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Introduction

THE POSTERIOR EYE
A ray of light travels through several transparent tissue structures, i.e. the cornea, the 
aqueous humor of the anterior chamber, the lens and the vitreous body, towards the 
posterior part of the eye. The posterior eye includes the retina and the choroid and is 
enclosed by the sclera (Figure 1). The incoming light travels through the retinal layers to 
the photosensitive rods and cones where it is transduced into a neuronal signal.1,2 The 
arrangement of the multiple retinal layers is presented in Figure 1. The neuronal signal 
is guided anteriorly to the retinal nerve fiber layer through the optic nerve towards the 
visual cortex of the brain where the signals from both eyes are combined and translated 
into an image.

Posterior 
eye

Figure 1. Anatomy of the human eye (left) and a schematic presentation of the layers within the posterior eye (right; 
illustration adapted from Shahandeh et al.3).

Our central vision originates from the central part of the retina, called the macula. This 
area contains the highest concentration of photoreceptors in the retina. The macular 
area can be subdivided into the perifovea with a diameter of approximately 6 mm, the 
parafovea with a diameter of approximately 3 mm, and the fovea, the center with a 
diameter of approximately 1 mm (Figure 2).4 In the fovea the cone density is highest, 
which provides us with sharp and detailed central color vision.
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Perifovea

Parafovea

Fovea

Figure 2. A color fundus image of the retina showing the macular area subdivided in the perifovea (diameter of approximately 
6 mm), the parafovea (diameter of approximately 3 mm) and the fovea (diameter of approximately 1 mm).

VASCULAR NETWORK
To maintain retinal health and function the retina is supplied by nutrients and oxygen 
from two vascular networks: the retinal and the choroidal vascular network. The retinal 
circulation supplies the inner retinal tissue and the choroidal circulation nourishes the 
outer retinal tissue including the photoreceptors.5 Blood enters the retinal vascular 
network via the central retinal artery in the optic nerve head and flows into retinal 
arteries or arterioles (± 200 µm diameter). It bifurcates further into third and fourth 
order arterioles and finally into complex networks of capillaries (2.5-7 µm diameter).6 
The fovea is a capillary-free zone, to allow unobstructed passage of light to the central 
cones.7 The flow continues from the capillary network towards the venular systems (30-
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300 µm diameter) and drains via the central retinal vein in the optic nerve.7 The choroid 
is supplied by the long and short posterior ciliary arteries and drains into the vortex 
veins.5

In further detail, there are up to four retinal vascular networks in the macula (Figure 3). 
The superficial vascular plexus (SVP) that is supplied by the central retinal artery and 
composed of larger arteries, arterioles, capillaries, venules and veins vessels primarily 
located in the ganglion cell layer (GCL).8 Two deeper capillary plexuses, the intermediate 
capillary plexus (ICP) and deep capillary plexus (DCP), are located above and below the 
inner nuclear layer (INL). Those plexuses are supplied by vertical anastomoses from 
the SVP. The fourth network is a regional layer called the radial peripapillary capillary 
plexus (RPCP) that supplies the retinal nerve fiber layer (RNFL) bundles in the direct 
vicinity of the optic nerve.8 This network is derived from retinal arterioles that arise in 
and nourish the peripapillary tissue of the retina.9

Figure 3. Schematic presentation of the location of the vascular networks in the retina. Abbreviations on the left side 
correspond to the retinal layers: NFL: nerve fiber layer; GCL: ganglion cell layer; IPL; inner plexiform layer; INL: inner nuclear layer; 
OPL: outer plexiform layer; ONL: outer nuclear layer; PR: photoreceptor layer; RPE: retinal pigment epithelium. Abbreviations on 
the right side correspond to the retinal vascular networks: RPCP; radial peripapillary capillary plexus; SVP: superficial vascular 
plexus; ICP: intermediate capillary plexus; DCP: deep capillary plexus (illustration adjusted from Campbell et al., 20178).
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CHORIORETINAL VASCULAR 
PATHOLOGIES (IN THIS THESIS)
Pathologies affecting the posterior eye often lead to irreversible damage, with negative 
effects on the vision of the patient. Chorioretinal vasculature may be affected by 
hemodynamic changes, oxygen saturation changes, occlusion or ischemia, repair and 
remodeling of damaged vessel network, systemic disorders, trauma, drug toxicity, 
inflammation, retinal-choroidal tumors, or atrophic and degenerative disorders.7 
Although the abnormalities of chorioretinal vascular disorders are typically detected 
through dye leakage and staining on fluorescein or indocyanine green angiography, 
almost all of the chorioretinal vascular disorders also show abnormalities in vessel 
formation such as the formation of new vessels (neovascularization), anomalous vessel 
geometry such as narrowed or dilated vessels, tortuosity and aneurysms, or perfusion 
abnormalities such as capillary dropout.10 Optical coherence tomography angiography 
(OCT-A), the imaging modality studied in this thesis, may be useful for the detection of 
the latter three types of vascular abnormalities.

The systemic and ocular pathologies that can affect the chorioretinal vasculature and 
that were studied in this thesis, are addressed briefly. Behҫet’s disease is a systemic auto-
inflammatory vasculitis. One of its symptoms is ocular inflammation or uveitis. Behҫet 
uveitis may involve inflammation of the retinal vasculature, causing retinal capillary 
abnormalities such as vascular telangiectasis, dilation, shunting, neovascularization or 
hypo-perfusion.11 There is limited knowledge on the retinal vasculature of patients with 
Behҫet’s disease without uveitis. A recently described retinal aneurysmal pathology 
called perifoveal exudative vascular anomalous complex (PEVAC) is also studied in this 
thesis.12 An aneurysmal lesion can be described as a local dilatation of a blood vessel, 
most commonly associated with an underlying vascular disease such as diabetes of 
hypertension. PEVAC lesions are however described to appear in eyes without such 
underlying diseases, but knowledge on physiology and pathogenesis of these lesions 
is limited.12 Further, a benign retinal vascular tumor called juxtapapillary retinal 
hemangioblastoma (JRH) is studied, which could lead to blindness if left untreated. 
To define the optimal treatment strategy, it is necessary to be informed about the 
size and location of the vascular tumor.13 Finally, a distinct form of wet age-related 
macular degeneration (wAMD) called type 3 neovascularization, is studied. Without 
treatment, wAMD is the most important cause for poor vision in the elderly population. 
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Type 3 neovascularizations are both difficult to detect and respond poorly to standard 
treatment. Early diagnosis and monitoring treatment response is important to prevent 
further visual decline.14

CONVENTIONAL POSTERIOR EYE 
IMAGING
Traditionally, fluorescein angiography (FA) and indocyanine green angiography (ICGA) 
are widely used in the diagnosis and management of patients with chorioretinal 
diseases.1 FA and ICGA are invasive angiographic techniques enabling the visualization 
of vascular abnormalities.10 Both these techniques however lack in depth information, 
require intravenous dye administration which may cause serious adverse reactions, and 
are a time consuming procedure. These techniques are therefore mainly used for disease 
diagnosis but to a lesser extent for follow-up.10,15 Detailed information on the vascular 
changes during follow-up would be useful for monitoring the disease progression and 
the response to therapy. In the last decades, OCT, a non-invasive technique, has allowed 
clinicians to visualize volumetric structural information of the posterior eye. It is used to 
quantitatively evaluate retinal thickness and to qualitative evaluate in depth anatomic 
changes such as the presence or absence of intraretinal or subretinal fluid.16,17

Fluorescein angiography and indocyanine green angiography
Clinical imaging of the chorioretinal circulation has been dominated by FA and ICGA.8 
FA is a 2D imaging modality that was developed in the 1950’s, enabling visualization 
of vascular filling, vascular abnormalities, leakage, staining and pooling in the 
superficial retinal vessels.18,19 Sodium fluorescein is intravenously injected and flows 
towards the retinal vascular network. Fluorescein absorbs blue light, i.e. light with a 
wavelength between 465 and 490 nm, and subsequently emits green-yellow light, with 
a wavelength of 520 – 530 nm.20 This green-yellow light is directed back to the fundus 
camera. Capturing multiple sequential fundus images provides information on vascular 
filling, abnormal vessels, leakage, staining and pooling.18

ICGA became clinically available in the early 1990s and has become the gold standard to 
image the choroidal vasculature in 2D.21,22 This technique has a similar principle as FA, 
with indocyanine green (ICG) as fluorescent dye. ICG is excited by near infrared light (770 
to 810 nm) and emits near infrared light (820 to 850 nm).23
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Figure 4. Cross-sectional tomograph of the normal retina and choroid (illustration from Staurenghi et al, 201427).

