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Fractal analysis of polypoidal choroidal
neovascularisation in age-related macular
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ABSTRACT

Aim To describe optical coherence tomography
angiography (OCTA) features of polypoidal choroidal
neovascularisation (PCNV) secondary to age-related
macular degeneration.

Methods A retrospective consecutive series of 51
patients with a diagnosis of PCNV, based on clinical and
multimodal imaging, was analysed. All patients with
PCNV underwent a comprehensive ophthalmological
examination, including fluorescein and indocyanine green
angiography, structural optical coherence tomography
(OCT) and OCTA. Two blinded retinal specialists carefully
reviewed OCTA slabs in order to assess the morphological
patterns of PCNV lesions. Furthermore, fractal analysis of
PCNV en face images on OCTA, including vascular
perfusion density (VPD), fractal dimension (FD) and
lacunarity (LAC), was performed.

Results Fifty-one PCNV eyes were included in the study.
In all, the branching vascular network appeared hyper-
reflective. Polyps showed two different patterns: in 34/51
(67%) eyes, they corresponded to hypo-reflective
structures, whereas in the remaining 17 (33%) eyes, they
appeared as hyper-reflective lesions. In all PCNV eyes,
mean VPD, FD and LAC were 0.76+0.17%, 1.46+0.12
and 2.4+0.87, respectively. No significant difference was
found between PCNVs showing a different OCTA pattern,
in terms of quantitative OCTA parameters.

Conclusion Fractal analysis provides quantitative
parameters demonstrating that PCNVs with different
OCTA patterns share the same neovascular architecture
and branching complexity. These new findings improve
our ability to interpret OCTA slabs, opening new areas of
discussion about this type of neovascular lesion.

INTRODUCTION
Polypoidal choroidal vasculopathy (PCV), first
described by Yannuzzi et al,' is believed to be an
acquired abnormal choroidal vasculopathy, charac-
terised by polypoidal dilations (named polyps) aris-
ing from terminal ends of a choroidal branching
vascular network (BVN) underneath the retinal pig-
ment epithelium (RPE).! 2

Recently, two different types of PCVs have been
distinguished: type 1 PCV, also named ‘polypoidal
choroidal neovascularisation’ (PCNV), located in
the sub-RPE space, and type 2 PCV, also called
‘typical PCV’, showing a choroidal localisation.?

Even though more commonly detected in pig-
mented individuals, PCV lesions have been
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described in all ethnic groups as a recurrent cause
of acute vision loss secondary to serous and haemor-
rhagic pigment epithelium detachment (PED).*

Clinically, PCV is characterised by the presence of
polypoidal lesions, which usually appear as reddish-
orange spheroidal subretinal structures arising from
choroidal vessels." *

On spectral-domain optical coherence tomogra-
phy (SD-OCT), polypoidal dilatations appear as
dome-like RPE elevations (‘peaked PED’) with
moderate internal reflectivity, while the BVN corre-
sponds to the two hyper-reflective lines represent-
ing Bruch’s membrane and RPE (‘double-layer
sign’).* ¢ 7

Currently, indocyanine green angiography
(ICGA) is still recognised as the gold standard for
PCV diagnosis, thanks to its ability to detect differ-
ent structures located underneath the RPE, such as
the BVN and polypoidal dilations.® However, ICGA
is expensive, time-consuming and associated with
the rare, but serious, risk of allergic or anaphylactic
reaction.” '°

Recentlyy, =~ OCT  angiography  (OCTA),
a relatively novel non-invasive imaging modality
that can generate detailed angiographic images
without dye administration in a few seconds,
has been introduced in the clinical practice.” '*
Thanks to its numerous advantages over ICGA,
OCTA is now considered as an important, highly
sensitive, non-invasive alternative or adjunct to
traditional multimodal imaging in the detection
of neovascular lesions secondary to age-related
macular degeneration (AMD), PCV
included.'*™"*

