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AbsTrACT
Objective Optical coherence tomography angiography 
(OCT- A) enables detailed visualisation of the vascular 
structure of choroidal neovascularisation (CNV). The aim 
of this study was to determine whether mathematically 
ascertained OCT- A vascular parameters of type 1 and type 2 
CNV in exudative age- related macular degeneration (AMD) 
change during antivascular endothelial growth factor (anti- 
VEGF) treatment. The OCT- A vascular parameters were also 
compared with previously obtained activity parameters (fluid 
distribution on spectral domain OCT (SD- OCT)) to establish 
whether they could potentially be used as further ‘activity 
parameters’ for assessment of anti- VEGF treatment.
Methods and Analysis We evaluated 27 eyes of 27 
patients (mean follow- up 9.8 months) with type 1, type 2 
or mixed CNV who had received anti- VEGF treatment (IVAN 
scheme). The parameters analysed were area (aCNV), total 
length of all vessels (tlCNV), overall number of vascular 
segments (nsCNV) and fractal dimension (FD) of the CNV. The 
changes in each of these parameters were correlated with 
the central foveal thickness (CFT).
results Regression and renewed perfusion of the CNV 
corresponded with the decrease or increase, respectively, 
of macular fluid distribution on SD- OCT. The increase and 
decrease of CFT during anti- VEGF treatment were highly 
significantly correlated with changes in FD (p<0.00001), 
aCNV (p<0.00001), tlCNV (p<0.00001) and nsCNV 
(p<0.00001).
Conclusion OCT- A enables detailed analysis of AMD with 
regard to FD, aCNV, tlCNV and nsCNV. As the changes in 
these parameters correlate closely with changes on SD- OCT, 
they can be used as new activity parameters, alongside 
fluid distribution, for assessment of treatment effect and 
as parameters of stabilisation or the need for repeated 
treatment.

InTrOduCTIOn
Technical advances in retinal imaging during 
recent decades have opened up new diag-
nostic options in retinology. The year 1961 
saw the introduction of fluorescein angi-
ography (FA), which detected retinal and 
choroidal vascular pathology by tracing 
the hyperfluorescent or hypofluorescent 
distribution of intravenously administered 

fluorescein.1 Since 1973, indocyanine green 
(ICG) has also been used as a fluorescent 
dye for angiography in particular morpho-
logical circumstances. Because ICG binds 
almost completely to plasma proteins, it stays 
in the blood vessels for a longer time and 
shows less leakage. In 1991, optical coherence 
tomography (OCT) was introduced, initially 
permitting assessment of the retina and the 
vitreoretinal interface.2 The development 
of spectral domain OCT (SD- OCT) yielded 
ever- improving resolution and shorter exam-
ination times, enabling differentiation of the 
individual layers—the inner and outer retinal 
layers, the retinal pigment epithelium (RPE), 
and the choroid—and established OCT as 
part of the retinal diagnostic work- up. The 
latest advance is OCT angiography (OCT- 
A), first described by Yu and Chen in 2010.3 
OCT- A yields new insights into the physiolog-
ical and pathological blood flow in the retina 
and choroid, and is non- invasive in contrast 
to FA. The examination time is also shorter, 

Key messages

What is already known about this subject?
 ► Optical coherence tomography angiography (OCT- A) 
showed detailed visualisation of the vascular struc-
ture of choroidal neovascularisation (CNV).

What are the new findings?
 ► OCT- A enables detailed analysis of age- related mac-
ular degeneration with regard to fractal dimension, 
area, total length of all vessels and number of vas-
cular segments of the CNV, and changes in these pa-
rameters correlate closely with changes on spectral 
domain OCT (SD- OCT).

How might these results change the focus of 
research or clinical practice?