Optical coherence tomography
Optical coherence tomography (OCT) has revolutionized the practice of ophthalmology 
since its introduction in 1991 by Huang et al.24 The word tomogram originates from 
the Greek word ‘tomos’, meaning section.25 This imaging technique enables the cross-
sectional visualization of the retinal layers (Figure 4).26,27 The concept of OCT is based on 
a technique called low-coherence inferometry, i.e. light that is reflected or backscattered 
from the posterior eye tissue is measured by light that has traveled a known reference 
path.28 A beam splitter divides the light coming from a light source into a sample path 
and a reference path (Figure 5). They coherently interfere only when the sample and 
the reference path lengths are matching to within the source coherence length.29 This 
interference is detected and the in depth structure of the posterior eye tissue, or A-scan, 
can be determined.26,28 Combining multiple sequential A-scans along a line over the 
retinal surface produces a B-scan or cross-sectional tomograph (Figure 6).30 The first 
OCT systems were time-domain based (TD-OCT).24 Later, Fourier-domain OCT (FD-OCT) 
was developed, which can be subdivided in two different implementations: spectral-
domain OCT (SD-OCT) and swept-source OCT (SS-OCT). Both SD-OCT and SS-OCT 
have faster scanning rates and a higher sensitivity than TD-OCT, resulting in improved 
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resolution with fewer artifacts.31,32 SS-OCT provides denser scan patterns than SD-OCT 
and allows for deeper tissue penetration to visualize more posterior tissues such as the 
choroid.26

P E R S P E C T I V E

line. Optical interference between the light from the sample and refer-
ence paths occurs only when the distance traveled by the light in both
paths matches to within the coherence length of the light14. The inter-
ference fringes are detected and demodulated to produce a measure-
ment of the magnitude and echo delay time of light backscattered
from structures inside the tissue. Low-coherence interferometry thus
enables femtosecond time resolution of optical echoes, corresponding
to micron-scale distance measurement.

In OCT, two-dimensional cross-sectional images of internal tissue
microstructure are constructed by scanning the optical beam and per-
forming multiple axial measurements of backscattered light at differ-
ent transverse positions. The resulting data set is a two-dimensional
array that represents the optical backscattering or reflection within a
cross-sectional slice of the tissue specimen. These data can be digitally
filtered, processed and displayed as a two-dimensional gray-scale or
false-color image. In addition to imaging in a cross-sectional plane,
imaging in en face planes at a given depth is also possible15–17.

The axial resolution of an OCT image depends on the coherence
length of the light and is independent of beam focusing conditions
and numerical aperture. The transverse resolution for OCT imaging is
determined by the focused spot size, as in microscopy. Because OCT
uses interferometry, it performs optical heterodyne detection, and
extremely high sensitivities, near the quantum limit, are possible14. For

typical image sizes and resolutions, OCT systems have a sensitivity
approaching –100 dB, meaning that reflected signals as small 10–10

may be detected. The image penetration depth is determined by the
absorption and scattering of tissue. Using wavelengths in the near
infrared, where hemoglobin and melanin absorption are low and scat-
tering is reduced, permits imaging depths of up to 2–3 mm in tissues.

The ability to perform in situ, real-time imaging of tissue pathology
enables a wide range of clinical applications in three general cate-
gories: (i) imaging tissue where conventional excisional biopsy is haz-
ardous or impossible, (ii) guiding surgical or microsurgical procedures
and (iii) guiding excisional biopsy to reduce false negatives caused by
sampling errors.

Ophthalmic and arterial imaging
Ophthalmic imaging is an example of a clinical situation in which con-
ventional excisional biopsy is not possible. OCT can provide informa-
tion on retinal pathology in vivo that cannot be obtained by any other
method. OCT was first used to image the eye, and currently the most
successful clinical application of OCT is in ophthalmology18–20.
Although the retina is virtually transparent, with extremely low optical
backscattering, the high sensitivity of OCT allows extremely weak 
signals to be detected. Figure 2 shows examples of OCT retinal imag-
ing and illustrates the improvement in OCT technology from the first
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Figure 5. Schematic representation of the OCT principle (illustration from Fujimoto et al., 200328).
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2

Principles of O
C

T

Figure 6. Left: OCT depth measurement called an A-scan. Middle: a cross-sectional tomograph or B-scan that is the result of 
multiple sequential A-scans along a line. a three-dimensional (3D) volume scan that results from multiple sequential B-scans 
over the retina. Right: A single slice of this 3D volume scan in depth is called a C-scan, and summing up multiple C-scan is 
called an en face image (Illustration adapted from Braaf, 2015.30)
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OPTICAL COHERENCE 
TOMOGRAPHY ANGIOGRAPHY
Recently, a functional extension of conventional OCT became commercially available, 
called OCT angiography (OCT-A). With this technique, highly detailed three-dimensional 
(3D) images of the blood perfusion in all vascular layers of the retina can be produced 
in a rapid and non-invasive fashion.15-17,33-35 This modality has the potential to fill the 
current gap between invasive vascular (FA and ICGA) and non-invasive structural (OCT) 
imaging in diagnosis or treatment follow-up of chorioretinal vascular pathologies.36

The main principle of the OCT-A mechanism is visualized in Figure 7. When the same 
retinal location is repeatedly imaged, stationary objects will not appear different on the 
repeated images in contrast to moving particles. This is the principle of OCT-A, with the 
moving particles being erythrocytes in blood. Over the years, many different techniques 
all enabling the visualization of the retinal vasculature, are developed. The earliest 
OCT-A systems are phase-based OCT-A or Doppler OCT systems.30,37,38 Alternative ways of 
visualizing blood flow are intensity-based OCT-A with either analyzing speckle changes, 
or through decorrelation between two consecutive B-scans (Figure 7).10,17

Figure 7. A simplified schematic representation of the detection motion contrast from moving blood cells: the principle of 
OCT-A. N1,2 and 3 are repeated B-scans acquired from the same retinal location on line L1. Differences or decorrelations 
between the repeated B-scans are calculated (L2). This decorrelation data is combined into one cross-sectional B-scan that 
includes flow overlay (L3). This procedure is repeated at successive positions to generate a 3D OCT-A image, or volume scan. 
The acquisition time (TS; defined by the A-scan rate times the number of A-scans per B-scan) for each B-scan together with the 
fly back time (TF; the time it takes the OCT beam to rapidly scan back to the initial anatomic position without acquiring data) 
is defined as the interscan time or time delay (ΔT). The interscan time is an important parameter which determines OCT-A 
sensitivity and saturation behavior (Spaide et al, 201833).
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Multiple successive cross-sectional B-scans with flow overlay (L3 in Figure 7) together, 
generate a 3D OCT-A image. There are many approaches to visualize a 3D OCT-A image, 
such as the visualization of the en face view or the evaluation of cross-sectional B-scans

En face OCT-A
Cross-sectional B-scans can be segmented in the different retinal layers (schematic 
image of the different retinal layers and retinal vascular plexuses is shown in Figure 3). 
Summing up only the flow information that corresponds to the retinal layer of interest 
for all successive cross-sectional B-scans, enables the en face visualization of the flow 
in the retinal layer of interest (Figure 8).33 In some cases, the area of interest is not a 
particular retinal layer but either less than a layer or multiple layers combined. An en 
face slab is the generally used term for any area of interest in this field of view. Examples 
showing the advantage of segmentation are capillary drop out and microaneurysms, 
as they are best visualized in the superficial vascular slab for diabetic retinopathy, 
while impaired flow in paracentral acute middle maculopathy could be detected in the 
deep capillary plexus.10,39 Detecting retinal flow in the avascular or outer retinal slab is 
indicative for a pathology such as type 2 or type 3 neovascularization related to wAMD.39

Superficial vascular plexus Intermediate capillary plexus Deep capillary plexus

Figure 8: From left to right: the en face visualization of the superficial vascular plexus (SVP, red delineation), the intermediate 
capillary plexus (ICP, blue delineation) and the deep capillary plexus (DCP, green delineation), with the corresponding 
location marked in the delineation color in the cross-sectional B-scans.

Besides subjective evaluation, OCT-A en face slabs can also be objectively assessed. 
A number of studies have evaluated the vessel density (VD) and foveal avascular zone 
(FAZ) area.40-43 The VD is defined as the proportion of vessel area with blood flow with 
respect to the total measured area.44 The FAZ is defined as the avascular region at the 
center of the fovea (Figure 9). Other quantitative OCT-A measurements that have been 
reported are vessel skeleton density, vessel diameter index, vessel perimeter index, 
vessel complexity index, flow impairment zone and acircularity index of the FAZ.40,45
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Figure 9: Illustration of the area that is used to calculate the vessel density (VD, left), the contours are displayed in red and the 
area of interest is between the outer and inner red circle. On the right, an example of delineation of the foveal avascular zone 
(FAZ) area is shown. The contour of the FAZ area is also displayed in red.

