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PURPOSE. The purpose of this study was to investigate the clinical role of multi-signal
quantitative optical coherence tomography angiography (OCTA) perfusion sampling in
neovascular age-related macular degeneration (AMD).

METHODS. The study was designed as a cross-sectional case series. We collected data from
already treated macular neovascularization (MNV), characterized by (I) clinically relevant
recurrent exudation, (II) nonclinically relevant recurrent exudation, and (III) inactive
lesion. We proposed a new OCTA metric, calculating the gap between high-resolution
(HR) and high-speed (HS) OCTA samplings, hypothesizing that this gap might improve
the detection of new secondary MNV branches, being also associated with exudation
recurrence. Main outcome measures were the HR-HS gap-based categorization of MNV
lesions and the assessment of its association with exudative, minimally exudative, and
inactive lesions.

RESULTS. Our cohort (which consisted of 32 MNV eyes; 32 patients; mean disease duration
5 years) was classified as type 1 (17; 53%), type 2 (11; 34%), or mixed type (4; 13%) MNV.
Subretinal fibrosis was found in 17 out of 32 eyes (53%), whereas outer retinal atrophy
involved 22 of 32 eyes (69%). HR-HS MNV gap was significantly different among MNV
subgroups: 18% for the exudative subgroup, 12% for the minimally exudative subgroup,
and 4% for the inactive subgroup. HR-HS gap significantly correlated with best corrected
visual acuity (BCVA), disease duration, fibrosis, and outer retinal atrophy.

CONCLUSIONS. HR-HS gap is a novel quantitative metric to detect the secondary novel
branches of AMD-related MNV. This parameter is clinically relevant because it is associ-
ated with fluid recurrence. The integration of HR-HS gap in artificial intelligence models
might help to predict MNV reactivation and to optimize treatment strategies.

Keywords: neovascular age-related macular degeneration (AMD), macular neovascular-
ization (MNV), optical coherence tomography (OCT), optical coherence tomography
angiography (OCTA), exudation, high resolution – high speed (HR-HS) gap

Macular neovascularization (MNV) is a complication
occurring in at least 20% to 30% of patients with

age-related macular degeneration (AMD).1 Multimodal reti-
nal imaging, including optical coherence tomography (OCT)
and OCT angiography (OCTA), provided a powerful set
of tools allowing the noninvasive, in vivo assessment of
neovascular AMD characteristics.2–7 The adoption of even
advanced quantitative approaches is providing much more
detail regarding the relationship between MNV perfusion
features and clinical outcomes.4–6 The quantitative evalua-
tion of MNV morphology has also proved useful in assessing
the factors associated with different responses to anti-VEGF
treatments as well as different progression rates.7–10 Up to
now,OCTA data could be collected only by using fixed acqui-
sition parameters. However, some OCTA devices can now

allow the customization of acquisition metrics, thus poten-
tially allowing the sampling of different types of perfusion
signal. In a recent study, we showed how the combined use
of high-resolution (HR) and high-speed (HS) OCTA acquisi-
tions allowed to improve the perfusion signal sampling in
healthy subjects.11 On this basis, the main hypothesis of the
present study is that HR-HS gap evaluation might be useful
to distinguish exudative from nonexudative MNV lesions in
neovascular AMD.

MATERIALS AND METHODS

The study was designed as an observational, cross-sectional
study. All the patients were recruited at the Ophthalmol-
ogy Unit of IRCCS San Raffaele Scientific Institute, Milan,
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Italy. We obtained a signed informed consent from all the
patients before their inclusion in the study. The study was
approved by the local Ethical Committee (MIRD2020). The
entire research was conducted in accordance with the Decla-
ration of Helsinki. The inclusion criterion was the diagnosis
of AMD, complicated by type 1, type 2, or mixed type 1/2
MNV lesions already under treatment. We included only one
eye for each patient. In case of bilaterality, we chose the eye
with the best quality of the images. Otherwise, we arbitrarily
selected the right eye. We excluded type 3 and aneurysmal
type 1 lesions because of them being associated with low
quality of the images. Moreover, we excluded newly diag-
nosed lesions, because the main study goal was to detect
MNV lesions characterized by fluid recurrence from inactive
lesions. Further exclusion criteria were high media opaci-
ties, any ocular surgery performed in the 6 months before
the inclusion in the study, other ocular disorders (for exam-
ple, glaucoma or uveitis), and uncontrolled system condi-
tions potentially interfering with the proper interpretation
of the results. All the patients are treated by means of intrav-
itreal anti-VEGF injections in a real-life setting, accordingly
with ophthalmologists’ discretion.