In particular, in 32 AMD eyes assessed by tradi-
tional multimodal imaging and OCTA, the latter
technique confirmed the presence of choroidal neo-
vascularisation (CNV) in 81.3% of cases.'> OCTA is
also highly sensitive in the detection of inactive
CNV, because OCTA visualisation of neovascular
lesions is not affected by their activity level and
vascular leakage.'® ® 7 Similar data have been
shown for PCV secondary to AMD. In fact, Huang
et al" reported high OCTA sensitivity rates in the
detection of both BVN and polyps (90% and 86%,
respectively), in a cohort of 50 patients.

There is no general agreement on how polypoidal
lesions appear on OCTA. Some authors have
described them as hypo-reflective aneurysmatic
dilations, whereas according to others, they appear
as hyper-reflective lesions.'® '8 19
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Although some theories have been proposed, the reason why
PCV may show different features on OCTA scans remains unclear.
Recently, fractal analysis of OCTA images has been reported to
provide quantitative parameters that are strongly correlated with
the OCTA appearance of neovascular lesions in patients with
AMD.?° ! To the best of our knowledge, we are unaware of
any former published study investigating the application of fractal
analysis to PCV lesions resistant to intravitreal injections of anti-
vascular endothelial growth factor (VEGF) agents, the current
gold standard in the treatment of PCV.

Several reports have demonstrated the ability of anti-VEGF
therapy to decrease exudation and improve, or at least stabilise,
vision in these patients; however, only minimal changes have
been noted in PCV regression, resulting in frequent recurrences
of the disease.

Actually, PCV is considered a chronic disorder, needing
a continuous, long-term follow-up and treatment.*

Therefore, the aim of this study was to report quantitative
OCTA parameters of PCNV resistant to anti-VEGF treatment in
patients with AMD, in an attempt to better understand the dif-
ferent OCTA presentations of PCNV.

METHODS

This was a retrospective review of all PCNV cases presented at the
Odeon Ophthalmology Center, Paris, France, and the
Department of Ophthalmology, University Paris Est, Creteil,
France, between 6 January 2015 and 19 April 2017.

This study was conducted in compliance with the tenets of the
Declaration of Helsinki for research involving human subjects
and was approved by the Paris and Creteil Institutional Review
Committees. Included patients signed a written informed consent
to participate in this observational study.

For each patient, PCNV diagnosis, based on the presence of the
typical BVN and polypoidal dilations on ICGA,' * ® was con-
firmed by an expert blinded retinal specialist (FC), who meticu-
lously reviewed all clinical and multimodal imaging
data, including best corrected visual acuity (BCVA), fluorescein
angiography (FA), ICGA (Heidelberg Engineering, Germany),
SD-OCT (Heidelberg Engineering) and OCTA.

Exclusion criteria were the presence of any other concomitant
ocular disease potentially affecting imaging interpretation (eg,
myopia >6 D), ocular inflammation, angioid streaks, relevant
opacities of the optic media and history of laser photocoagulation
and photodynamic therapy.

All patients enrolled in the study underwent a comprehensive
ophthalmic examination, including BCVA measured using the
ETDRS charts, multimodal imaging evaluation (FA, ICGA and
SD-OCT), and OCTA examination using either the swept-source
OCTA Triton (Topcon, Tokyo, Japan) or AngioVue XRTVue
Avanti (Optovue, Fremont, California, USA).

The 3 X3 angiocube was centred on the PCNV lesions and their
appearance was analysed and compared with ICGA. PCNV
lesions not entirely included in the OCTA scans were excluded.

Automatic OCTA segmentation was performed by the software
embedded in the computer hardware and carefully adjusted in
order to better detect blood flow abnormalities suggestive of
PCNV and remove immediately segmentation artefacts.