Cross-sectional B-scans with flow overlay
Besides the en face assessment, the 3D OCT-A images also enables the depth-resolved 
assessment of abnormal retinal flow on flow overlaid cross-sectional B-scans. The cross-
sectional B-scans evaluation provides information on the location of the abnormal flow 
in relation to the retinal structure.39 For example, a type 1 neovascularization related 
to wAMD will only show abnormal flow beneath the RPE, while a type 2 and type 3 
neovascularizations appear above the RPE.46,47

Advantages and disadvantages of OCT-A imaging
One of the main benefits of OCT-A with respect to the current gold standard modalities 
for imaging the chorioretinal vasculature, FA and ICGA, is the ability to provide 3D 
volumetric images including both structural and angiographic information and to 
distinguish al different retinal vascular layers and the choroidal vasculature.48 FA and 
ICGA can provide only two-dimensional (2D) images, providing little depth information.10 
FA visualizes the superficial retinal vessels, while the deeper retinal capillaries are not 
visible on the angiograms. ICGA provides mainly information on choroidal perfusion.8 
Furthermore, OCT-A has a rapid acquisition time and there is no need for intravenously 
administration of dye,10 while FA and ICGA require multiple photos up to 10-30 minutes 
and the injection of dye can cause serious adverse events.48 FA and ICGA imaging is 
therefore not suitable for every patient and/or during every patient visit. In contrast, the 
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fast and non-invasive manner of OCT-A imaging allows frequent acquisition of follow-
up scans.49 Another advantage of OCT-A compared to the invasive techniques is that 
boundaries of capillary dropout or neovascularizations are not obscured by dye leakage 
and staining.10

On the other hand, there are also disadvantages of OCT-A imaging. OCT-A imaging is 
very sensitive to motion artifacts from microsaccades, breathing and cardiac cycle 
pulsations, because of the time needed to scan the same tissue location two or more 
times. Commercial systems are improving this matter by implementing motion-tracking 
technology and post-processing software.17 Another known OCT-A artifact is called a 
projection artifact or shadowing artifact. Blood vessels are detected, but the light is 
travelling further posteriorly. Due to the decorrelation signal in the blood vessels, false 
vessel networks are projected in the tissue below the detected vessels.50 Further, OCT-A 
has a minimal flow rate threshold, which means that non-perfusion areas on OCT-A 
could have been detected simply because the blood flow is too slow for the OCT-A to 
detect. One should also be aware of segmentation errors that might affect the perfusion 
visualization on en face slabs.17 Dynamic information, such as leakage, pooling and 
staining of vessels is not provided by OCT-A.48 Current OCT-A applications still have a 
limited field of view (Figure 10), although there are montage options available that 
stitch multiple scans together. However, acquiring multiple OCT-A scans can be tiring for 
the patients.39 Recently, manufacturers developed widefield OCT-A which are already 
commercially available.
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Figure 10. An example of a scanning laser ophthalmoscopic (SLO) image of the retina that includes a projection of a 10° 
x 10° (± 2.9 x 2.9 mm) OCT-A en face scan in the macular area acquired with the Spectralis OCT2 (Heidelberg Engineering, 
Heidelberg, Germany). This illustrates the small field of view of currently available OCT-A imaging modalities. Enlarging the 
scanned area is possible using this device up to 30° x 30° (± 8.8 x 8.8 mm), but either the acquisition time increases or the 
resolution decreases by scanning this large scan pattern.
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THESIS AIM AND OUTLINE
This relatively new imaging application that non-invasively captures the vasculature of 
the posterior pole of the eye has rapidly evolved. It is a potentially useful tool that could 
be more cost-effective and less time-consuming than invasive tools for imaging the 
chorioretinal vasculature. In 2014, OCT-A became first available for clinical settings.33 
In this short period of time, the possibilities of this imaging modality and its usability 
in various stages of (chorioretinal) diseases still remains largely unknown. Therefore, 
knowledge on the clinical applicability of OCT-A for disease detection and diagnosis, for 
decisions on treatment strategies and for monitoring of treatment response is highly 
relevant. The aim of this thesis is to evaluate the clinical value of OCT-A in diagnosis and 
follow-up of chorioretinal vascular diseases. In the first part of this thesis (chapters 2 to 
5), the clinical utility of OCT-A in disease diagnosis and follow-up of various chorioretinal 
diseases, is evaluated. In the second part of this thesis (chapters 6 and 7), challenges 
in qualitative OCT-A interpretation by ophthalmologists, and challenges in clinical 
interpretation of quantitative OCT-A measurements, are addressed.

Preclinical retinal vascular changes in non-ocular Behҫet patients are expected but 
difficult to detect subjectively, while quantitative OCT-A measurements may detect 
more subtle differences and could be of value in detecting subclinical microvascular 
changes in Behcet’s patients without ocular involvement, possibly assisting in the 
diagnosis in the future. In chapter 2 of this thesis, quantitative measurements of the 
parafoveal microvasculature on OCT-A images are compared between patients with 
uveitic Behҫet’s disease, patients with non-ocular Behҫet’s disease and a healthy 
control group. A custom-made algorithm was used to estimate the vessel density (VD) 
in each of the retinal vascular layers and to measure the foveal vascular zone (FAZ) area 
of the combined vascular complex.

PEVAC is a newly identified vascular abnormality with limited knowledge on physiology 
and pathogenesis. Chapter 3 describes and compares clinical, morphological and 
vascular characteristics of perifoveal exudative vascular anomalous complex (PEVAC) 
and PEVAC-resembling lesions on multimodal imaging. The usability of OCT-A in 
determination of vascular characteristics was assessed for both PEVAC and PEVAC-
resembling lesions, as it was not yet known which vascular characteristics are detectable 
using OCT-A and whether they differ between PEVAC and PEVAC-resembling lesions.
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Treatment strategy for a juxtapapillary retinal hemangioblastoma (JRH) highly depends 
on the growth type of the lesion. Chapter 4 evaluates the use of OCT-A to classify the 
growth type of a JRH and for monitoring its evolution over time. This case report was 
based on a patient with von Hippel-Lindau disease evaluated with the experimental 
phase-based Doppler OCT and the preliminary research version of the Spectralis OCT-A.

Early diagnosis and monitor treatment response over time in a fast and non-invasive 
manner is warranted for type 3 neovascularizations. In chapter 5, we show the use of 
OCT-A for the detection of vascular and structural changes of type 3 neovascularization 
over time, when treated with a combination of photodynamic therapy (PDT) and 
intravitreal bevacizumab (IVB). We also compared the course of both sequences of 
combining PDT and IVB (i.e., first PDT, followed by IVB or vice versa) over time.

Although OCT-A is a promising diagnostic or follow-up measurement tool, interpretation 
of OCT-A images by ophthalmologists is subjective and currently their agreement levels 
are unknown. In chapter 6, we analyzed the intra- and intergrader agreement within 
and between two independent medical retina specialist on cross-sectional B-scan 
characteristics of type 3 neovascularization on OCT-A. We also used the conventional 
percentage of agreement and kappa statistics to address the agreement, but also a new 
measure of agreement called Gwet’s AC1.

Quantitative OCT-A metrics may register subtle deviations, so noise and artifacts could 
have a major impact. The effect of different noise-reducing techniques on quantitative 
OCT-A measurements is described in chapter 7. Besides conventional denoising 
by averaging, we analyzed also a new developed denoising application based on an 
artificial intelligence (AI) algorithm. 
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ABSTRACT
Purpose: To compare quantitative optical coherence tomography angiography (OCT-A) 
measurements of the parafoveal microvasculature in retinal capillary plexuses among 
Behҫet uveitis (BU) patients, non-ocular Behҫet’s disease (NOBD) patients, and healthy 
volunteers (HVs).

Methods: Sixty-eight subjects were enrolled in this prospective observational cross-
sectional study. OCT-A imaging was performed using the Heidelberg Engineering 
Spectralis OCT. A custom algorithm was developed to calculate the vessel density (VD) 
in three retinal vascular layers: deep capillary plexus, intermediate capillary plexus and 
superficial vascular plexus. The foveal avascular zone (FAZ) and acircularity index were 
calculated for the whole retinal vascular complex.

Results: We analyzed one eye from 21 BU patients (age, 51±10 years), 23 NOBD patients 
(age, 48±14 years) and 22 HVs (age, 44±13 years). One-way multivariate analysis of 
covariance showed a statistically significant difference in VD among the three groups 
when combining the layers after controlling for scan quality (P < 0.001). The VD was 
lowest in the BU group and highest in the HV group in all layers. The FAZ area was also 
statistically significant different among the groups (P < 0.005), with the largest FAZ 
areas in BU patients and smallest FAZ areas in the HV group. However, no statistically 
significant difference was found for the acircularity index.