Because all the MNVs were already treated, we used clin-
ical records to trace the original diagnosis of type 1, mixed,
or type 2 lesion.

Ophthalmologic examination included logMAR best
corrected visual acuity (BCVA), measured using standard
Early Treatment Diabetic Retinopathy Study (ETDRS) charts,
slit lamp biomicroscopy, and Goldmann applanation tonom-
etry. The structural OCT (Spectralis HRA+OCT; Heidel-
berg Engineering, Heidelberg, Germany) acquisition proto-
col included raster, radial, and dense scans, with a high
number of frames (ART > 25) and enhanced depth imaging
(EDI). OCT scans were used to assess the presence of fluid
recurrence. We separately considered subretinal fluid (SRF),
intraretinal fluid (IRF), subretinal hyper-reflective mate-
rial (SHRM), and pigment epithelium detachment (PED).
Because of being associated with poor image quality, we
excluded those cases characterized by PED height > 200
μm. Based on similar criteria adopted in the FLUID study,12

an expert grader (author S.D.L.) classified the eyes in three
subgroups: (I) clinically relevant fluid recurrence (any IRF or
SHRM; SRF > 200 μm; the exudative group); (II) not clini-
cally relevant fluid recurrence (SRF < 200 μm; the minimally
exudative group); and (III) inactive lesion (any sign of fluid;
the dry group).

The OCTA acquisition protocol included HR OCTA
scan (OCT scan angle 10 degrees, lateral pixel spacing
approximately 5.73 μm/pixels, digital depth resolution 3.87
μm/pixels, ART 7 images, 512 B-scans, and inter B-scan
distance 12 μm) and HS OCTA scan (scan angle 10 degrees,
lateral pixel spacing approximately 11.46 μm/pixels, ART 7
images, number of images 256, and inter B-scans distance
12 μm). From OCTA reconstructions, we extracted the
automatic segmentations of the superficial capillary plexus
(SCP), deep capillary plexus (DCP), choriocapillaris (CC),
and MNV network, performed by the on-board software.
Each segmentation was carefully inspected by an expert
grader (author S.D.L.) and manually corrected to assess the
vertical extension of the MNV. From the same OCTA acquisi-
tions, we exported the enface OCT reconstruction, including
the recurrent fluid in its entirety. By this way, the fluid could
be visually inspected as a hyporeflective signal in the enface
OCT. Only high-quality images (HEYEX score > 25) were
included into the analyses.

FIGURE 1. Pipeline for HR-HS MNV gap calculation. Starting from
HR OCTA and HS OCTA, MNV reconstructions are segmented,
isolated and coregistered. The MNV area is colored and the two
MNV areas are overlapped. The resulting image is overlapped on the
enface OCT reconstruction. The HR-HS MNV gap is highlighted by
the exceeding red borders. Enface OCT is used to evaluated spatial
agreement with exudation recurrence.

MNV segmentations were obtained by using the same
coordinates and were not manually adjusted or altered to
not interfere with the proper calculation of the quantitative
metrics. Both for HR and HS OCTA acquisitions, the same
unblinded expert grader (author S.D.L.) carefully selected
only the neovascular network, removing all the background
signal, including spurious particle motion signal and resid-
ual of retinal capillaries or CC, and automatically select-
ing the borders of the remaining image (the MNV network
alone) through a region-finder tool provided in ImageJ.13