The automatic segmentation provided by the OCTA software
was manually adjusted for correct visualisation of the capillary
plexus, outer retinal layers and choriocapillaris, in order to better
identify the PCNV plane. Furthermore, manual adjustment of the
thickness between the two segmentations was necessary to
improve PCNV visualisation on the corresponding en face

angiogram and immediately remove potential confounders,
such as shadowing or projection artefacts.

Then, the location and appearance of each PCNV lesion were
analysed by two blinded retinal specialists (RS and FC) and
compared with ICGA.

In order to estimate vascular perfusion density (VPD), fractal
dimension (FD) and lacunarity (LAC) of the PCNVs, en face
OCTA images of the outer retina segmentation were exported
into a previously validated custom graphical user interface built
in MATLAB (v.r2018a) coding language. Poor quality images
with a signal strength index <60 and residual artefacts were
excluded from the analysis.

Images were binarised using the Otsu method,** while filtering
of speckle noise was achieved by using a median filter of radius 2
pixels. Small, non-connected pixels <10 were removed. The
density map was computed, and the highest density zone was
identified. Quantitative OCTA analyses of the blood flow area,
VPD, FD and LAC were performed using a graphical interface.
The box-counting method at multiple origins was applied to the
image of the binary skeleton to estimate the FD and LAC of the
vascular network, which are global indices of morphological com-
plexity and structural non-uniformity, respectively. VPD was
defined as the total area of perfused vasculature (on the binarised
image) per unit area in a region of measurement®* (figure 1).

The results were then automatically exported into a different
file for statistical analyses.

Results of descriptive analysis are expressed as counts and
percentages for categorical variables and as mean+SD for quan-
titative variables.

After testing data distribution for normality, paired t-test for
continuous variables was performed, as appropriate.

Comparison of mean BCVA between eyes with hypo-reflective
and hyper-reflective polyps was performed using the Student’s
t-test. A p value <0.05 was considered to be statistically
significant.

The study data were analysed using the Statistical Package for
Social Sciences version 20.0 for Mac (IBM, Chicago, IL).

RESULTS

A total of 51 patients (31 males, 20 females; mean age 71.73
+12.31 years) was included in the study. Eleven patients were
enrolled at the Odeon Ophthalmology Center in Paris, France,
whereas the remaining 40 were recruited at the Department of
Ophthalmology of the University of Paris Est, Creteil, France.

In 33/51 (64.7%) eyes, PCNVs were located in the macular
region, while only 18/51 (35.3%) eyes showed PCNVs close to
the optic disc.

SD-OCT revealed the presence of subretinal fluid in 40/51
(78.4%) eyes, of whom seven had an associated haemorrhagic
component. Intraretinal fluid was observed in 2/51 (4%) eyes; the
remaining 9/51 (17.6%) showed both subretinal and intraretinal
fluid.

In all cases, early ICGA phase revealed a hyperfluorescent
neovascular network corresponding to the BVN with peripheral
aneurysmal dilations.

Comparison of mid/late ICGA and OCTA revealed a perfect
correspondence in shape and location between the hyperfluores-
cent BVN on ICGA and the hyper-reflective network on OCTA,
appearing as a flat, hyper-reflective PED on simultaneous struc-
tural OCT.

Additionally, polypoidal lesions appearing as aneurysmatic
hyperfluorescent dilations on ICGA perfectly corresponded to
roundish hypo-reflective structures in 34/51 (67%) eyes and
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Figure 1
tomography angiography images. (A, D) En face outer retina images were exported and then imported into a custom graphical user interface built in
MATLAB (v.r2018a) coding language. (B, E) Then, images were binarised using the Otsu method. The speckle noise was filtered to identify the vascular
network and thus estimate the vascular perfusion density. (C, F) Finally, images were skeletonised to estimate fractal dimension and lacunarity by box-
counting method, using the graphical interface.

hyper-reflective lesions in 17 (33%) eyes, on OCTA slabs of the
outer retina.

Representative images of different OCTA patterns of PCNV
are shown in figures 2 and 3.