Conclusions: The parafoveal microvasculature is affected not only in BU patients but 
also in NOBD patients. Most deviations in the retinal microcirculation in Behҫet patients 
were found in the deeper layers of the retina by using the quantitative VD measurement. 
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INTRODUCTION
Behҫet’s disease is a systemic auto-inflammatory vasculitis affecting multiple organs.1,2 
Ocular involvement occurs in approximately 50% to 90% of Behҫet patients.3 Uveitis 
in Behҫet is characterized by recurrent episodes of intraocular inflammation, most 
commonly presenting as bilateral panuveitis with retinal vasculitis.1,2,4,5 Retinal vasculitis 
can cause vascular occlusions leading to visual deterioration and often requires 
intensive immunosuppressive treatment.2,3,6,7

Fluorescein angiography (FA) is the golden standard for detecting and monitoring 
retinal vasculitis in Behҫet uveitis (BU)2,5,8; however, FA has some limitations with regard 
to visualization of the retinal microvascular circulation. First, due to dye leakage, the 
microvascular circulation is only visible in the early phases.6 Furthermore, FA has a 
very poor depth resolution and is unable to distinguish the retinal capillary plexuses 
separately.6,9 The functional extension of conventional optical coherence tomography 
(OCT), OCT angiography (OCT-A), enables visualization of the various microvascular 
retinal plexuses without the disturbance of dye leakage.10-12 OCT-A is even considered 
superior to conventional FA for visualization of microvascular changes in active BU that 
involve the posterior segment.13

Previous studies have demonstrated that patients suffering from Behҫet’s disease 
with ocular involvement show hypo- or non-perfused areas on OCT-A in the superficial 
vascular plexus (SVP) and deep capillary plexus (DCP),13,14 in which the DCP seems 
most severely affected.13,15 Also, in comparison to healthy eyes, reduced vessel density 
(VD) and an enlarged foveal avascular zone (FAZ) are seen in Behҫet uveitis and are 
considered indicators for microvascular alterations.6,16,17 Furthermore, it is suggested 
that FAZ irregularity could be a marker of ocular involvement of Behҫet’s disease.18 
Because FAZ irregularity has only been assessed subjectively, further exploration for 
quantitative measurement of FAZ irregularity is warranted.

Because Behҫet’s disease is a systemic vasculitis, we hypothesize that preclinical retinal 
microvascular changes may occur in patients with non-ocular Behҫet’s disease (NOBD). 
Some studies have investigated VD and FAZ area changes in NOBD patients, but have 
shown inconsistent results.8,18-20 VD was reduced in NOBD patients compared to healthy 
control subjects in three out of the four studies8,19,20, and FAZ area was larger in the NOBD 
than in healthy controls in only one of the four studies.19
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Given the limited number of studies and their inconsistent results mainly due to 
small sample sizes, further exploration of preclinical retinal microvascular changes in 
NOBD patients compared to BU patients in a large group and a comparison to healthy 
volunteers (HVs) is warranted. Also, a quantitative measure for FAZ irregularity as a 
marker of ocular involvement in BD has not been explored. Therefore, the purpose of this 
study was to compare quantitative measurements of the parafoveal microvasculature 
among patients with BU, patients with NOBD, and HVs.

METHODS

Study design and population
This prospective observational cross-sectional study was approved by the internal 
review board of the Rotterdam Eye Hospital and the Medical Research Ethical Committee 
of the Erasmus University Hospital (Rotterdam, the Netherlands; MEC-2018-050), and it 
adhered to the tenets of the Declaration of Helsinki. All subjects signed an informed 
consent prior to participation.

Subjects were recruited between July 2018 and June 2019. BU patients were recruited 
at the uveitis service of the Rotterdam Eye Hospital and patients with NOBD were 
recruited at the immunology department of Erasmus Medical Center. Behҫet’s disease 
was diagnosed based on the diagnostic criteria of the International Study Group for 
Behҫet’s disease.21 With unilateral involvement, the non-uveitis eye was excluded for 
analysis. The NOBD group consisted of patients that have never suffered from any form 
of uveitis. The healthy volunteers were recruited among employees from the Rotterdam 
Eye Hospital and among the partners and family members of participants in the Behҫet’s 
disease groups. They were gender and age matched to Behҫet’s disease participants. 
The exclusion criterion for all subjects was a refractive error higher than 4 diopters (D).

Study measurements
All subjects underwent a complete ophthalmic examination, including best-corrected 
visual acuity (BCVA) measurement, dilated fundus examination, enhanced depth imaging 
OCT (EDI-OCT), OCT-A, and split-lamp examination performed by the ophthalmologist. 
All participants were checked for signs of active uveitis at the time of the study visit, and 
non-uveitis participants were also checked for signs of past inflammation (posterior 
synechiae, old vitreous cells, vascular sheathing, chorioretinal scars22).
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OCT-A acquisition and processing
OCT-A images were acquired with a Spectralis OCT2 (Heidelberg Engineering, Heidelberg, 
Germany), which has a wavelength of 840 nm and operates at a 40-kHz A-scan rate. The 
distance between B-scans was 6 µm, and the pattern size (width × height) was 10˚ × 10˚ 
(± 3.0 mm × 3.0 mm), resulting in 512 B-scans per OCT-A image. Scanning was performed 
by a single operator.

Images of both eyes were acquired, but only one eye per participant was included 
for analysis. The study eye was chosen based on the highest scan quality or, when 
applicable, on the involvement of uveitis. In case of unilateral involvement in a BU 
patient, the affected eye was included irrespective of scan quality.

The automated segmentation by the Heidelberg software (version 6.9) of the DCP, 
ICP, and SVP was manually verified for each OCT-A scan and manually adjusted when 
needed. The DCP included the outer plexiform layer and the outer half of the inner 
nuclear layer. The ICP consisted of the inner half of the inner nuclear layer and the outer 
half of the inner plexiform layer. The SVP included the inner half of the inner plexiform 
layer and the whole ganglion cell layer.23 The resulting en face images of the DCP, ICP, 
and SVP and the whole retinal vascular complex (i.e., including the whole ganglion cell 
layer until the whole outer plexiform layer) were exported for analysis of OCT-A features.

A custom-made algorithm (MATLAB, The MathWorks Inc., Natick, MA, USA) was used for 
calculation of VD and theFAZ. VD was the percentage of vessels within the parafoveal 
area (between concentric circles with a diameter of 1 mm and 2.5 mm centered on the 
fovea), and the FAZ area was calculated in square millimeters. VD was calculated for 
the DCP, ICP, and SVP, whereas the FAZ was calculated for the whole retinal vascular 
complex. Furthermore, we determined irregularity of the FAZ both qualitatively and 
quantitatively. Qualitative assessment of contour irregularity of the FAZ was performed 
on all images in a random order by one researcher, who looked at the image and 
compared the FAZ to an imaginary perfect round circle. The FAZ contour scores could 
be either regular or irregular. For the quantitative approach, we used the acircularity 
index,24 which was defined as the ratio of the perimeter (in mm) of the demarcated FAZ 
to the perimeter of a circle with an area equal to that of the FAZ.

Statistical analysis
Statistical analysis was performed using SPSS Statistics 24 (IBM, Armonk, NY, USA). < 
0.05 was considered statistically significant. Normality of the distribution of the data was 
evaluated with the Kolmogorov-Smirnov and Shapiro-Wilk tests. A transformation of 
data was necessary for both VD and FAZ area to attain a reasonably normal distribution. 
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For analysis, transformed data were used; however, to aid in clinical interpretation, the 
data were back transformed for comprehensive presentation in the figures. Differences 
in VD among the BU, NOBD, and HV groups were analyzed using a one-way multivariate 
analysis of covariance (MANCOVA), with scan quality as a covariate. Differences in FAZ 
area and acicularity index among the groups were separately analyzed using a one-way 
ANOVA. The qualitative score for irregularity of the FAZ area was compared among the 
groups using a Kruskall-Wallis test. Spearman’s ρ was used to analyze whether BCVA was 
correlated with the vascular parameters in the BU group, and a partial correlation with 
age as a covariate was used to determine a correlation between disease duration and 
the vascular parameters in both BU and NOBD groups. Continuous data were expressed 
as mean ± SD, and categorical data were expressed as count and percentage.

RESULTS

Demographic data
Sixty-eight subjects were enrolled in the study, 46 patients with Behҫet’s disease and 22 
control subjects (HVs). The patients with Behҫet’s disease included 23 patients without 
ocular involvement (NOBD) and 23 patients diagnosed with concomitant uveitis (BU). 
Two BU patients were excluded for the study due to an inability to acquire OCT-A 
images. One eye per subject was included for analysis. None of the participants had 
active ocular inflammation at the time of investigation, and none of the NOBD patients 
or HVs had any sign of past inflammation. Demographic data are presented in Table 1, 
and additional information on immunosuppressive medication and ophthalmological 
features in the BU group is presented in supplementary Table S1 and S2. Examples of 
the OCT-A en face images of a BU, NOBD and HV subjects are shown in Figure 1.

