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Introduction

Purpose: The purpose of this paper was to study type 1 macular neovascularization
(MNV) quantitative optical coherence tomography (OCT) angiography (OCTA) features
by means of advanced postprocessing analyses.

Methods: We recruited patients affected by naive type 1 MNV secondary to age-
related macular degeneration (AMD) and age-matched controls. All patients under-
went ophthalmologic examination and multimodal imaging. They were treated with
pro-re-nata anti-VEGF injections. The ensuing follow-up lasted 24 months. Quantita-
tive OCT and OCTA parameters were statistically analyzed to obtain cutoff values able
to distinguish two clinically different patient subgroups. Main outcome measures were
best-corrected visual acuity (BCVA), central macular thickness, vessel density of superfi-
cial, deep and choriocapillaris plexa, vessel tortuosity (VT) of MNV, vessel dispersion of
MNYV, number of injections, blooding, pigment epithelium detachment, subretinal fluid,
photoreceptor elongation, subretinal fibrosis, and outer retinal atrophy.

Results: Ninety-one eyes (91 patients; 49 men; mean age 78 + 7 years) and 91 control
eyes were included. Mean logarithm of the minimum angle of resolution (logMAR) BCVA
was 0.46 + 0.56 at baseline, increasing up to 0.29 =+ 0.30 after 2 years of treatment (P <
0.01). The mean number of intravitreal injections was 7.1 & 2.0 during the first year and
4.5 £ 1.4 during the second year. A baseline VT cutoff of 8.40 detected two patients’
subgroups differing significantly in terms of BCVA improvement after 2 years of treat-
ment.

Conclusions: OCTA-based classification of type 1 MNV, performed at baseline, provided
useful information in terms of the functional outcome achievable after 24 months of
anti-VEGF treatment.

Translational Relevance: Quantitative OCTA-based classification of type 1 MNYV,
performed at baseline, provided useful information in terms of the functional outcome
achievable after 24 months of anti-VEGF treatment.

onset of leakage phenomena and typical “pin-points”
- hyperfluorescent spots - during the late stages.
Indocyanine green angiography (ICGA) usually serves

Type 1 macular neovascularization (MNYV) is the
most frequent MNV occurring as a complication of
age-related macular degeneration (AMD).! The term
“type 17 is used in reference to the growth of the
neovascularization below the retinal pigment epithe-
lium (RPE), which causes a masking effect on fluores-
cein angiography (FA) in the early stages and the
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to reveal the plaque pattern characterizing type 1
MNV.2-? The relatively recent introduction of a nonin-
vasive technique known as optical coherence tomogra-
phy (OCT) angiography (OCTA) has supplied further
details, as this technique is able to reconstruct the intri-
cate neovascular network growing within the sub-RPE
space.’
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Anti-VEGF intravitreal injections are widely known
to be an effective treatment for type 1 MNV.2 However,
in clinical practice, patients display diverse responses
to treatment, thus leading to variable visual outcomes.
Although several studies have tried to correlate imaging
findings with clinically useful information,* ¢ the
functional characterization of type 1 MNV remains a
challenging undertaking. A recent article showed that
quantitative OCTA parameters can separate differ-
ent MNV subgroups, helping to predict the 1-year
functional outcome after anti-VEGF treatment.’

The purpose of the present study is to describe the
quantitative OCTA characterization of the vascular
patterns of type 1 MNYV treated with anti-VEGF injec-
tions over a 24-month follow-up.

The study was designed as an interventional,
prospective case series with a 24-month follow-up.
All the patients were recruited at the Ophthalmol-
ogy Unit of San Raffacle Hospital, Milan, between
January 2016 and January 2017. Signed informed
consent was obtained from all patients. The whole
study was conducted in accordance with the Declara-
tion of Helsinki and approved by the Ethical Commit-
tee of the Vita-Salute San Raffaele University in
Milan. All consecutive patients with AMD with naive
subfoveal type 1 MNYV were recruited and underwent
ranibizumab 0.5 mg intravitreal treatment, including
a loading phase of 3 injections followed by further
anti-VEGF injections, in accordance with a pro-re-
nata regimen.