All OCTA findings were matched with the results of multi-
modal imaging, so as to be sure of the correct location of the
PCNV during segmentation analysis.

All eyes were previously treated with intravitreal anti-VEGF
agents (mean 5.04+1.56 intravitreal injections).

Mean BCVA was 83.22+14.91 ETDRS letters, and no differ-
ence was found in terms of mean BCVA between eyes showing
polyps with a different OCTA appearance (hypo-reflective vs
hyper-reflective polyps).

In PCNV eyes, mean VPD was 0.76*=0.17%, mean FD 1.46
+0.12 and mean LAC 2.4+0.87. No statistical difference was
found between the two PCNV patterns for all fractal parameters
analysed. All demographic characteristics and quantitative OCTA
findings are summarised in tables 1 and 2, respectively.

DISCUSSION
In the last few years, the spread of OCTA in the clinical practice
has improved our ability to study PCNYV, increasing the under-
standing of this neovascular disorder.!" 13 13 18 1925

Indeed, some investigations have assessed the three-
dimensional structure of PCNYV, in an attempt to establish the
exact retinal location of the different PCNV components.* %°

Representation of the algorithm used to measure quantitative polypoidal choroidal neovascularisation parameters, on optical coherence

These OCTA studies have suggested that polyps and BVN are
situated in the compartment space between the RPE and Bruch
membrane, rather than in the inner choroid, as previously
hypothesised on the basis of traditional clinical findings and
angiographic interpretations.”® %’ Other reports have detailed
the morphological appearance of PCNV secondary to AMD but
showed conflicting results. Actually, although en face angiograms
clearly show BVN as a hyper-reflective lesion corresponding to
a flat PED in structural OCT, the OCTA appearance of polyps
remains still debatable.'® *® 1?

Kim et al'® evaluated a cohort of 24 eyes with PCNV and
rated them as hypo-reflective aneurysmatic dilatations in 50%
of cases. Similarly, in a study on 12 PCNV eyes, Srour et al'?
described the polyps as roundish hypo-reflective structures at
the edge of the BVN in nine eyes and as hyper-reflective
lesions in the remaining three. Conversely, in a cohort of 20
Asiatic patients assessed with swept-source OCTA, Bo et al'’
observed that all polyps appeared as densely or loosely
tangled vessels before and after treatment, respectively, rather
than aneurysmatic structures.

Some disagreement on how the polypoidal lesions appear on
OCTA was also found in our survey. Although the BVN appeared
as a hyper-reflective network on the outer retina OCTA segmen-
tation in all the affected eyes, polyps appeared as hypo-reflective
aneurysmatic structures in 34/51 (67%) eyes and as hyper-
reflective lesions in the remaining 17 (33%).
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Figure 2 Left eye: multimodal imaging and optical coherence
tomography angiography of a polypoidal choroidal neovascularisation,
secondary to age-related macular degeneration. (A, B) Early- and
mid-frame of indocyanine green angiography showing the presence of
a hyperfluorescent vascular network suggestive of branching vascular
network (BVN) with a roundish hyperfluorescent lesion suggestive of

a polyp, arising at the terminal ends. (C) En face angiogram of the outer
retina segmentation shows a hyper-reflectiveneovascular network
suggestive of the BVN with a hypo-reflective roundish region at
theterminal ends corresponding to a hypo-reflective polyp (white arrow).
(D) Spectral-domain optical coherence tomography reveals the presence
of double-layersign, represented by two hyper-reflective lines, inner
signifying shallow retinal pigmentepithelium detachment (PED) (black
arrow), and outer signifying Bruch's membrane (whitearrow) indicative
of BVN and a peaked PED corresponding to the polyp (white asterisk).
Note the hypo-reflective area suggesting a subretinal fluid accumulation
(see white line inA).