Vessel density
Figure 2 shows the VD for each group in all three layers. One-way MANCOVA, with 
DCP, ICP and SVP VD as dependent variables and OCT-A scan quality as the covariate, 
showed a statistically significant difference among the groups (P < 0.001). The VD was 
also statistically significantly different among the groups for each of the retinal vascular 
layers separately (Table 2). Bonferroni post hoc results are presented in Figure 2. A 
positive correlation between BCVA and VD in both DCP, ICP, and SVP was found in the BU 
group (Table 3). In the BU and NOBD groups, no correlation was found between disease 
duration and VD in any of the layers (Table 4).
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Table 1. Demographic data of the BU patients, NOBD patients and HV control group

BU (n=23) NOBD (n=23) HV (n=22) p

Age (years)
Mean ± SD
Range

51 ± 10
(27 – 72)

48 ± 14
(23 – 71)

44 ± 13
(27 – 74)

0.25a

Gender (n)
Male (%)
Female (%)

12 (52%)
11 (48%)

12 (52%)
11 (48%)

14 (64%)
8 (36%)

0.68b

Disease duration (years)
mean ± SD
Range

17 ± 9
(2 – 36)

11 ± 8
(1 – 31)

N.A.
0.070c

BCVA study eye (letters)
mean ± SD
Range

43 ± 9
(1 – 63)

59 ± 3
(51 – 64)

61 ± 5
(47 – 70)

<0.001a*

Spherical equivalent
mean ± SD
Range

0.2 ± 1.0
(-1.8 – 2.5)

-0.3 ± 1.3
(-3.9 – 2.0)

-0.3 ± 1.4
(-3.3 – 1.4)

0.36a

Current immunosuppressive treatment (n)
no medication (%)
one drug (%)
two drugs (%)
three or more drugs (%)

3 (13%)
9 (%)
7 (%)

4 (17%)

4 (17%)
10 (44%)
5 (22%)
4 (17%)

N.A.
0.82b

Concomitant diseases (n)
hypertension (%)
diabetes mellitus (%)

4 (17%)
2 (9%)

1 (4%)
1 (4%)

0 (0%)
0 (0%)

0.066b

BU: Behҫet uveitis; NOBD: non-ocular Behҫet’s disease; HV: healthy volunteer; SD: standard deviation; BCVA: best corrected 
visual acuity; N.A.: not applicable.
aOne-way ANOVA; bChi-square test; cIndependent samples T-test.
*Statistically significant

Table 2. Quantitative OCT-A features for VD, FAZ area, and acircularity index for BU patients, NOBD patients, and a HV control 
group

BU NOBD HVs p

VD in DCP 25 ± 7 30 ± 4 33.5 ± 1.9 <0.001*

VD in ICP 25 ± 5 30 ± 3 31.8 ± 1.1 <0.001*

VD in SVP 30 ± 9 36 ± 4 38.9 ± 1.6 <0.001*

FAZ area 0.5 ± 0.3 0.4 ± 0.1 0.2 ± 0.1 0.003*

FAZ acircularity index 1.3 ± 0.2 1.2 ± 0.1 1.2 ± 0.1 0.27

BU: Behҫet uveitis; NOBD: non-ocular Behҫet’s disease; HV: healthy volunteer; VD: vessel density; DCP: deep capillary plexus; ICP: 
intermediate capillary plexus; SVP: superficial vascular plexus FAZ: foveal avascular zone.
*Statistically significant
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VD = 24,7% VD = 24,4% VD = 34,8% FAZ = 0,39 mm2; AI = 1,2

VD = 24,4% VD = 21,8% VD = 38,6% FAZ = 0,33 mm2; AI = 1,2

VD = 28,7% VD = 28,8% VD = 36,5% FAZ = 0,44 mm2; AI = 1,1

VD = 30,8% VD = 30,9% VD = 38,4% FAZ = 0,43 mm2; AI = 1,5

VD = 33,0% VD = 32,0% VD = 40,3% FAZ = 0,24 mm2; AI = 1,1

VD = 33,6% VD = 33,8% VD = 39,0% FAZ = 0,16 mm2; AI = 1,2

BU
NO

BD
HV

DCP ICP SVP
Whole retinal

vascular complex

Figure 1. OCT-A en face images of two BU patients (top), two NOBD patients (middle), and two HVs (bottom). The subjects’ 
ages, from top to bottom: were 53 years and 35 years (BU); 54 years and 32 years (NOBD); 54 years and 37 years (HVs). Shown 
from left to right are the DCP, ICP, SVP, and those retinal vascular layers together (whole retinal vascular complex). The 
corresponding metrics are presented in the images; the VD (%) was calculated in the DCP, ICP, and SVP, and the FAZ are (mm2) 
and acircularity index (AI) were calculated in the whole retinal vascular complex.
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Figure 2: The distribution of the VD (%) in the three groups (BU, NOBD, and HV) in the DCP, ICP, and SVP. The dotted lines 
represent the median and quartiles.
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Figure 3: The violin plot on the left shows the distribution of the FAZ area (mm2) of the three groups (BU, NOBD, and HV) in all 
of the vascular layers combined. The violin plot on the right shows the distribution of the acircularity index of the FAZ for each 
group. The dotted lines represent the median and quartiles.

Foveal avascular zone
Figure 3 shows the FAZ area and the acircularity index for all three groups. The area 
of the FAZ was statistically significantly different among the groups (Table 2). A 
Bonferroni post hoc test showed that there were statistically significant differences in 
FAZ area between BU and NOBD and between NOBD and HVs (Figure 3). No statistically 
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significant difference between any of the groups was found for the quantitative FAZ 
irregularity measurement (i.e. the acircularity index of the FAZ) (Table 2). In contrast, 
the qualitative FAZ irregularity was significantly different among the groups (P = 0.02). 
Pairwise comparisons showed that BU differed significantly from HVs (P = 0.004) and from 
NOBD (P = 0.011). BCVA was negatively correlated with the qualitative FAZ irregularity 
in BU patients (Table 3), but no significant correlation was found with the acircularity 
index nor the FAZ area. No correlation was observed between disease duration and both 
qualitative and quantitative FAZ measurements (Table 4).

Table 3. Spearman’s ρ between BCVA and vascular parameters in Behҫet uveitis (BU) patients.

ρ p

VD in DCP 0.76 <0.001*

VD in ICP 0.80 <0.001*

VD in SVP 0.52 0.02*

FAZ area -0.37 0.10

FAZ acircularity index -0.31 0.18

Qualitative FAZ irregularity -0.62 0.003*

BCVA: best corrected visual acuity; VD: vessel density; DCP: deep capillary plexus; ICP: intermediate capillary plexus; SVP: 
superficial vascular plexus; FAZ: foveal avascular zone.
*Statistically significant

Table 4. Partial correlation between disease duration and vascular parameters with a correction for age in BU and NOBD 
patients.

BU NOBD

ρ p ρ p

VD in DCP -0.05 0.85 -0.40 0.06

VD in ICP -0.03 0.91 -0.28 0.20

VD in SVP 0.02 0.92 -0.23 0.30

FAZ area 0.13 0.60 0.27 0.22

FAZ acircularity index 0.23 0.33 0.02 0.93

Qualitative FAZ irregularity 0.18 0.46 0.17 0.46

BU: Behҫet uveitis; NOBD: non-ocular Behҫet’s disease; VD: vessel density; DCP: deep capillary plexus; ICP: intermediate capillary 
plexus; SVP: superficial vascular plexus; FAZ: foveal avascular zone. 
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DISCUSSION
In this study, quantitative measurements of the parafoveal microvasculature 
demonstrated that the parafoveal microvasculature is most eminently affected in 
uveitic Behҫet patients, but deviations were also observed in the eyes of NOBD patients. 
Most alterations in parafoveal microvasculature of Behҫet’s disease patients were 
found using the quantitative vessel density measurement. Also, vessel density was 
significantly correlated with BCVA in BU patients.

The vessel density was significantly lower in the BU group than in the control group in all 
three retinal layers, which is in line with results of vessel density or hypoperfusion area 
measurements in previous studies.6,13,15,17,18 The VD of NOBD patients was significantly 
different from both the vessel density in BU patients in all three layers, and from the VD 
in healthy control subjects in the deeper retinal layers (the DCP and ICP). This suggests 
that the deeper layers of the retina in NOBD patients deviate more from a normal 
microcirculation than does the SVP. Previous studies indicate that the DCP is more 
involved than the SVP in BU patients,13-15 which also suggests that microcirculation in the 
DCP is more affected by the disease. The DCP and ICP are both thin layers of capillaries, 
supplied by the vertical anastomoses from the SVP which consists of a mixture of large 
and small vessels. Because the vasculitis in BD involves all vessel types,2,25 it is less 
likely that the inflammation itself explains the more extended involvement of retinal 
capillaries. One possible explanation is that due to their smaller diameter, capillaries 
might be more vulnerable to ischemia and subsequent drop-out. On the other hand, 
as blood flow velocity in normal capillaries is slower than in larger vessels26, blood flow 
velocity in diseased capillaries may be decreased towards a level under the minimal 
detectable blood flow velocity of OCT-A.