The inclusion criteria were: naive type 1 MNV
secondary to AMD, as identified on FA and confirmed
by means of ICGA (Spectralis HRA+OCT; Heidel-
berg Engineering, Heidelberg, Germany).

The following exclusion criteria were consid-
ered: retinal angiomatous proliferations, polypoidal
choroidal vasculopathy, pigment epithelium detach-
ment (PED) > 250 um, detected on structural OCT
because OCTA resolution is not high enough to
identify the lesions.® We also excluded patients with
high media opacity, any other type of retinal or optic
nerve diseases, ophthalmologic surgery within the
last 3 months, and any systemic condition potentially
affecting the analyses.

Ophthalmologic examination included best-
corrected visual acuity (BCVA) measurement using
standard early treatment diabetic retinopathy study
(ETDRS) charts, slit lamp biomicroscopy of anterior
and posterior segments, and Goldmann applanation
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tonometry. Fundus and structural OCT images were
acquired by means of Spectralis HRA+OCT, Heidel-
berg, Germany. Structural OCT acquisition protocol
included raster, radial and dense scans with a high
number of frames (ART > 25), and enhanced depth
imaging (EDI). Structural OCT scans were used to
measure central macular thickness (CMT) at baseline
and after the 2-year follow-up.

Baseline OCTA images were obtained by means of a
swept-source DRI OCT Triton (Topcon Corporation,
Tokyo, Japan), with both high-resolution 3 x 3-mm
and 4.5 x 4.5-mm acquisitions being included.

Automatic segmentation into superficial capillary
plexa (SCP), deep capillary plexa (DCP), and chori-
ocapillaris (CC) was obtained from OCTA acquisi-
tions. Each segmentation was carefully inspected and,
if necessary, manually corrected by two expert ophthal-
mologists (M.B.P. and A.A.), taking only high-quality
images (Topcon quality index > 80) into consideration.

All reconstructions were loaded in ImageJ software
(https://imagej.net/Welcome) to calculate vessel density
(VD). The “Adjust threshold” tool was used in ImageJ
to highlight the blood vessels and to reduce the noise.
The pipeline adopted for image binarization was: image
loading -> adjust threshold -> automatic mean thresh-
old. VD was calculated to determine the ratio of
white pixels to black. The foveal avascular zone was
manually segmented and excluded. Vessel tortuosity
(VT) and vessel dispersion (VDisp ) were measured
for each segmented MNV network.” VT is defined
as the ratio of the shortest pathway to the straight
line length, providing information about the vascu-
lar perfusion.”!® It was calculated on the basis of
an ImageJ automatic pipeline and included different
consecutive passages that were independent from the
researcher performing the analysis. The key passages
included binarization (as previously described for
vessel density), skeletonization (an automated method
that considers each vessel as a line, performed by means
of a “Skeletonize3D” pipeline included in Imagel),
and branch recognition, followed by the calculation of
the Euclidean distance for each line, which is the final
measure of the tortuosity. The Euclidean distance is
the ratio between each line’s length and the shortest
linear distance between the initial and the final point.
We used Strahler Analysis to accurately pick out each
root, thus reducing possible bias (https://imagej.net/
Strahler_Analysis#Root_Detection).!! In this way, it
was possible to determine the geometrical properties of
each MNV.!? The pipeline adopted to extract MNV VT
was: analyze -> skeleton -> analyze skeleton (Fig. 1).

