuroretina (Fig. 2).
Pigment epithelium detachment was defined as a focal elevation
of the RPE with a minimum width of 400 lm measured at the
base or a minimum height of 200 lm measured from the
choriocapillaris to the RPE.
In this study, the total areas (quantified in mm2) of the
pathologies described above were correlated with bestcorrected visual acuity (BCVA) results from the corresponding
visits and the change to baseline, respectively. In contrast to
most studies, analyzing photoreceptor status in SD-OCT only
qualitatively, we managed to directly assess the relationship
between quantitatively evaluated microstructural findings and
functional changes (ETDRS letter score).31–36,40–43
For statistical analyses, IBM SPSS statistics version 20 (IBM
SPSS Statistics, IBM Corporation, Chicago, IL, USA) was used.
To assess interobserver variability for all measured OCT
findings, intraclass correlation coefficients (ICCs) were calculated. Univariate and stepwise multivariate regression analyses
were used to calculate the relevant influence of each of the
independent variables on visual acuity. A P value less than 0.05
was considered statistically significant.

RESULTS
A total of 480 foveal B scans of 20 eyes of 20 consecutive
patients (14 female, 6 male) with treatment-naı̈ve nAMD
receiving standardized monthly intravitreal therapy (13 eyes)
or initial PRN treatment (7 eyes) for 12 months using
ranibizumab followed by 12 months of an extended followup ranibizumab regimen were analyzed. The mean age was
79.3 6 7.8 years (range 62–89). The mean baseline BCVA was
58.9 (616.2) ETDRS letters. After 12 months (61 month) and
24 months (62 months), mean BCVA was 66.0 (616.5) ETDRS
letters and 59.9 (616.5) ETDRS letters, respectively.
Nine of the patients were diagnosed with an occult CNV
lesion, six with a classic, three with a minimally classic, one
with a predominantly classic, and one with a retinal angiomatous proliferation (RAP) lesion. Mean area of leakage (measured
in the late phase of FA) at baseline was 4.6 6 4.8 mm2 (range:
0.41–18.05 mm2).

Patterns of Visual Gain, Maintenance, and Loss

FIGURE 3. Horizontal OCT B scans and the corresponding en face SLOimages taken from the same patient at baseline (A), 12 months (B), and
2 years (C). The red horizontal lines in the en face images illustrate the
B-scan positions. The blue vertical lines on the B scans and on the SLO
en face images show the left border of the evaluated area. Manually
delineated areas of ELM alteration are highlighted in blue in the B scans
and in the en face SLO images.
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Three groups of patients (losers, gainers, and maintainers) were
distinguished depending on their visual acuity change from
baseline to month 24. ‘‘Maintainers’’ were defined as patients
who responded to treatment with ranibizumab and experienced a visual acuity improvement initially but whose BCVA
declined during the 2-year follow-up, resulting in a visual acuity
of 65 ETDRS letters at 24 months compared with baseline.
Patients who gained more than five ETDRS letters after 24
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FIGURE 4. Mean visual acuity change over time from baseline to month 24 by functional subgroup (losers, gainers, and maintainers).

months were defined as ‘‘gainers,’’ and patients who lost more
than five ETDRS letters were defined as ‘‘losers’’ (Fig. 4).
In our study population, five visual acuity losers (mean
ETDRS letter change after 24 months: 13.6 [67.4]), eight
maintainers (mean ETDRS letter change: 1.4 [65]), and seven
gainers (mean ETDRS letter change: þ14.3 [611.9]) were
documented. Mean CRT values for each subgroup are
illustrated in Figure 5. For characteristics other than evaluated
OCT findings, see the Table. However, no significant influence
of any of those parameters on visual function was identified.
The strongest increase of CRT following an initial decrease
was observed in the ‘‘maintainer’’ group, a less-pronounced
increase was observed in the ‘‘gainer’’ group, and further
decrease after 12 months was observed in the ‘‘loser’’ group
(Figs. 4, 5).
Univariate regression analysis was performed for CRT and
visual acuity at baseline, 12 months, and 24 months. Visual
acuity showed a significant dependence on CRT only at
baseline (R ¼ 0.612; P ¼ 0.004).