We demonstrated that the FAZ area was significantly larger in both uveitic and non-
uveitic Behҫet’s disease patients compared to the FAZ area of healthy volunteers. 
Our results are consistent with previous studies that compared FAZ area between BU 
patients and HVs.13,17 For the comparison of FAZ area between NOBD patients and HVs, 
other studies have reported inconsistent results. Similar to our results, Goker et al.19 
found a FAZ enlargement, whereas three other studies8,18,20 did not find a significant 
difference in FAZ area between NOBD patients and HVs. These inconsistent reports on 
FAZ area differences between NOBD eyes and healthy eyes could be explained by the 
high between-subject variability of FAZ area measurements in healthy eyes.27-30 Another 
explanation for the discrepancies in FAZ area findings is the difference in FAZ definition. 
Raafat et al.20 only analyzed the FAZ area in the SVP and Comez et al.8 looked at the 
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FAZ area in the superficial and deep plexus separately. However, it is more logical to 
analyze the FAZ area including all retinal vascular plexuses together, as the three retinal 
vascular layers merge at the edge of the FAZ and therefore define the borders of the 
FAZ together.23,31 Another bias can be found in the FAZ data reported by Koca et al.,18 
who included 94 eyes from 49 Behҫet’s disease patients, of which 43 eyes had ocular 
involvement, and one eye of 53 healthy controls. The fellow eyes of uveitic patients 
were included in their NOBD group. It may be assumed that microvasculature in the 
fellow eyes of unilateral BU Behҫet patients will be affected more severely despite the 
lack of clinical inflammation, compared to the eyes of NOBD subjects. Hence, these 
fellow eyes cannot be classified in the NOBD group. To present the most unbiased data 
as possible, we chose to increase the number of patients per group, included only one 
eye per subject in all three groups, and combined all retinal capillary layers to define 
the FAZ.

Koca et al.18 suggested exploring the irregularity of the FAZ, as it might be a more 
valuable marker than FAZ area to indicate ocular involvement. They found a significant 
difference in FAZ irregularity between BU patients and healthy control subjects and 
found FAZ irregularity to be correlated with a lower BCVA in BU patients. Our qualitative 
analysis of FAZ irregularity showed similar outcomes. We also performed a quantitative 
measurement, the acircularity index, which quantifies the deviation of the FAZ 
perimeter from a perfectly round circle,24 but this did not differ significantly among 
the three groups. Furthermore, this acircularity index was not significantly correlated 
with BCVA in BU patients, whereas the qualitative FAZ irregularity measurement was 
(Table 3). Therefore, we still consider FAZ irregularity to be a potentially valuable 
marker for ocular involvement, but this irregularity is not quantified adequately by this 
acircularity index. Table 3 shows that BCVA in BU patients is also significantly correlated 
with vessel density in DCP, ICP, and SVP. Therefore, this quantitative marker is superior 
to quantitative FAZ measurements as an indicator of ocular involvement.

Several hypotheses can be proposed to explain the occurrence of preclinical retinal 
vascular alterations in NOBD patients. First, most clinical manifestations in Behҫet’s 
disease are attributed to vascular involvement, although sensitivity is in general low 
for detecting those vascular abnormalities.20,32 Uveitis is in many patients one of the 
presenting symptoms of Behҫet’s disease; thus, we suspect that subclinical retinal 
vascular damage can also occur at the onset of the disease without symptomatic 
ophthalmic inflammation.21 With OCT-A, we were indeed able to detect subclinical 
deviations in the retinal microcirculation of NOBD patients. Second, we hypothesized 
that duration of disease activity in NOBD patients could correlate with progressive 
worsening of the retinal vasculature abnormalities, as this was also described in 
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previous literature for BU patients.17 After correcting for age however, we did not find 
a correlation between disease duration and any of the OCT-A variables in either uveitic 
or non-uveitic Behҫet patients (Table 4). Because vessel density is known to decrease 
with age,33 this may be an important and overlooked bias in previous reports. Another 
possibility is that preclinical retinal microvascular alteration in NOBD patients predict 
future development of uveitis; however, this hypothesis can only be tested with a 
longitudinal cohort study in NOBD patients to evaluate whether a first uveitis event 
occurs.

Because the diagnosis of Behҫet’s disease currently relies on clinical signs and 
symptoms, diagnosis it remains uncertain in many cases. In addition, diagnosis may be 
delayed because clinical manifestations can present asynchronously.21,25 Quantitative 
measurements to confirm diagnosis would possibly eliminate or confirm some of 
those suspected Behҫet’s disease cases. Furthermore, because not all Behҫet’s disease 
patients have ocular involvement, quantitative measurements could perhaps be of 
help in predicting future ocular events. OCT-A, through quantitative parameters such as 
VD estimations, has the potential to fulfill a role as an additional diagnostic tool in the 
future. However, to get to this point, robust longitudinal follow-up studies are needed 
to build a reliable Behҫet’s disease database so that we can better define which OCT-A 
quantitative measurements are most sensitive for the detection of Behҫet’s disease and 
which factors (e.g. age and scan quality) most influence these quantitative outcomes 
measurements.

This study has several strengths. As mentioned before, we aimed to present the most 
unbiased data as possible by including a high number of subjects and only one eye per 
subject per group, in addition to combining all retinal capillary layers to define the FAZ. 
Previous studies have already shown that the deep vascular complex (DVC) is affected 
in BU patients 13,14 but through our data indicate that microvascular alterations occur 
in both the DCP and ICP separately in BU and NOBD patients. Our effort to analyze all 
capillary plexuses was strengthened by the findings of Hirano et al.34 suggesting the 
presence of distinct vascular morphologies in the DCP and ICP. Furthermore, the study 
by Koca et al.18 is the only other one that has included BU, NOBD and HV groups, but, as 
mentioned earlier, their findings are potentially biased.

A limitation of our study is that axial length was not measured. Axial length variation 
in subjects may induce image size magnification of the OCT-A en face slabs and could 
therefore affect the VD and FAZ measurements.35 Because the spherical equivalent, 
which is correlated with axial length,36 was not significantly different between our 
groups (Table 1), we feel that this omission has not affected our measurements.
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In conclusion, parafoveal microvasculature damage as a result of concurrent subclinical 
vascultis occurs in all Behҫet’s disease patients, even in those without clinical signs 
of uveitis. Most deviations in the retinal microcirculation in Behҫet’s disease patients 
were found in the deeper layers of the retina by using the quantitative vessel density 
measurement. 
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Supplementary Table S1. Current immunosuppressive systemic medication (number of patients per drug).

 BU (n=23) NOBD (n=23)

Celecoxib 0 1

Etoricoxib 0 1

Plaquenil 0 2

Colchicine 10 15

Thalidomide 1 1

Prednison 2 3

Azathioprine 6 3

Mycofenolaat 1 0

Methotrexaat 3 2

Ciclosporine 1 0

Adalimumab 8 1

Interferon alpha 1 0

Infliximab 4 5

Rituximab 1 0

BU: Behҫet uveitis; NOBD: non-ocular Behҫet’s disease.
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ABSTRACT
Purpose: Perifoveal exudative vascular anomalous complex (PEVAC) was initially 
described as an isolated aneurysmal lesion in healthy eyes. Similar aneurysmal 
abnormalities may occur in association with retinal vascular diseases such as diabetic 
retinopathy or retinal vein occlusions (PEVAC-resembling). The aim of this study was to 
compare several imaging characteristics of PEVAC and PEVAC-resembling lesions.

Methods: Ten eyes with a PEVAC and 27 eyes with a PEVAC-resembling lesion were 
included in this cross-sectional study. They were all imaged with optical coherence 
tomography (OCT), OCT angiography (OCT-A) and color fundus photography (CFP). 
Several clinical, morphological and vascular characteristics were assessed and 
compared between both PEVAC types.

Results: All PEVAC lesions were unilateral, while PEVAC-resembling lesions appeared 
bilateral in 23% of patients (p>0.05). Unilateral multifocal PEVAC-resembling lesions 
were more frequently observed (56%) than unilateral multifocal PEVAC lesions (10%, 
p<0.01). Furthermore, 90% of the PEVAC lesions were located within 500 µm from the 
center of the fovea, while this was only true for 56% of the PEVAC-resembling lesions 
(p>0.05). No notable differences were observed in other studied characteristics.

Conclusions: The clinical, morphological and vascular features of PEVAC and PEVAC-
resembling lesions are similar based on multimodal imaging. Given the bilaterality and 
multifocality seen in PEVAC-resembling lesions, an underlying retinal vascular disease 
may stimulate the quantity of aneurysmal abnormalities. Due to the similarities with 
PEVAC-resembling lesions, PEVAC may also be considered a microangiopathy but with 
an unknown origin.
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INTRODUCTION
Perifoveal exudative vascular anomalous complex (PEVAC) is recently described as a large 
isolated perifoveal unilateral aneurysmal abnormality in subjects without underlying 
retinal vascular or ocular inflammatory pathologies.1-4 However, Fernandez-Vigo et al.5 
described an atypical case that presented with multiple PEVAC lesions, both bilateral 
and multifocal. PEVAC is often associated with intraretinal cystoid spaces, hemorrhages 
and/or hard exudates, and appears on optical coherence tomography (OCT) as a round 
or oval lesion with hyperreflective surroundings.2,4,6 A focal hyperreflective lumen is 
present on OCT angiography (OCT-A) in either the superficial vascular complex (SVC), 
the deep vascular complex (DVC), or both.1,4 As illustrated by our recent paper that 
described 21 PEVAC cases from a single center,7 this perifoveal abnormality may be 
more prevalent than previously assumed.