VDisp is defined as a measure of the space-filling
of a given vascular tree and provides information
about the vascular network disorganization.'>-!3 VDisp
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Figure 1. Pipeline for vessel tortuosity calculation. The process
includes: MNV binarization through a mean threshold, MNV skele-
tonization by using “Skeletonize3D” function provided by ImageJ,
followed by analysis of the skeletonized image through the
“AnalyzeSkeleton” ImageJ pipeline. More details are provided in the
text.

was calculated assuming that all vessels follow certain
directions that can be studied through a Gaussian
function. The measure of data dispersion, defined as
the standard deviation from the Gaussian distribu-
tion, may express the disorganization of the MNV
vascular network.'# The calculation was done on skele-
tonized reconstructions by applying the “Direction-
ality” ImagelJ function and extracting data disper-
sion values.!>1® The pipeline adopted to extract MNV
VDisp was: analyze -> directionality -> Fourier
components method -> dispersion calculation.

We performed a receiver operating characteris-
tic (ROC) analysis on MNV VT and VDisp values
obtained from the neovascular networks, following the
same procedure previously reported,’ in order to place
patients into statistically differing subgroups for the
final BCVA outcome. In particular, the ROC analysis
was conducted considering eyes with a significant gain
in visual acuity at the end of the follow-up versus eyes
showing stable or worse conditions.

The presence of retinal/subretinal hemorrhages at
baseline, as found on biomicroscopic fundus exami-
nation, was recorded, and structural OCT was used
to detect the presence of subretinal fluid, pigment
epithelium detachment, and photoreceptor elongation.
Moreover, fundus images and structural OCT were
evaluated to assess the development of subretinal fibro-
sis and outer retinal atrophy. All the parameters were
noted as binary results. The presence of intraretinal
hyper-reflective foci (HF) were also investigated at the
baseline and at the end of the 2-year follow-up. In order
to make it easier to quantify HF in clinical settings, we
classified HF as follows: 0 (no HF), 1 (< 15 HF), 2 (<
30 HF), 3 (< 45 HF), and 4 (> 45 HF). We assessed
the relationship among intraretinal HF, BCVA, and VT
values of the MNV. We further categorized patients in
accordance with HF changes detected at the end of the
follow-up (reduced, stable, or increased HF). We also
performed an ROC analysis on HF to detect possible
cutoff values that would enable eyes with significant
visual acuity gain at the end of the follow-up to be
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segregated from eyes displaying stable or worse condi-
tions.

The statistical analyses were performed using the
I-way ANOVA test (SPSS, Chicago, IL, USA), with
statistical significance set at P < 0.05. Post hoc analy-
ses were focused on the analyses of differences between
the two subgroups of MNV group 1, MNV group 2,
and healthy controls. Owing to the multiple testing, the
Bonferroni approach was adopted to account for multi-
ple comparison issues; this choice resulted in an alpha
value of 0.05/10 = 0.005, which was required to obtain
an overall alpha value of 0.05.

All OCTA images were captured by two ophthal-
mologists (M.B.P. and A.A.) at least twice, in order to
assess both reproducibility and repeatability for all the
considered quantitative parameters.

Reproducibility and repeatability were assessed
in accordance with the British Standards Institute
and the International Organization for Standardiza-
tion.!” Furthermore, we calculated interclass corre-
lation coefficient (ICC) to assess the inter-graders
agreement through a two-way random-effects model,
provided in SPSS software.

One hundred twelve patients with newly diagnosed
type 1 MNV were recruited. Seventy-nine patients
were referred by external ophthalmologists, whereas
33 patients were examined in the outpatient depart-
ments of our institution. All the patients complained
of metamorphopsia and visual acuity deterioration
over the previous 30 days. Forty-five patients were
already under treatment for MNV in the fellow eye.
Twenty-nine patients were excluded owing to high
media opacities (14), glaucoma (7), diabetes mellitus
(5), and uncontrolled arterial hypertension (3).

As a result, 91 eyes of 91 patients (49 men; mean
age 78 £ 7 years) were ultimately involved in the analy-
ses. Mean BCVA was 0.46 + 0.56 logarithm of the
minimum angle of resolution (logMAR) at baseline,
which was found to have improved to 0.29 4+ 0.30
after 2 years of treatment, with a mean number of 7.1
4 2.0 and 4.5 4+ 1.4 intravitreal injections during the
first and second years of follow-up, respectively (total
number of injections: 11.6 + 2.2). These patients were
matched by a control group composed of 91 eyes of 91
healthy subjects (46 men; mean age 77 & 8 years; mean
logMAR BCVA 0.0 £ 0.0).