As a preliminary step, all the MNV reconstructions
were set to the same grayscale range to address possible
confounding factors related with the quality of the images
and the intensity of the signal. The background was set to
absolute black to avoid possible issues related with different
contrast to noise ratio. A blinded grader (author E.B.) used
the following pipeline, based on ImageJ scripts, to analyze
MNV network, considering both HR and HS OCTA acqui-
sitions: HR and HS MNV registration -> MNV boundaries
selection -> delineation of HR and HS MNV area -> overlap-
ping of HR and HS MNV area -> calculation of HR/HS MNV
area gap. The entire pipeline is visually shown in Figure 1.
The entire pipeline was repeated at least twice by the same
grader to test repeatability (resulting as > 95% of agree-
ment; range = 0.96-1.00). By this way, we assumed that
HR/HS MNV area gap may be a measure of the secondary
novel branches of the MNV network. These are intended as
the peripheral immature capillaries characterized by lower
perfusion with respect to the central core of the MNV, repre-
senting the front of growth of the MNV lesion, and poten-
tially causing exudation recurrence.

Both graders were involved to qualitatively test the spatial
relationship between the HR and HS MNV areas and the fluid
area, when present. The overlapped HR and HS MNV area
reconstructions were superimposed on the enface OCT high-
lighting fluid. The graders evaluated the agreement between
the HR-HS MNV gap area and the fluid area. In particular, the
graders selected only the fluid area on enface OCT and the
HR-HS MNV gap area. Then, they calculated the overlapping
factor considering the common pixels of both areas, catego-
rized as follows: (I) optimal agreement (> 80% of overlap-
ping fraction), (II) partial agreement (50-80% of overlapping
fraction), and (III) poor agreement (< 50% of overlapping
fraction).

The statistical analyses included age and gender as fixed
factors. We also included the following variables: total
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number of intravitreal anti-VEGF injections administered,
duration of the disease (because the onset of neovascular
AMD), subretinal fibrosis (defined as the presence of subreti-
nal or subretinal pigment epithelium hyper-reflective lesion
with multilaminar appearance) and outer retinal atrophy
(defined as the loss of the ellipsoid and interdigitation zones
associated with thinning of the outer nuclear layer, with or
without decreased or absent retinal pigment epithelium and
choroidal hypertransmission).14 We tested the distribution
normality for each variable by frequency histograms and
quantile-quantile plots. Continuous variables were reported
as mean ± standard deviation, whereas frequency and
proportions were reported as categorical variables. Two-
tailed t test was used to analyze continuous variables. Mixed
models were used to assess the relationships among the
collected variables. We considered three subgroups: (I) clin-
ically relevant fluid recurrence; (II) not clinically relevant
fluid recurrence; and (III) inactive lesion. Bonferroni correc-
tion for multiple comparisons was used when needed. One-
way ANOVA analysis was used to test inter-group differences
in terms of fibrosis and atrophy prevalence weighted for
disease duration. Interclass correlation coefficient (ICC) was
calculated for those metrics collected by both graders. We
set statistical significance to P value ≤ 0.05.

RESULTS

Our study involved 32 MNV eyes of 32 patients with AMD
(15 male patients; mean age = 74 ± 5 years). The mean
HEYEX quality score was 29 (range = 25–34). Mean BCVA
was 0.5 ± 0.2 logMAR (range = 0.1–0.9). The mean disease
duration was 5 years (range = 3–8 years). The mean number
of intravitreal injections was 20 (range = 10–31).

Based on clinical records, MNV were classified as type 1
(17; 53%), type 2 (11; 34%) or mixed type (4; 13%). Subretinal
fibrosis was found in 17 of 32 eyes (53%), whereas outer
retinal atrophy interested 22 of 32 eyes (69%).

Overall, the MNV area resulted 1.54 ± 0.41 for HR OCTA
and 1.34 ± 0.42 for HS OCTA (P< 0.001). In all the cases, HR
OCTA detected a bigger MNV area than HS OCTA. Consider-
ing the subgroup analysis, the exudative subgroup and the
minimally exudative subgroup showed similar MNV area for
HR OCTA (1.43 ± 0.37 vs. 1.45 ± 0.39, respectively; P >