Aneurysmal abnormalities are commonly present in retinal vascular diseases, such as 
diabetic retinopathy (DR) or retinal veno-occlusive diseases and may be accompanied 
by cystoid macular edema and intraretinal exudation, occasionally having a PEVAC-
resembling appearance.8-10 Although these patients were excluded in the first papers 
on PEVAC,1-4 PEVAC and PEVAC-resembling lesions have similar appearance on OCT. 
It is not clear whether the imaging characteristics of these aneurysmal abnormalities 
differ from the originally described PEVAC lesions, and if so, to what extent. Venkatesh 
et al.6 reported a case showing all features of a PEVAC lesion, but the patient was also 
diagnosed with diabetic retinopathy. The authors suggested that PEVAC may be seen in 
healthy eyes and may also occur in those with retinal vascular abnormalities. 

PEVAC is a newly identified vascular abnormality, first described by Querques et al.3, 
and both pathophysiology and pathogenesis are not fully understood. It is also unclear 
if PEVAC-resembling lesions are similar to the originally described PEVAC lesions. The 
aim of this study is to describe and compare clinical, morphological and vascular 
characteristics of PEVAC and PEVAC-resembling lesions using multimodal imaging.
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METHODS

Study design
This cross-sectional observational study was approved by the local internal review 
board of the Rotterdam Eye Hospital (Rotterdam, the Netherlands). This study adhered 
to the tenets of the Declaration of Helsinki. Written informed consent was obtained from 
all participants.

Study population
We prospectively recruited consecutive patients between January 2019 and October 
2019, who were identified with a PEVAC(-resembling) lesion on OCT. Identification of 
PEVAC lesions was based on the structural appearance on OCT, i.e. a round or oval lesion 
with hyperreflective surrounding had to be present. Lesions with similar structure and 
size on OCT, but in patients with a history of a retinal vascular disease were identified 
as PEVAC-resembling lesions. We divided the patients in two groups: subjects without 
vascular retinopathy (PEVAC group) and subjects with a vascular retinopathy, such as 
diabetic retinopathy or retinal vein occlusions (PEVAC-resembling group). This was 
decided based on medical history, split-lamp examination, OCT, OCT-A, fluorescein 
angiography (FA) and/or indocyanine green angiography (ICGA).

The exclusion criterium for the PEVAC group was the presence of any other retinal or 
choroidal vascular abnormalities, previous treatment, presence of diabetes mellitus 
and presence of uncontrolled hypertension. In addition, subjects that were imaged 
during earlier visits with the Heidelberg Spectralis SD-OCT (Heidelberg Engineering, 
Heidelberg, Germany) and color fundus photography (CFP) were retrospectively 
included in the study.

Image acquisition
OCT and OCT-A imaging was performed on a Spectralis SD-OCT system (Heidelberg 
Engineering, Heidelberg, Germany), which has a wavelength of 840 nm and operates 
at 40 kHz A-scan rate. OCT scans were acquired using a scan pattern (width x height) of 
30° x 15° (± 8.7 mm x 4.3 mm). The distance between consecutive B-scans was 30 µm; 
145 B-scans were obtained per OCT scan. For the OCT-A scans, the distance between 
B-scans was 6 µm and the pattern size was 10° x 10° (± 2.9 mm x 2.9 mm), resulting in 512 
B-scans per OCT-A image. Scanning was performed by a single operator.
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Acquisition of color fundus photographs was performed on a Zeiss FF450plus Fundus 
Camera (Carl Zeiss Meditec AG, Jena, Germany).

Measurement variables
Every B-scan of the OCT volume scan of both eyes was assessed. This assessment enables 
the detection of several characteristics of the lesion, such as its laterality (unilateral 
or bilateral) and focality (unifocal or multifocal). When multiple PEVAC(-resembling) 
lesions in one eye were present we selected the largest lesion for analysis. The B-scan 
containing the largest section of the lesion was used for further analysis. Based on this 
B-scan we assessed the retinal location of the lesion i.e. in which retinal layer the center 
of the lesion was located. Furthermore, we measured on this B-scan the horizontal and 
vertical diameter of the lesion and the horizontal distance of the lesion to the fovea 
(Figure 1). These measurements were performed using the built-in ‘measure distance’ 
tool of the Heidelberg Spectralis software. The cross-sectional surface area of the lesion 
was estimated using the equation for ellipse surface. Moreover, following Horii et al.11 
we classified the capsular structure of the aneurysmal lesions as complete ring sign, 
incomplete ring sign or absent ring sign.

Figure 1. The horizontal and vertical diameter were assessed on the selected B-scan, in this example the horizontal diameter 
was 185 µm and the vertical diameter 159 µm. The horizontal distance to the center of the fovea was measured between the 
green reference line (located on the center of the fovea) and the vertical diameter measurement line. In this example the 
horizontal distance to the fovea was 402 µm.

We evaluated, based on OCT-A, whether the PEVAC(-resembling) lesions were perfused. 
OCT-A en face images in combination with scanning laser ophthalmoscopy (SLO) or 
CFP were used to trace the PEVAC(-resembling) lesion back proximally and distally to 
analyze whether the lesion originates from an arterial or venous branch.12 It was also 
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analyzed whether they were located in the capillary network or a higher order branch. 
In some patients, the quality of SLO and CFP were not sufficient. For those patients we 
consulted prior FA images to analyze the inflow and outflow, which provides information 
on whether vessels are arterial or venous. An example is shown in Figure 2. Qualitative 
analysis of the presence or absence of a perilesional microvascular rarefaction, i.e. 
capillary dropout around the flow corresponding to the lesion, was performed by two 
of the authors (J.V. and L.S.).

V
V

V

V

V

A

A

A

Figure 2. The perifoveal exudative vascular anomalous complex is located within the yellow, dotted ellipse. The red letters 
A refer to an arterial vessel, and the blue letters V to a venous vessel. This figure shows that this particular PEVAC lesion is 
connected to a venous vessel. Furthermore, the lesion is located on the level of retinal capillaries.
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The presence or absence of hemorrhages and exudates were recorded, based on 
fundoscopy and on evaluation of the CFP images that were acquired on the same date 
as the OCT and OCT-A scans.

Statistical analysis
Statistical analysis was performed using SPSS Statistics Version 24 (IBM, Armonk, New 
York, USA). Categorical variables were expressed as counts (n) and percentages (%), 
and continuous data as mean ± standard deviation (SD). A p-value smaller than 0.05 
was considered statistically significant. Chi-square test of independence was used to 
analyze whether categorical variables differed statistically significantly between the 
PEVAC and PEVAC-resembling groups. For continuous variables, a Mann-Whitney U 
test was used to analyze statistically significant differences between PEVAC and PEVAC-
resembling lesions.

RESULTS
Ten eyes of 10 patients with a PEVAC and 27 eyes of 22 patients with a PEVAC-resembling 
lesion were included in this study. Demographics and baseline characteristics are 
presented in Table 1 and 2. Figure 3 shows examples of the OCT, OCT-A and fundus 
images of a PEVAC and a PEVAC-resembling lesion.

OCT observations are shown in Table 3. In the PEVAC group, all the lesions were unilateral 
(100%) and almost all appeared unifocally (90%). In contrast, PEVAC-resembling lesions 
appeared in 23% of cases bilateral (p>0.05) and 56% of the PEVAC-resembling cases 
had multifocal lesions (p<0.05). In 90% of the eyes, PEVAC lesions were located within 
500 µm from the center of the fovea, while this was true for only 56% of the PEVAC-
resembling lesions (p>0.05).
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Table 1. Demographics and baseline characteristics

PEVAC PEVAC-resembling

Number of patients 10 22

Male 8 11

Female 2 11

Number of eyes 10 27

Age 76.6 ± 9.7 72.3 ± 7.6

General health (per eye)

Hypertension 7 11

DM 0 21

Ischaemic attack or stroke 4 4

Coinciding retinal vascular diseases (per eye)

Dry ARMD 2 1

DRP 0 21

BRVO 0 4

CRVO 0 1

Myopic maculopathy with staphyloma 0 2

Ischemic maculopathy 0 1

DM = Diabetes Mellitus; ARMD = age related macular degeneration; DRP = diabetic retinopathy; BRVO = branch retinal vein 
occlusion; CRVO = central retinal vein occlusion

Table 2. Detailed information on the age and history of cardiovascular problems in patients with perifoveal exudative 
vascular anomalous complex (PEVAC).