All patients showed type 1 MNV of FA (Fig. 2),
with pigment epithelium detachment in 69 eyes (76%).
Structural OCT showed the presence of a hyper-
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Figure 2. FA andICGA imagesin type 1 MNV. FA shows unremarkable changes in the early stage (A), whereas increased filling and leakage
phenomena (arrow), including the typical pinpoint aspect (white asterisk), can be observed in the intermediate (B) and late stages (C). ICGA
shows increased perfusion defects from early (D) to intermediate (E) and late (F) stages, with plaque aspect of the neovascular network

(orange asterisk).

Figure 3. OCTA images in type 1 MNV. The superficial capillary plexus appears preserved (A), whereas the deep capillary plexus results
rarefied (B). A clear neovascular network is reconstructed in (C). Choriocapillaris shows normal morphology in the extra-lesional region,
whereas the neovascular lesion causes a masking of the perfusion in the involved region (D). The correspondent segmentation layers on the

OCT B-scans are shown in the lower part of the images.

reflective lesion localized below the RPE, in associa-
tion with subretinal fluid in all the eyes. OCTA detected
the presence of a neovascular network in the sub-RPE
space in all cases (Fig. 3). All demographic and clinical
data are reported in Table 1.

ROC analysis highlighted the following VT cutoff
values: 8.35 (0.846 sensitivity and 0.865 specificity),
8.40 (0.9 sensitivity and 0.898 specificity), and 8.45
(0.868 sensitivity and 0.854 specificity). In accordance
with our previous experience, we adopted the VT cutoff
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Table 1. Demographic and Clinical Features
Demographic and Clinical Features
Type 1 MNV Controls

Mean STD Mean STD PValue
Age 78 76 9 >0.05
Sex (M/F) 49/42 46/45 >0.05
BCVA logMAR baseline 0.46 0.56 0.0 0.0 <0.01
BCVA logMAR 2y 0.29 0.30 <0.01
No. of injections 2 y 10.91 1.88 0 0 <0.01
CMT baseline 373.76 85.61 296.33 12.80 <0.01
CMT 2y 346.95 85.19 <0.01
VD SCP baseline 0.38 0,02 0.42 0.02 <0.01
VD DCP baseline 0.36 0.03 0.44 0.01 <0.01
VD CC baseline 0.45 0.04 0.50 0.01 <0.01

BCVA Changes Trend in Group 1 and Group 2 MNV

2,50
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LogMAR BCVA

-0,50
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Figure 4.

=o-Delta BCVA Group 2

Eyes

=0-MNV VT Group 1 MNV VT Group 2

Line plot of VT values, showing that group 1 (red line) and group 2 (green line) indeed represent two distinct populations of

patients affected by type 1 MNV. Moreover, delta BCVA was plotted to highlight how group 1 (blue line) shows an improvement, whereas
group 2 (orange line) reveals a deterioration at the end of the follow-up.

of 8.40 to characterize MNYV lesions better. In this
way, we were able to isolate a subgroup of low VT
(VT < 8.40) and a subgroup showing high VT (VT >
8.40). VT values within the two distinct populations
are plotted in Figure 4. Representative cases of the
two subgroups are shown in Figure 5 and Figure 6.
These two subgroups differed significantly in terms of
baseline photoreceptor elongation, subretinal fluid at
the 2-year follow-up examination, subretinal fibrosis,

and atrophy rate (Table 2). No difference was found
between low and high VT subgroups with regard to the
number of injections over the first and second years of
the follow-up (P > 0.05).