Correlation of Function and Area of Morphologic
Alteration by OCT
Analysis of 480 horizontal B scans for eight different OCT
features typical of nAMD demonstrated the following results
(Fig. 6).
In general, an excellent intergrader agreement could be
achieved. The intergrader agreement was best for SRF (ICCs
were 0.988 at baseline, 0.993 at 1 and 0.994 at 2 years) and
intraretinal cysts (ICCs were 0.989 at baseline, 0.952 at 1 and
0.997 at 2 years) and less effective for the evaluation of the EZ
(ICCs were 0.657 at baseline, 0.780 at 1 and 0.878 at 2 years).
At baseline (i.e., in the native AMD condition), the areas of
ELM alteration (R ¼ 0.67; P ¼ 0.001), EZ alteration (R ¼
0.656; P ¼ 0.002), intraretinal cysts (R ¼ 0.446; P ¼ 0.049),
subretinal mass (R ¼0.641; P ¼ 0.002), and CRT (R ¼0.612;
P ¼ 0.004) were significant parameters influencing BCVA in the
univariate regression analyses.
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In general, under treatment, features related to the
exudative activity of nAMD disease, such as intraretinal cysts,
SRF, or PED, resolved initially under the tighter regimen with
monthly dosing/monitoring followed by recurrence in the
looser extended follow-up regimen with less dosing/monitoring of the second year. Structural changes, such as alterations
of the ELM and EZ lines, remained stable, the area of a
subretinal solid mass (i.e., scarring tissue) increased over time.
At 12 months, the area of ELM alteration (R ¼ 0.846; P <
0.001), EZ alteration (R ¼ 0.695; P ¼ 0.001) and subretinal
mass (R ¼0.627; P ¼ 0.003) were significantly affecting BCVA.
At 24 months, the area of ELM alteration (R ¼ 0.778; P <
0.001), EZ alteration (R ¼ 0.673; P ¼ 0.001), and subretinal
mass (R ¼ 0.577; P ¼ 0.002) and SRF recurring during the
extended follow-up regimen (R ¼ 0.618; P ¼ 0.004) had a
significant impact on BCVA in the univariate analyses.
In the stepwise multivariate regression analysis, the area of
ELM alteration, the area of intraretinal cysts and CRT were
significant variables influencing visual acuity at baseline (R ¼
0.827; R2 ¼ 0.684; P < 0.001).
At 12 months and at 24 months, the area of ELM alteration
was the only significant factor to directly influence visual
function with R ¼0.846 and R2 ¼ 0.716 at a significance level
of P < 0.001 at 12 months and R ¼0.778 and R2 ¼ 0.606 at a
significance level of P < 0.001 at 24 months.
None of the OCT parameters measured in this study were
significantly correlating with the prospective change in visual
acuity from baseline to 12 months, from baseline to 24 months,
or from 12 months to 24 months, respectively. Hence, none of
the OCT parameters could be identified as a predictor for an
increase or decrease in BCVA for the individual patient.
In the univariate linear regression analysis, visual acuity at
month 12 and month 24 were significantly correlating with
baseline ELM alteration area (R ¼ 0.696; P ¼ 0.001 and R ¼
0.558; P ¼ 0.01), EZ alteration area (R ¼ 0.721; P < 0.001
and R ¼0.646; P ¼ 0.02), SRF area (R ¼ 0.505; P ¼ 0.023 and R
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FIGURE 5. Time course of mean foveal retinal thickness change by functional subgroup (losers, gainers, and maintainers).

¼ 0.556; P ¼ 0.011) and subretinal mass extension (R ¼0.58; P
¼ 0.007 and R ¼ 0.756; P < 0.001).
In the multivariate linear regression analysis, EZ alteration
area at baseline was the only parameter significantly correlat-

ing with visual acuity at month 12 (R ¼0.721; P < 0.001) and
subretinal mass extension at baseline was the only parameter
significantly correlating with visual acuity at month 24 (R ¼
0.756; P < 0.001).

TABLE. Characteristics by Functional Subgroup Other Than Quantitatively Evaluated OCT-Findings, Including Presence of Hemorrhage, RPE
Atrophy, or Fibrosis in the Macula, Angiographic CNV Type, and Size (mm2) at Baseline as Measured in Late-Phase FA, Retinal Thickness at Baseline,
and Visual Acuity
Maintainer, n ¼ 8
Count

Mean

SD

Gainer, n ¼ 7
Count

Mean

Loser, n ¼ 5
SD

Count

Mean

SD

5.47
475.00
62.2
55.2
48.6

6.1
135.51
10.23
9.71
9.45

Macular hemorrhage present
Baseline
24 mo
Macular RPE atrophy present
Baseline
24 mo

3
0

3
0

3
0

1
1

1
3

1
2

2
4

1
3

0
4

5
2
0
0
1

2
3
1
0
1

2
1
0
1
1

Macular fibrosis present
Baseline
24 mo
CNV-type:
Occult
Classic
RAP
Predominantly classic
Minimally classic
Size of CNV complex in FA at baseline, mm2
Retinal thickness baseline, lm
BCVA baseline, ETDRS-letters
BCVA 12 months, ETDRS-letters
BCVA 24 months, ETDRS-letters
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5.39
488.75
58.75
68.63
57.38

5.47
125.91
17.93
19.57
17.88

3.15
477.00
56.57
70.71
70.86

3.18
140.86
19.29
14.96
13.12
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FIGURE 6. Mean area of the evaluated OCT features within the
evaluated foveal area at baseline, and after 12 and 24 months (mm2).