The reason why polyps show different features on OCTA is still
amatter of debate. It is important to note that the ability of OCTA
to visualise the blood flow within retinal vessels is limited to
a certain range of flow velocities (minimum: 0.5-2 mm/s, satura-
tion: 9 mm/s estimated for current devices). Theoretically, some
neovascular networks or parts of them may have a flow speed
below the OCTA detection limit.*® In such a condition, polyps
may appear as hypo-reflective lesions.

Rebhun ez al,>® using a novel OCTA algorithm termed Variable
Interscan Time Analysis, have recently demonstrated the presence
of variable flow speeds in the different PCNV components and
also within the single polyp. In particular, a range of fast/moder-
ate blood flow speeds was found in the BVN, whereas polyps
were characterised by slow flow speeds. Interestingly, some
polyps showed two different flow speeds within the same lesion,
one with a faster and another with a slower flow, thus suggesting
a turbulent flow within the polyp, which may account for the
absence of OCTA signal in most of them.'* This theory has also
been used to explain the OCTA appearance of diabetic retino-
pathy microaneurysms, which shares several features with PCNV,
including the turbulent flow within the lesion and the hypo-
reflectivity on OCTA.?°

Traditionally, the belief that polyps have a turbulent blood flow
comes from the phenomenon of dye washout and pulsatile blood
flow observed on ICGA.3! 32 However, this ICGA feature is not

Figure 3 Right eye: multimodal imaging and optical coherence
tomography angiography of a polypoidal choroidal neovascularisation,
secondary to age-related macular degeneration. (A, B) Early- and
mid-frame of indocyanine green angiography showing the presence of
a hyperfluorescent vascular network suggestive of branching vascular
network with a hyperfluorescent lesion suggestive of a polyp. (C) En face
angiogram of the outer retina segmentation shows a hyper-reflective
neovascular network suggestive of the BVN with a hyper-reflective region
corresponding to a hyper-reflective polyp (white arrow). (D) Spectral-
domain optical coherence tomography reveals the presence of a notched
retinal pigment epithelium detachment (PED). Note the notch of the PED
(black arrow), along with hypo-reflective lumen (white asterisk)
surrounded by hype-reflective ring (white arrow) attached to
undersurface of retinal pigment epithelium (see white line in A).

detectable in all PCNVeyes. On the basis of OCTA analysis, it has
been hypothesised that the turbulent blood flow observed in
polyps may be caused by the presence of vascular dilations and
changes in vascular calibre and direction within the lesion."’

Recently, some authors have postulated that quantitative
OCTA parameters obtained by fractal analysis of en face angio-
grams, such as VPD, FD and LAC, could be reliable biomarkers
for an objective assessment of the clinical activity, natural history
and prognosis of neovascular lesions secondary to AMD.> 2!
Serra et al*® have demonstrated that FD and LAC are useful
biomarkers to distinguish type 1 CNVs with different natural
history and prognosis. Similarly, Al-Sheik et al*! claimed that
FD may be a potential biomarker to assess type 1 CNV clinical
activity. However, in both studies,?® ! there was no evidence of
fractal analysis of OCTA slabs performed in eyes showing PCNV
secondary to AMD.

In our investigation, VPD, FD and LAC were 0.76+0.17%,
1.46=0.12 and 2.4%+0.87, respectively. Comparing our results
with previously published data,?! active PCNVs seem to show
higher VPD and lower FD values than those found in active type 1
CNV, a finding suggesting that the neovascular architecture in
PCNVs is different from that in type 1 CNV.