 ► The new parameters could be used as new, addi-
tional activity parameters, alongside fluid distribu-
tion in SD- OCT.
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Figure 1 Type 2 CNV on OCT- A with the corresponding B- scans and vascular diagrams at initial diagnosis (a), after anti- VEGF 
treatment in the inactive phase (b) and later with renewed activity (c, e) and inactivity following anti- VEGF treatment (d, f).

making OCT- A a much more patient- friendly procedure. 
The crucial difference compared with FA is the capacity 
for segmented visualisation of blood flow in all layers of 
the retina and choroid, adding new pathogenetic discus-
sion points and concepts in combination with established 
imaging modalities. Multimodal imaging (SD- OCT, FA, 
ICG- A, OCT- A) is also helpful in the interpretation 
of pathogenetic relationships and monitoring during 
treatment of age- related macular degeneration (AMD). 
Timely diagnosis of exudative AMD (nAMD) and early 
detection of renewed activity during monitoring of anti-
vascular endothelial growth factor (anti-VEGF) treatment 
administered as needed (pro re nata, PRN) are crucial 
for a good functional result.4

nAMD affects many layers of the inner and outer retina, 
the RPE, and the choroid. This necessitates a learning 
process with regard to interpretation of the blood flow 
findings in the individual segments particularly in the 
presence of pathological alterations in segmentation 
by any pigment epithelial detachments (PED). OCT- A 
permits representation of the morphological internal 
architecture of a choroidal neovascularisation (CNV) in 
relation to the perfused capillaries. These change under 
therapy and thus new biomarkers could emerge. In a 
previous study, we provided a mathematical description 
of the vascular parameters in type 1 and type 2 CNV and 
demonstrated significant changes in these parameters 
following initial anti- VEGF treatment (three injections).5 
We measured the area (aCNV), the total length of all 
vessels (tlCNV), the overall number of vascular segments 
(nsCNV) and the fractal dimension (FD) of the CNV.

The aim of this study was to analyse the changes in 
these mathematical parameters in patients requiring 
long- term anti- VEGF treatment and correlate them with 
the established SD- OCT parameters of activity.

PATIenTs And MeTHOds
Twenty- seven eyes of 27 patients were included. A total 
of 115 visits were evaluated. In all patients the initial 
diagnosis of type 1, type 2 or mixed- type nAMD was 
determined by means of FA and SD- OCT (Spectralis 
HRA+OCT, Heidelberg Engineering, Heidelberg, 
Germany). In every case, history taking was followed 
by ophthalmic examination including best- corrected 

visual acuity, slit lamp microscopy and direct ophthal-
moscopy using the slit lamp in mydriasis. In addition, 
OCT- A imaging (RTVue XR Avanti (Optovue, Fremont, 
California, USA) with AngioVue) was performed in all 
patients. The Avanti device generates 70 000 A- scans 
per second at a wavelength of 840 nm and has a pene-
tration depth of 3 mm. The axial resolution is 5 µm, and 
the lateral resolution 22 µm. Images with dimensions of 
3×3 mm and 6×6 mm were analysed. In each individual 
patient the same size of image was evaluated for all visits, 
with a preference for 3×3 mm. If the CNV extended 
beyond the edge of the image, 6×6 mm images were 
used. Patients with polypoidal choroidal vasculopathy or 
retinal angiomatous proliferations were excluded from 
the study. We also excluded those whose image quality 
was inferior (quality scores ≤5 and signal strength index 
≤60). Patients with interruption in their attendance and 
therefore in imaging were excluded.

The patients were treated PRN with intravitreal anti- 
VEGF medications according to the prospective phase 
III IVAN (Inhibition of VEGF in Age- related Choroidal 
Neovascularisation) study,6 and multimodal imaging was 
repeated after anti- VEGF treatment and in the event of new 
disease activity (figures 1 and 2). The criteria for activity 
were presence of subretinal fluid, persistence or increase of 
diffuse retinal thickening, increase in intraretinal cyst- like 
fluid spaces, and increased vascularised PED on SD- OCT.7 
The patients’ mean follow- up was 9.8 months (SD 9.5 
months). The central foveal thickness (CFT) was measured 
on SD- OCT images. For evaluation of the OCT- A images, 
we selected the ‘outer retina’ segment, which extends from 
9 µm under the outer plexiform layer to 9 µm above the 
Bruch’s membrane. In order to achieve more accurate and 
complete documentation of type 1 CNV, this segment was 
manually displaced by 18 µm towards the choroid. The 
automatic ‘remove artifact’ function was used to minimise 
artefacts. First the physician exports the en- face OCT- A 
images from the ReVue software and saves them loss- less 
as TIFF files. These images are imported to Fiji (National 
Institute of Mental Health, Bethesda, Maryland, USA), 
where the CNV is interactively segmented into a polygon. 
Everything except the CNV is then removed so that the 
subsequent automated Matlab program (V.R2014b, 
MathWorks) is able to analyse the CNV morphology. The 
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Figure 2 Type 1 CNV on OCT- A with corresponding B- scans and vascular diagrams at initial diagnosis (a), after anti- VEGF 
treatment in the inactive phase (b, d) and with renewed activity (c).