0.05) and HS OCTA (1.17 ± 0.31 vs. 1.28 ± 0.35, respec-
tively; P > 0.05). Conversely, the dry subgroup showed a
significantly bigger MNV area than the other two subgroups,
both considering HR OCTA (1.85 ± 0.38; P < 0.001) and HS
OCTA (1.79 ± 0.39; P < 0.001). HR-HS MNV gap was signif-
icantly different among the 3 subgroups: 18% for the exuda-
tive subgroup, 12% for the minimally exudative subgroup,
and 4% for the dry subgroup (P < 0.001). Example cases are
shown in Figures 2–4. The HR-HS MNV gap showed high
agreement with the area of fluid. In the exudative subgroup,
the fluid area exceeded the HR-HS MNV gap area, resulting
in a bigger area in 100% of the cases. The overlapping frac-
tion was optimal in the entire exudative subgroup (mean =
92.5%, range = 85–99%; P< 0.001; ICC = 0.96; range = 0.94–
0.99; P < 0.001). In the minimally exudative subgroup, the
HR-HS MNV gap showed good agreement with the area of
fluid. In this subgroup, the fluid area showed higher vari-
ability in terms of localization, with overlapping fraction
resulting overall partial in the entire minimally exudative
subgroup (mean = 67.7%; range = 56–89%; P < 0.001; ICC
= 0.91; range = 0.87–0.94; P < 0.001).

FIGURE 2. The HR-HS MNV gap in exudative MNV. HR OCTA (A)
and HS OCTA (B) well detected the MNV network. Enface OCT (C)
confirmed the presence of fluid (black areas). MNV reconstructions
(D, E) are isolated, coregistered, and colored in red (HR OCTA) (F)
and green (HS OCTA) (G), respectively. Then, the overlapped areas
are superimposed on enface OCT (H, I). In this case, the HR-HS
MNV gap resulted in > 18%, with high agreement between HR-
HS MNV gap area and fluid area localization. Structural OCT (J)
confirmed the presence of fluid recurrence.

FIGURE 3. The HR-HS MNV gap in minimally exudative MNV. HR
OCTA (A) and HS OCTA (B) well detected the MNV. Enface OCT
(C) confirmed the presence of small areas of fluid (black areas).
MNV reconstructions (D, E) are isolated, coregistered, and colored
in red (HR OCTA) (F) and green (HS OCTA) (G), respectively. Then,
the overlapped areas are superimposed on enface OCT (H, I). In
this case, the HR-HS MNV gap resulted < 15%, with high agreement
between the HR-HS MNV gap area and the fluid area localization.
Structural OCT (J) confirmed the presence of subclinical fluid recur-
rence (< 200 μm of subretinal fluid and no intraretinal fluid).

FIGURE 4. HR-HS MNV gap in inactive MNV. HR OCTA (A) and
HS OCTA (B) well detected the MNV. Enface OCT (C) confirmed
the absence of (no black areas). MNV reconstructions (D, E) are
isolated, coregistered, and colored in red (HR OCTA) (F) and green
(HS OCTA) (G), respectively. Then, the overlapped areas are super-
imposed on enface OCT (H, I). In this case, the HR-HS MNV gap
resulted in < 10%. Structural OCT (J) confirmed the absence of fluid.

Similarly, the logMAR BCVA significantly differed among
the subgroups, being the worst in the dry subgroup (P
< 0.001). Disease duration and total number of injections
was quite higher in the dry subgroup than in the other
subgroups.Moreover, we found statistically significant differ-
ences among the exudative subgroup, the minimally exuda-
tive subgroup, and the dry subgroup in terms of prevalence
of fibrosis (28%, 67%, and 100%, respectively; P < 0.001) and
outer retinal atrophy (50%, 83%, and 100%, respectively; P <

0.001). The entire subgroups analysis is shown in the Table.
The correlation analysis highlighted statistically signif-

icant correlations for logMAR BCVA considering disease
duration (Tau-Kendall coefficient = 0.537; P < 0.001), MNV
subgroups (Tau-Kendall coefficient = 0.523; P < 0.001),
fibrosis (Tau-Kendall coefficient = 0.707; P < 0.001), and
outer retinal atrophy (Tau-Kendall coefficient = 0.684; P <

0.001). Moreover, the HR-HS MNV gap significantly corre-
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TABLE. MNV Subgroups Analysis