Intraretinal HFs were detected in all our patients
at baseline, with no statistically significant differences
between MNYV group 1 and MNYV group 2 (P > 0.05).
In contrast, intraretinal HF proved to be remark-
ably higher in patients in MNV group 2 (VT > 8.40)



translational vision science & technology

Quantitative OCTA in AMD-Related Type 1 MNV

TVST | August 2020 | Vol.9 | No.9 | Article 48 | 6

Figure 5. Type 1 MNV case classified as group 1 (VT < 8.40). OCTA clearly reconstructs SCP (A), DCP (B), MNV (C), and CC (D). Baseline
features are shown in (E) and (F). After anti-VEGF treatment, exudation was found to be markedly reduced, as was the progression of the
outer retinal atrophy at both the 1-year (G, H) and 2-year (1, J) follow-ups.

(P < 0.01). Moreover, in group 1 (VT < 8.40) 56%
of patients showed reduced HF at the end of the 2-
year follow-up, 35% showed stable HF and 9% showed
increased HF with respect to baseline. Conversely,
intraretinal HFs were found to be considerably higher
at the end of the 2-year follow-up in group 2 compared
with group 1 (P < 0.01).

LogMAR BCVA significantly correlated with the
number of HF, both at baseline (Tau coefficient 0.189;
P = 0.02) and at the 2-year follow-up (Tau coefficient

0.343; P < 0.001). Interestingly, MNV VT values corre-
lated with HF number only at 2-year follow-up (Tau
coefficient 0.553; P < 0.001).

The ROC analysis specifically performed on
HF showed that HF < 30 could divide MNV
eyes into 2 clinically different subgroups, with
0.667 sensitivity and 0.534 specificity, turning
out to be less sensitive overall than MNV VT in
separating a different functional outcome in MNV
subgroups.
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Figure 6. Type 1 MNV case classified as group 2 (VT > 8.40). OCTA clearly reconstructs SCP (A), DCP (B), MNV (C), and CC (D). Baseline
features are shown in (E) and (F). Exudation was found to have diminished markedly following anti-VEGF treatment. However, the onset and
progression of outer retinal atrophy are clearly visible, together with the development of intraretinal cysts associated with progressively
deteriorating conditions at both the 1-year (G, H) and 2-year (1, J) follow-ups.

All the measures performed showed high repro-
ducibility and repeatability, as reported in Table 3.

Discussion

Type 1 MNV is a common manifestation of
advanced AMD and leads to visual acuity loss. The

possibility of multimodal imaging to predict the final
visual outcome of patients treated with intravitreal
anti-VEGF is still some way off; there do exist a
number of biomarkers,* ¢ although, as yet, there are
no specific correlations with MNYV activity.

In our study, quantitative OCTA assessment
enabled two clinically different subgroups of patients
affected by type 1 MNYV to be identified: a low VT and
a high VT subgroup, the former with better clinical
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Group 1 (45 Eyes) Group 2 (46 Eyes)
(VT < 8.40) (VT > 8.40)
Mean STD Mean STD PValue

Age 76.70 8.17 78.83 5.91 >0.05
Sex (M/F) 24/21 25/21 >0.05
BCVA logMAR baseline 0.47 0.47 0.47 0.47 >0.05
BCVAlogMAR 2y 0.22 0.21 0.41 0.30 <0.01*
No. of intravitreal injections 2 y 12.11 222 11.66 1.98 >0.05
CMT baseline 394.42 85.07 353.55 82.06 <0.05*
CMT 2y 363.99 86.20 330.29 81.71 >0.05
VD SCP baseline 0.38 0.03 0.38 0.02 >0.05
VD DCP baseline 0.37 0.03 0.36 0,03 >0.05
VD CC baseline 0.45 0.05 0.46 0.03 >0.05
VT MNV baseline 7.58 0.42 9.59 1.30 <0.01*
VDisp MNV baseline 23.35 9.02 22.30 6.89 >0.05
Blooding at baseline 3.7% 8.19%
Pigment epithelium 34.75% 40.87%

detachment at baseline
Subretinal fluid at baseline 43.95% 41.90%
Photoreceptors stretch at 36.81% 25.55%