DISCUSSION
The present study analyzed the pathomorphologic characteristics of native neovascular AMD at baseline and under
ranibizumab therapy with a focus on microstructural foveal
alteration and its correlation to visual function.
In general, in the cases analyzed in this study, a decrease in
CRT was generally not associated with improved visual
function (Figs. 3–5), highlighting the necessity of additional
morphologic parameters allowing identification of the functional condition of nAMD patients undergoing antiangiogenic
therapy.
Using OCT analysis based on identification of defined
qualitative features, as well as their quantitative extension,
the area of ELM alteration was shown to have a significant
impact on visual acuity at baseline, at 12 months, and at 24
months. Moreover, in the stepwise linear regression analyses,
the ELM condition was the most important factor to influence
visual function at baseline (i.e., the native nAMD condition and
during follow-up), which is consistent with the results of
previous studies using different nonquantitative approaches.31,32,34,36,42,44 In eyes with nAMD, retinal detachment,
macular hole, or retinal vein occlusion, the ELM, which is
believed to represent the junctional zone between Müller cells
and photoreceptors, seems to be a hallmark for photoreceptor
function and its condition may directly reflect the potential for
visual function and/or recovery.33,34,45–48
Different studies have been conducted to elucidate the role
of the ELM for visual function and for the preservation of the
retinal structure, one of which suggested that the ELM acts as a
barrier for macromolecules.49,50 Murakami et al.51 hypothesized that a disruption of the ELM could lead to osmotic
imbalance and consecutively to photoreceptor dysfunction.
This hypothesis has been confirmed in a recent study by Uji et
al.,52 by demonstrating that hyperreflective foci in the outer
retinal layers are significantly correlating with ELM disruption
in eyes with diabetic macular edema. Müller cells play a crucial
role for retinal function while regulating neuronal metabolism
and interacting with photoreceptor cells.53 In a recent article,
Franze et al.54 postulated that Müller cells act similar to natural
optical fibers guiding light toward the photoreceptors, thus
compensating for the ‘‘inverse’’ layering of the retina, with the
photoreceptors being the retinal layer farthest away from light
entering the eye. Photoreceptor cells are covered by several
layers of different cell types with different refractive indices,
which would create a distorted picture if Müller cells would
not compensate for this problem. Therefore, structural damage
to the adherent junctions between Müller cells and photore-
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ceptors (i.e., the ELM) would compromise both the structural
barrier as well as their functional interaction.
Wakabayashi et al.46,55 pointed out that the condition of the
ELM would reflect the integrity of photoreceptor cell bodies,
whereas the status of the EZ line may rather reflect the
integrity of the photoreceptor outer segments, explaining why
the ELM layer represents a better predictor for photoreceptor
restoration. In diseases with severe photoreceptor damage (as
in AMD), the EZ line seems to be too indistinct to be
particularly useful as a reliable predictor for BCVA.34,46,55
In our study, a significant correlation was observed between
the EZ alteration area and BCVA in the univariate linear
regression analysis at baseline, at 12 months, and at 24 months;
however, the condition of the EZ structure did not offer
consistent significant correlations to BCVA in the multivariate
linear regression analysis. On the other hand, subretinal fluid
also showed a significant positive correlation with BCVA at
month 24. This may, however, be due to the high rate of
recurrent SRF in the extended follow-up regimen applied in the
second year and demonstrates a potential impact of the
performed therapeutic regimen. Although this finding might
appear counterintuitive at first glance, one possible hypothesis
might be that photoreceptors surrounded by fluid suffer less
structural damage than those embedded in scarred tissue.
However, none of the OCT parameters investigated in this
study was a significant predictor for the change from baseline
to mid- (12 months) or long-term BCVA (24 months). The
overall results suggest that patients with more extensive areas
of ELM alteration, EZ alteration, or subretinal mass may result
in a worse prognosis regarding mid- and long-term visual
outcome; however, a solid prognosis, whether the patient will
eventually be a loser, gainer, or maintainer cannot be made in a
conclusive way based on this analysis.
The software developed for microstructural analysis proved
to provide useful orientational parameters for further analysis
on a larger base. The authors of this study are aware of the
limited number of patients that were included in this study.
Whether the foveal findings of this study hold true for the
entire macula in a larger population still has to be confirmed in
larger studies. As it was necessary for the detailed analysis of
OCT parameters to have excellent image quality, only a limited
number of patients could be enrolled in this study. Moreover,
as the evaluation of only the foveal microstructure in
correlation with BCVA was the aim of this study, patients with
obvious excentric fixation had to be excluded, which limited
the number of eligible patients even further. The meticulous
and time-consuming method of analysis also limited the
number of patients included in this study.
In conclusion, this study showed the importance of ELM
integrity for visual acuity in patients with neovascular AMD
treated with anti-VEGF agents. A systematic, quantitative
assessment of the central retinal microstructure may offer the
optimal strategy to guide the treatment management in
neovascular AMD. However, until reliable automated programs
for detailed OCT-analysis for pathologic structures exist,
researchers and clinicians have to make their decisions based
on personal, subjective evaluation of image data. With the
reproducible identification of morphologic factors relevant for
visual performance, reliable automated algorithms may be
designed to guide therapeutic strategies with optimal outcomes,
pragmatic procedures to facilitate patients’ and physicians lives
for one of the leading diseases of modern civilizations.
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