MNV Subgroups Analysis

Exudative Subgroup Minimally Exudative Subgroup Dry Subgroup

Group 1 2 3
N of eyes 18 6 8
Age, y 79 ± 5 82 ± 5 81 ± 3
Disease duration, y 4 ± 1 6 ± 2 7 ± 2
LogMAR BCVA 0.39 ± 0.19 0.52 ± 0.16 0.74 ± 0.16
Total number of intravitreal injections 17 ± 5 22 ± 6 24 ± 6
MNV area HR OCTA, mm2 1.43 ± 0.37 1.45 ± 0.39 1.85 ± 0.38
MNV area HS OCTA, mm2 1.17 ± 0.31 1.28 ± 0.35 1.79 ± 0.39
HR-HS gap, (%) 18 ± 2 12 ± 1 4 ± 3
Fibrosis 5/18 (28%) 4/6 (67%) 8/8 (100%)
Outer retinal atrophy 9/18 (50%) 5/6 (83%) 8/8 (100%)

P Value

1 vs. 2 1 vs. 3 2 vs. 3

Age, y >0.05 >0.05 >0.05
Disease duration, y =0.02 =0.003 >0.05
LogMAR BCVA >0.05 <0.001 <0.001
Total number of intravitreal injections >0.05 =0.012 >0.05
MNV area HR OCTA >0.05 =0.03 >0.05
MNV area HS OCTA >0.05 <0.001 =0.03
HR-HS gap <0.001 <0.001 <0.001
Fibrosis <0.001 <0.001 <0.001
Outer retinal atrophy <0.001 <0.001 <0.001

lated with logMAR BCVA (Tau-Kendall coefficient = −0.390;
P = 0.003), disease duration (Tau-Kendall coefficient =
−0.396; P = 0.003), fibrosis (Tau-Kendall coefficient =
−0.515; P < 0.001), and outer retinal atrophy (Tau-Kendall
coefficient = −0.351; P = 0.01). In addition, MNV type (type
1, type 2, or mixed 1

2 type) significantly correlated with
logMAR BCVA (Tau-Kendall coefficient = 0.472; P = 0.002),
outer retinal atrophy (Tau-Kendall coefficient = 0.367; P =
0.03), HR OCTA MNV area (Tau-Kendall coefficient = 0.470;
P < 0.001), and HS OCTA MNV area (Tau-Kendall coefficient
= 0.506; P < 0.001).

DISCUSSION

In the present study, we described a new potential metric
associated with fluid recurrence in neovascular AMD, named
the HR-HS MNV gap. This represents the percentage differ-
ence between two OCTA acquisitions obtained by using
different acquisition metrics. In particular, HR OCTA is char-
acterized by higher resolution and longer acquisition time,
whereas HS OCTA can be obtained faster, although reduc-
ing the resolution of the images. Actually, the agreement
between HR and HS OCTA acquisitions for detecting MNV
was very high, differing for a maximum of 18% in the
exudative subgroup. This finding was in line with previ-
ous investigations supporting the feasibility of both acqui-
sitions.11,12,14,15 However, the oversampling provided by HR
OCTA allowed to detect much more details regarding the
peripheral parts of the MNV,where the new branches usually
grew, with respect to the central and more mature part
of the neovascular network.12 Indeed, the central core of
the MNV is usually characterized by high perfusion signal
(high reflectivity), whereas it centrifugally decreases reach-
ing the peripheral areas.9 Whereas the core undergoes to
vascular maturity and stabilization of growth, the periph-
eral part may be interested by size expansion over time.10

On this basis, the analysis of the peripheral perfusion signal
may be used to predict the MNV expansion, caused by the
growth of new neovascular capillaries.10 On this basis, the
HR-HS MNV gap might be considered a measure of this
growth, resulting bigger in those eyes characterized by fluid
recurrence, and minimal in eyes with inactive MNV lesions.
The HR/HS gap-based analysis of the growth front of the
MNV network is supported by a previous OCTA investigation
showing that high percentages of branching with tiny vessels
and of peripheral arcades at the borders of the MNV were
significantly associated with higher risk of exudation recur-
rence.16,17 In particular, in this study, we separately analyzed
eyes characterized by clinically relevant fluid recurrence,
nonclinically relevant fluid recurrence, and inactive MNV.
The HR-HS MNV gap significantly differed among these
subgroups, being the biggest in the exudative subgroup and
the lowest in the dry subgroup. This latter subgroup was also
characterized by higher disease duration, higher number of
intravitreal injections, bigger MNV area, and higher preva-
lence of fibrosis and atrophy, thus indicating older and more
advanced MNV lesions. At the same time, the significantly
higher prevalence of fibrosis and atrophy in the minimally
exudative subgroup, with respect to the exudative subgroup,
indicated more mature lesions, although still characterized
by mild exudative phenomena.