baseline
Subretinal fibrosisat 2y 6.13% 15.32%

follow-up
Outer retinal atrophy at 2 y 8.18% 23.51%

follow-up

Table 3. Reproducibility and Repeatability of OCTA
Quantitative Parameters

Reproducibility and Repeatability
of OCTA Quantitative Parameters

Parameter Reproducibility Repeatability
VD SCP 0.96 0.95
VD DCP 0.91 0.90
VD CC 0.98 0.98
VT MNV 0.95 0.93
VDisp MNV 0.92 0.91

features than the latter. These groups differed signif-
icantly in terms of visual outcome after 2 years of
treatment, as well as with regard to the development
of degenerative retinal features, including subretinal
fibrosis and outer retinal atrophy. Specifically, the low
VT subgroup displayed better final visual outcomes
along with less severe signs of degenerative outer
retinal alterations. Interestingly, the low VT subgroup
showed worse baseline BCVA than the high VT

subgroup, although this difference was not statistically
significant. This finding might be explained by the
greater incidence of photoreceptor elongation found
in the low VT subgroup, possibly due to photoreceptor
distress, together with the better anatomic as well as
functional recovery after treatment. Our ROC analysis
exhibited the same MNV VT cutoff already found in
our previous investigation.” It is worth noting that
both subgroups required a similar number of intravit-
real injections. MNV showing higher VT may therefore
be characterized by a more florid and more alarming
neovascular network. Indeed, as previously reported,
VT may be considered a measure of the amount of
perfusion involving the retinal vascular network.!'® In
addition, the higher VT might be predictive of a more
likely development of subretinal fibrosis and outer
retinal atrophy — conditions leading to a worse visual
outcome after 2 years of follow-up. It is also notewor-
thy that the two subgroups did not differ at baseline
in terms of retinal/subretinal hemorrhages, pigment
epithelium detachment, and subretinal fluid, suggest-
ing that these biomarkers are less strictly related to
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anatomic and functional outcomes than VT. Intrareti-
nal HF represents a valid biomarker of the MNV’s
response to treatment, HF reduction after treat-
ment being related to better functional and anatomic
outcomes. However, ROC analyses revealed that HF
proved less reliable than MNV VT in differentiating
clinically relevant MNV subgroups.

We are aware that our study has several limitations
and should be viewed as merely a preliminary study
outlining a possible approach that may be taken up by
larger surveys with longer-term follow-ups. Moreover,
quantitative OCTA analyses depend on high-quality
images and can be affected by artifacts, as well as
being more difficult in the presence of retinal angioma-
tous proliferation, polypoidal choroidal vasculopathy,
or high PED.'®2° Mindful of this, all precautions
were taken to minimize potential pitfalls. We further
acknowledge that pathogenetic mechanisms hypothe-
sized on the basis of our imaging-based findings would
need histopathological validation. Our study cannot
claim to have reached any definitive conclusions as it
did not analyze enough cases and its follow-up was too
short. Another weakness is the simple binary classifica-
tion of clinical data (atrophy, fibrosis, and hemorrhage)
that was adopted in preference to a precise quantifica-
tion.

Last, it is our intention to complete our analyses
by including the OCTA parameters during the follow-
up and at the end of the follow-up. We have been
following the patients in order to obtain these data, but
they are very difficult to interpret owing to the various
changes that occur with the passage of time. As a result,
we believe that although baseline MNV analyses using
quantitative OCTA parameters can yield some useful
prognostic pointers, follow-up research may need more
advanced technological tools.

In essence, the present study showed that a quantita-
tive OCTA categorization of type 1 MNV secondary to
AMD can provide useful information in terms of clini-
cal and functional outcomes after anti-VEGF treat-
ment. In anticipation of future artificial intelligence-
based assessments, the adoption of a quantitative-
based MNV subclassification might help improve
patient categorization, reducing the inherent short-
comings of subjective evaluation. Further studies are
warranted to confirm our findings.
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