gradient field is computed using the Nabla operator. We 
achieved this by weak Gaussian smoothing followed by 
one- pixel finite difference of the image in the x and y direc-
tions. The edge strength is then enhanced and multiscale 
smoothing is performed to propagate the edge informa-
tion towards the skeleton lines.8 For detection of the ridges, 
which correspond to the vasculature, again the Nabla oper-
ator is applied to the smoothed gradient field. Technically, 
this approach corresponds to multiscale application of 
the Laplace operator and the result can be interpreted as 
creaseness of the image.9 Exclusion of all pixels with less 
than maximal creaseness leaves the skeleton pixels of the 
vasculature. Finally, the skeleton pixels are grouped to form 
smooth vessel segments connected by nodes at bifurcations 
or crossings. Based on the CNV skeleton and the vascular 
graph, we computed the aCNV, FD, tlCNV and nsCNV.10

Statistical analyses were performed using R V.x64, 
3.2.5. First the Shapiro- Wilk test was used to determine 
whether the parameters of interest were normally distrib-
uted, then a paired t- test was carried out because the 
sample size was over 50. A Spearman correlation test 
was performed to calculate the correlations. The level of 
significance for all tests was 5%.

Patient and public involvement statement
All attendees brought patient information. Data acquisi-
tion was retrospective. There was no additional effort for 
the patients.

resulTs
With regard to function, a positive correlation was observed 
between vision and CFT (p=0.00002, r=0.391). The mean 
CFT of all study participants at baseline was 327.45 µm 
(median 316 µm; SD ±64.1 µm). As expected, there was 
a significant difference in mean CFT between the inac-
tive and the active phase of CNV (288.5 µm vs 356.3 µm; 
p<0.00001).

The mean aCNV in en- face view was 1.34 mm2 (median 
0.79 mm2; SD ±1.52 mm2). Dividing the patients according 
to the presence or absence of CNV activity on SD- OCT, we 
found a significant mean difference (p=0.007) between 
patients in the inactive phase (0.9 mm2) and those in the 
active phase (1.7 mm2) of disease (figure 3A). Correla-
tion of the results in two successive examinations, that 
is, the change from one examination to the next in each 
individual patient, showed a positive, highly significant 
association between aCNV and CFT (p<0.00001, r=0.690) 
(figure 4A).

The mean tlCNV was 9.48 mm (median 5.44 mm; SD 
±9.56 mm). Dividing the patients according to the pres-
ence or absence of CNV activity on SD- OCT, we found a 
significant mean difference (p=0.003) between patients in 
the inactive phase (6.6 mm2) and those in the active phase 
(11.6 mm2) of disease (figure 3B). Correlation of the results 
in two successive examinations, that is, the change from 
one examination to the next in each individual patient, 
showed a positive, highly significant association between 
tlCNV and CFT (p<0.00001, r=0.682) (figure 4B).

The mean nsCNV was 122.9 (median 79.0; SD ±122.6). 
Dividing the patients according to the presence or 
absence of CNV activity on SD- OCT, we found a signif-
icant mean difference (p=0.003) between patients in 
the inactive phase (82.8) and those in the active phase 
(152.6) of disease (figure 3C). Correlation of the results 
in two successive examinations, that is, the change from 
one examination to the next in each individual patient, 
showed a positive, highly significant association between 
nsCNV and CFT (p<0.00001, r=0.671) (figure 4C).

The mean FD of the CNV was 1.20 (median 1.22; SD 
±0.17). Dividing the patients according to the presence 
or absence of CNV activity on SD- OCT, we found a signif-
icant mean difference (p=0.003) between patients in 
the inactive phase (1.15) and those in the active phase 
(1.25) of disease (figure 3D). Correlation of the results 
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Figure 3 aCNV, area of CNV; CNV, choroidal neovascularisation; FD, fractal dimension; nsCNV, number of vascular segments; 
tlCNV, total length of all vessels, * mean value. Comparison of (a) aCNV (mm²) in the active and inactive phase; (b) tlCNV (mm) 
in the active and inactive phase; (c) nsCNV in the active and inactive phase; (d) FD in the active and inactive phase.