The high agreement between the HR-HS MNV gap area
and the fluid area might be explained considering the vascu-
lar remodeling occurring in MNV over time. Indeed, while
the original neovascular network matures, it is possible to
observe changes in network angiographic features, with
thickening of the neovascular capillaries probably caused
by sclerotizing phenomena.18,19 Conversely, novel branches
are thinner and closely interconnected.18,19 On this basis,
we may hypothesize that the sclerotization of the MNV core
leads to the stabilization of the blood-retinal barrier, thus
limiting further exudative phenomena. On the contrary, the
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novel branches are characterized by completely disrupted
blood-retinal barrier, thus causing exudation recurrence. The
exudation area resulted bigger than HR-HS MNV gap area
because the fluid can expand within the retinal structures
and the subretinal space. This hypothesis is supported by the
evidence that peripheral loop detections are associated with
recurrent exudation.20 However, the cited study is limited by
the fact that the presence of peripheral MNV loops was qual-
itatively assessed. The quantitative approach based on HR-
HS MNV gap calculation allows a highly reproducible and
objective way to study peripheral changes of the neovascu-
lar network. In addition, it might be implemented in artificial
intelligence tools to improve disease monitoring and recur-
rence prediction.

The HR-HS MNV gap had a clinical relevance, showing
significant inverse correlations with disease duration, fibro-
sis, and outer retinal atrophy, suggesting that the higher is
the HR-HS MNV gap, the younger (and more active) is the
MNV. This finding is supported by the evidence that MNV
activity decreases over the years, if adequately managed by
anti-VEGF injections.21,22

We are aware that our study labors under several limi-
tations, first related to the small number of eyes and the
cross-sectional design. We have not repeated HR and HS
OCTA acquisitions to not cause excessive distress for the
patients, leading to the risk of poor-quality data. However,
we could not provide objective data regarding the repeata-
bility of MNV network detection by the two different acquisi-
tions. However, we may confirm that the expert grader easily
detected the MNV network both with HR and HS OCTA scans
in all the included eyes. The lack of prospective data about
the role of the HR-HS MNV gap in predicting fluid recur-
rence should be adequately addressed by future prospec-
tive study. In addition, we did not assess the contribution
of subretinal and intraretinal fluids separately. It is known
that the origin of subretinal and intraretinal fluids is differ-
ent, with the first one more associated with the neovascu-
lar activity and the second one more associated with inner
blood-retinal barrier impairment.23 Because of the impor-
tance of the separate assessment of each type of fluids,
future studies should be focused on testing their relation-
ship with the proposed HR-HS MNV gap metric. Consid-
ering all these points, this should be considered only a
feasibility investigation regarding the use of HR-HS MNV
gap in clinical practice. The high technical skills required
by the graders and the time-consuming analyses represents
another potential limitation, which could be solved by devel-
oping automatic tools or integrating this method in artificial
intelligence algorithms.Most of the proposed methodologies
are novel and cutoffs arbitrarily established, thus requiring
future support and validation. In addition, the need of two
consecutive OCTA acquisitions might be time-consuming in
clinical practice and potentially distressful for the patients.
However, the improvements in OCTA devices speed and eye-
tracking performance still allow the feasible collection of the
required data also in a real clinical setting. Moreover, OCTA
techniques are well known to be potentially artifact prone.24

In conclusion, our study proposed a novel quantitative
approach to evaluate the novel branches in neovascular
AMD. Their detection is significantly associated with exuda-
tion recurrence. The HR-HS MNV gap is potentially clin-
ically useful, being associated with MNV activity, disease
duration, fibro-atrophic evolution, and visual outcome. Its
use in automatic tools and in artificial intelligence algo-
rithms might improve the customization of patients’ diag-

nostic workup and treatment strategies. Further prospective
studies are needed to confirm and support our findings.
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