PCNV and type 1 CNV share many similarities in terms of
therapy and prognosis; therefore, according to the latest research
and classification, PCNV has been included in the type I CNV
group.”® Conversely, our fractal analysis data seem to support the
idea that PCNVs are separate entities, rather than variants of occult
CNVs.*
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Table 1 Demographic features of polypoidal choroidal
neovascularization patients showing polyps with a different
appearance on optical coherence tomography angiography (n=51)

PCNV with PCNV with
hypo-reflective polyps  hyper-reflective polyps

Total eyes, n (%) 34 (67) 17 (33)

Sex

» Male, n (%) 19 (55.8) 12 (70.5)

» Female, n (%) 15 (44.2) 5(29.5)

Age, meanSD (years) 74.45+12.56 68+11.29

BCVA, mean+SD (ETDRS ~ 82.89+15.48 83.75+14.63

letters)

Categorical variables are presented as n (%).
Continuous variables are presented as mean-SD.
BCVA, best corrected visual acuity; PCNV, polypoidal choroidal neovascularisation.

Table 2 Quantitative optical coherence tomography angiography
(OCTA) parameters of polypoidal choroidal neovasculariszation eyes
showing polyps with a different OCTA appearance

PCNV with PCNV with

hypo-reflective hyper-reflective

polyps polyps P value
VPD, mean=SD (%) 0.73+0.17 0.80+0.15 >0.05
FD, mean+SD 1.47+0.12 1.46+0.12 >0.05
LAC, mean+SD 2.81+0.98 2.30+0.76 >0.05

Continuous variables are presented as mean=+SD.
FD, fractal dimension; LAC, lacunarity; PCNV, polypoidal choroidal neovascularisation;
VPD, vascular perfusion density.

Although the first description of PCNV dates back to more
than 30 years ago," whether PCNV is a variant of CNV secondary
to AMD, or a distinct entity, is still a matter of debate.** The aim
of our study was simply to report quantitative OCTA parameters
in PCNVand not to compare PCNV with type 1 CNV. Therefore,
future studies are necessary to resolve this actual controversy in
clinical retinal research.

After comparing BCVA and quantitative parameters of eyes
with different OCTA patterns of PCNV, we failed to find any
statistical difference. This result suggests that PCNVs with differ-
ent OCTA patterns are likely to share the same neovascular
organisation and branching complexity. However, we cannot
rule out that the different OCTA appearance of polyps might be
somehow related to shadowing artefacts. Noteworthy, the more
superficial retinal layers and vessels may be falsely detected in the
deeper layers because of OCTA projection artefacts. Indeed, since
transmitted light diffuses through flowing blood, the deeper
layers are reached by fluctuating light, which can create
a decorrelation between two successive B-scans at the same
location.® Furthermore, RPE and Bruch membrane alterations,
relatively common in patients treated with anti-VEGF agents,
may contribute to the hyper-reflective polyp appearance on
OCTA scans, due to lower blockade of the light source by RPE.
Spaide et al*® have clarified that the signal from the choroid is
low, in comparison to the retina, as light is lost because of scatter-
ing and attenuation by RPE and the dense microvasculature in the
choriocapillaris. In fact, it is well known that choroidal vessels
appear white in areas of RPE atrophy, but they are black in areas
with normal RPE.?”

Therefore, this raises the interesting questions as to whether
treatment-naive PCNVs show similar features on OCTA.

Our study has several limitations, mainly due to its retrospec-
tive nature and the relatively small number of eyes analysed.
Furthermore, it is important to acknowledge that the presence
of a large serosanguinous PED, haemorrhage or extensive exuda-
tion, typically seen in eyes with active PCNV,' might have some-
how influenced fractal analysis results. Last, but not least, we used
two different OCTA devices to evaluate PCNV eyes.

As far as we know, this is the first investigation performing fractal
analysis on en face angiograms of PCNV secondary to AMD and
reporting quantitative OCTA features of PCNV eyes. Furthermore,
on the basis of OCTA fractal analysis results, we have demonstrated
that PCNVs showing a different appearance on OCTA share the
same neovascular organisation and branching complexity and cause
equal visual loss. These new findings improve our understanding of
PCNV appearance on OCTA, potentially increasing our ability to
interpret OCTA slabs and opening new areas of discussion about
this type of neovascular lesion.
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