Figure 4 aCNV, area of CNV; CFT, central foveal thickness; CNV, choroidal neovascularisation; FD, fractal dimension; nsCNV, 
number of vascular segments; tlCNV, total length of all vessels. Significant correlation between (a) difference in aCNV (mm²) 
and difference in CFT (µm); (b) difference in tlCNV (mm) and difference in CFT (µm); (c) difference in nsCNV and difference in 
CFT (µm); (d) difference in FD of CNV and differende in CFT (µm).

in two successive examinations, that is, the change from 
one examination to the next in each individual patient, 
showed a positive, highly significant association between 
nsCNV and CFT (p<0.00001, r=0.626) (figure 4D).

dIsCussIOn
OCT- A performs very well in detecting type 1 and type 2 
CNV, with sensitivity of 86% and specificity of 82 %.11 The 
central question is primarily whether OCT- A can replace 
FA or whether OCT- A can be viewed as a complemen-
tary imaging modality, with the two procedures together 
yielding much greater sensitivity than either method 

alone.12 If further evaluations of OCT- A were to underscore 
the validity of its characterisation of treatment- relevant 
CNV morphology, then OCT- A could be used alone for 
confident diagnosis in the future—certainly a desirable 
scenario. However, even now CNV can be analysed not only 
in the active stage, but also in the inactive stage following 
anti- VEGF treatment.5 13 14 OCT- A also detects ‘silent’ CNV 
that has led to neither intraretinal nor subretinal fluid and 
cannot be depicted on SD- OCT or FA.15 16 To the present 
time, however, there is no clear criteria for CNV activity on 
OCT- A, so no conclusions can be drawn whether a detected 
CNV is active or inactive.
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In CNV, pathological vessels grow from the choriocap-
illaris into the retina. These vessels indicate permeability 
disorders by leaking fluid at subpigment epithelial, 
subretinal and/or intraretinal locations. SD- OCT is 
therefore used to monitor the results of treatment. The 
presence of subretinal fluid or an increase in subpigment 
epithelial or intraretinal fluid constitutes a criterion of 
activity and thus indicates renewed treatment in the 
IVAN PRN scheme (three injections at 4- week intervals). 
Thus, with this means of assessment, one can conclude 
only indirectly that changes in the CNV have taken place.

Lumbroso et al17 observed the vascular morphology of 
CNV and sought to arrive at conclusions regarding the 
treatment required. Huang et al18 also described distinct 
regression of CNV visualised by differences in blood flow in 
the first 2 weeks after anti- VEGF treatment, with a renewed 
increase in visualisable CNV after 4 weeks and then an 
increase in fluid collections. Muakkassa et al19 showed 
regression of CNV area following anti- VEGF treatment 
with associated regression of subretinal and/or intraretinal 
fluid.

We have already shown in a previous study that the 
mathematical analyses of ‘skeletonized’ vessels also used 
in this study are able to quantify the progressive vascular 
changes in macular telangiectasia type 2.10 This proce-
dure was again used in the present study and showed that 
the various mathematical characteristics of the vessels 
may be significantly correlated with the established alter-
ations (fluid distribution on SD- OCT) between inactive 
and active disease. Previous publications described the 
morphological patterns of neovascular membranes such 
as a medusa or sea- fan- shaped pattern or an ill- defined 
pattern without any correlation with clinical activity.20–22 
More specific data on these vascular changes during 
treatment might therefore identify new parameters 
for assessment of CNV activity. This could lead to early 
diagnosis when activity increased and thus to faster initi-
ation of treatment, which is crucial to the patient’s visual 
outcome.4 aCNV can be documented very accurately 
by OCT- A. It is extremely important CNV is captured 
completely in the selected segment, or the CNV will 
appear smaller than its true size. Previous publications 
have shown a significantly smaller aCNV on OCT- A than 
on FA and ICG- A.23–25 One possible reason for this is 
that the leakage effect caused by FA and ICG- A due to 
the abnormal permeability of the vessels magnifies the 
apparent extent of the CNV. The correlation between 
the increase and decrease of aCNV and the increase and 
decrease of CFT, together with the significantly smaller 
area in the inactive phase of disease, shows that OCT- A 
achieves more precise analysis of the area and there-
fore more accurate detection of activity changes at the 
level of the vessels themselves. Other authors have also 
described a significant decrease in aCNV after anti- VEGF 
treatment and a renewed increase possibly accompa-
nied by exudation.13 26 In contrast, Xu et al27 described 
a general increase in the size of CNV under anti- VEGF 
therapy, and Carnevali et al28 observed a growth in size 

of quiescent CNV without correlation to clinical activity. 
Bailey et al29 found, in eyes with non- exudative CNV, a 
CNV area growth rate of 20% per month associated with 
a high risk to develop exudation. Therefore size change 
of aCNV could be one important parameter for assess-
ment of CNV activity. It should be noted that OCT- A only 
represents perfusion in a defined observation window 
and changes are thus related to the fact that vascular 
parts are no longer perfused or are perfused more slowly. 
During reactivation, however, these were again visible as 
perfused. Therefore the change of the CNV size can only 
be interpreted as an increase or decrease of the perfused 
CNV area and not of the real vessel size.

Earlier studies showed that the capillaries visible in a 
CNV decrease during anti- VEGF treatment, whereas the 
prominent afferent vessels change little or not at all.30 
This is interpreted as a consequence of heightened sensi-
tivity of the capillaries compared with mature vessels 
owing to the lack of pericytes, which makes them vulner-
able to anti-VEGF. The results of our study show that, 
in the mathematical model we used, tlCNV decreased 
significantly on treatment. Depletion of anti- VEGF is 
often followed by renewed disease activity with exuda-
tion and increasing CFT. This is in accordance with our 
finding that tlCNV also increases and correlates with the 
change in CFT during the course of treatment. Further 
research is required, however, to determine the extent 
to which these mathematical parameters can map the 
‘maturation’ of CNV to primarily larger mature vessels. 
Given that nsCNV decreased significantly with longer- 
term treatment in our study, this application of the CNV 
quantification method we used seems to have realistic 
potential. This is in agreement with the above- mentioned 
findings of earlier studies where the small segments of 
CNV vessels disappeared during treatment but the prom-
inent segments were preserved.30 The mathematical 
model could thus enable objective analysis of vascular 
changes in CNV that reflect direct biological effects on 
the CNV and may therefore represent an additional 
means of assessing the effects of treatment over time. This 
is backed up by the significant correlation we observed 
between changes in nsCNV and changes in CFT.

We used FD as a parameter to represent objectively 
the complexity of the vascular structure of CNV. FD was 
significantly lower in the inactive phase of CNV than in 
the active phase. This shows that the vascular structure 
becomes less complex, that is, the numbers of vascular 
segments and branches decrease. As mentioned above, 
studies have already shown that anti- VEGF treatment 
particularly reduces the small- calibre CNV vessels, while 
the large- calibre vessels remain unaffected.17 18 30 31 To 
date, however, these assessments of treatment effects 
have always been subjective; there has been no objective 
means of quantifying the changes. This gap is filled by 
FD. Al- Sheikh et al32 also compared the FD of active and 
inactive CNV in nAMD and found a significantly lower 
value in the inactive phase, in accordance with our find-
ings. The significant correlation between the change in 
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FD and the change in CFT shows agreement with previ-
ously used parameters of activity.

The limitations of our study include the small study 
population and that the CNV had to be marked manually. 
This is heavily dependent on the investigator’s experi-
ence with OCT- A and on the resolution, which is limited 
by the manufacturer’s technical specifications. The agree-
ment among expert assessors of OCT- A findings in CNV is 
comparable with that for FA.33 Second, the image quality is 
crucial for all subsequent mathematical analyses of OCT- A 
images. The quality has already been greatly improved by 
the development of eye- tracking systems to avoid move-
ment artefacts. Projection artefacts also limit the accuracy 
of detection of CNV and their quantification. Moreover, 
the segmentation in any given patient can change in the 
course of time, because the morphology of the retina is 
usually markedly changed by the withdrawal of intraretinal 
and/or subretinal fluid, with the result that the segmen-
tation levels generated by the manufacturer may also 
change. Furthermore, the information yielded by OCT- A is 
limited by the fact that the data are two- dimensional. The 
future goal should be to depict CNV in three dimensions 
on OCT- A in order to permit comprehensive assessment 
and to validate the observed associations in large, reading 
centre- based studies.
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