Patient Age (years) History of cardiovascular problems

1 76 Myocardial infarction, transient ischemic attack 

2 56 Hypertension

3 92 Hypertension

4 75 Hypertension, myocardial infarction 

5 73 None

6 86 Hypertension, transient ischemic attack

7 76 Hypertension, cerebrovascular accident

8 70 Hypertension

9 83 Hypertension

10 71 None
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PEVAC PEVAC-resembling
A

B

C
D

E

F

G
H

I
J

K

L

Figure 3. OCT, OCT-A and CFP images of an eye with a PEVAC (left) and an eye with a PEVAC-resembling (right) lesion. Images 
A and G are the scanning laser ophthalmoscopy (SLO) images. The green line corresponds with the location of the B-scans B,C 
and H,I. Images B and H are the B-scans with an oval PEVAC(-resembling) lesion. Images C and I represent the true structure of 
the PEVAC(-resembling) lesions, i.e. a more circular structure. OCT images are normally scaled to enhance vertical resolution 
(B and H), while in C and I the vertical scale is adjusted to the horizontal scale, i.e. these images show true proportions. D 
and J represent the OCT-A en face images, showing hyperreflective dots on the location of the PEVAC(-resembling) lesions. 
The green line goes through the lesion and corresponds with the location of the cross-sectional B-scan. In J, another PEVAC-
resembling lesion is visible more superior. E and K show the cross-sectional B-scan with flow overlay, showing perfusion 
of both lesions. F and L are the CFP images of both lesions. Small hemorrhages are present in the CFP image of the PEVAC-
resembling patient.

Table 4 shows the vascular observations of PEVAC and PEVAC-resembling lesions. 
Lumens of almost all PEVAC and PEVAC-resembling lesions were perfused (100% vs. 
96%, p>0.05). There was one PEVAC-resembling lesion without perfusion that could 
therefore not be used for further vascular analysis. PEVAC and PEVAC-resembling lesions 
were venous in 50% and 62% of the cases (p>0.05), and most of them were connected to 
capillaries (80% and 85%, p>0.05). Perilesional microvascular rarefaction was observed 
around 90% of the PEVAC lesions, but also around 89% of the PEVAC-resembling lesions 
(p>0.05).
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Table 3. OCT observations of patients with perifoveal exudative vascular anomalous complex (PEVAC) and patients with a 
PEVAC-resembling lesion.

PEVAC PEVAC-resembling p

Laterality 0.10

Unilateral 10 (100%) 17 (77%)

Bilateral 0 (0%) 5 (23%)

Focality 0.009*

Unifocal 9 (90%) 12 (44%)

Multifocal 1 (10%) 15 (56%)

Location center PEVAC 0.73

GCL 0 (0%) 1 (4%)

IPL 1 (10%) 3 (11%)

INL 7 (70%) 17 (63%)

OPL 2 (20%) 2 (7%)

ONL 0 (0%) 4 (15%)

Intraretinal cystoid space 0.25

Present 5 (50%) 19 (70%)

Absent 5 (50%) 8 (30%)

Capsular structure 0.21

Complete ring sign 3 (30%) 8 (30%)

Incomplete ring sign 3 (30%) 15 (56%)

Absent ring sign 4 (40%) 4 (15%)

PEVAC dimensions

Horizontal diameter (µm) 156 ± 35 161 ± 32 0.72

Vertical diameter (µm) 145 ± 39 157 ± 32 0.13

Surface area (µm2) 18·103 ± 9·103 20·103 ± 7·103 0.32

Horizontal distance to fovea (µm) 373 ± 145 445 ± 258 0.58

Within or outside central fovea 0.051

<500 µm 9 (90%) 15 (56%)

>500 µm 1 (10%) 12 (44%)

GCL = ganglion cell layer; IPL = inner plexiform layer; INL = inner nuclear layer; OPL = outer plexiform layer; ONL = outer nuclear 
layer.
*statistically significant difference between PEVAC and PEVAC-resembling groups

Statistical significantly fewer hemorrhages were observed on fundus photographs in the 
eyes with a PEVAC (10%) than in eyes with a PEVAC-resembling lesion (82%, p<0.001). 
Furthermore, no statistically significant difference was found in observed exudates 
between both groups (PEVAC 30% and PEVAC-resembling 22%, p>0.05).
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Table 4. Vascular observations of patients with perifoveal exudative vascular anomalous complex (PEVAC) and patients with 
a PEVAC-resembling lesion.

PEVAC PEVAC-resembling p

Flow in PEVAC 0.54

Present 10 (100%) 26 (96%)

Absent 0 (0%) 1 (4%)

Branching

Arterial or venous 0.53

Arterial 5 (50%) 10 (38%)

Venous 5 (50%) 16 (62%)

Capillaries or arteriole/venule 0.74

Capillaries 8 (80%) 22 (85%)

Arteriole/venule 2 (20%) 4 (15%)

Microvascular rarefaction 0.92

Present 9 (90%) 24 (89%)

absent 1 (10%) 3 (11%)

DISCUSSION
In this prospective cross-sectional study, we explored several features of PEVAC based on 
multimodal imaging and compared those with PEVAC-resembling lesions. These lesions 
were previously excluded from studies because these aneurysmal microangiopathies 
are related to an underlying retinal vascular pathology. Clinical, morphological and 
vascular features were predominantly similar in PEVAC and PEVAC-resembling lesions.

There were however some observed differences. First of all, PEVAC-resembling lesions 
were significantly more often accompanied with hemorrhages, which is related to 
the underlying retinal vascular pathology. We furthermore observed differences in 
quantity of PEVAC and PEVAC-resembling lesions. PEVAC lesions appeared unifocal, or 
in isolation, in almost all cases. On the other hand, PEVAC-resembling lesions appeared 
statistically significant more frequently multifocal within the same eye. Interestingly, 
multifocality of PEVAC has never been described to exceed three lesions,5 while we 
have observed up to five PEVAC-resembling lesions within a single eye. Furthermore, 
although not statistically significantly different, PEVAC-resembling lesions occurred 
bilateral in 23%, independent of the underlying vascular pathology, while none of 
the PEVAC lesions were bilateral. Even though it is very infrequent, a case study has 
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recently described the appearance of a bilateral PEVAC lesion.5 Moreover, OCT showed 
that 90% of the PEVAC lesions were located within 500 µm from the center of the fovea, 
while this was only true for 56% of the PEVAC-resembling lesions. Given the frequently 
occurring multifocality and bilaterality of PEVAC-resembling lesions it is reasonable 
to assume that an underlying vascular pathology stimulates the formation of one or 
more perifoveal aneurysmal abnormalities. This observation is supported by the more 
diffusely appearance of the PEVAC-resembling lesions.

Querques et al.3 were the first to describe PEVAC and stated that this peculiar clinical entity 
does not clinically fit any known retinal disease. PEVAC is therefore considered a stand-
alone retinal vascular disease in otherwise healthy eyes. In contrast, PEVAC-resembling 
lesions are considered retinal microangiopathies related to a known underlying retinal 
vascular disease. Given the multimodal based imaging similarities between PEVAC and 
PEVAC-resembling lesions, we may consider both PEVAC and PEVAC-resembling as local 
microangiopathies regardless of their origin. Microangiopathies are known to change 
and may disappear over time without intervention9. Since Verhoekx et al.7 showed that 
PEVAC lesions may regress spontaneously and even disappear over time, this supports 
the suggestion that PEVAC lesions may indeed be considered a microangiopathy. 
However, as the appearance of PEVAC has no relation to any underlying retinal vascular 
disease, we speculate that a possible cause of the development of this isolated 
microangiopathy might be related to a past or ongoing general cardiovascular problem 
since in our study, 40% of the PEVAC patients have suffered from an ischemic attack or 
stroke and 70% of cases have controlled hypertension (Table 1 and 2).

The pathogenesis of aneurysmal microangiopathies is still largely unknown.13 Pericytes 
play a prominent role in the development of microaneurysms related to diabetes. They 
are specialized contractile cells that regulate vascular tone and perfusion pressure 
in the retinal capillaries.13-15 Apoptosis and drop-out of pericytes may contribute to 
the initiation of endothelium to proliferate into microaneurysms.15,16 The hypothesis 
of microaneurysm genesis could also apply to PEVAC and PEVAC-resembling lesions 
development. However, this does not explain why PEVAC(-resembling) grows into such 
large lesions in comparison to microaneurysms. A possible explanation could be a 
theory postulated by Spaide et al.8 that these kind of lesions are actually an aneurysmal 
expansion, possibly due to a decrease of the lesion wall strength and an increased wall 
tension.

In the perilesional area, microvascular rarefaction was observed in 90% of the patients 
with a PEVAC lesion. Microvascular rarefaction is described as the result of an impaired 
angiogenesis, leading to microvascular regression.17 Factors that may contribute to 
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microvascular rarefaction are: removal of angiogenic stimuli, discontinuation of blood 
flow, disruption of endothelial pericyte association, angiogenesis inhibitors, endothelial 
dysfunction, or endothelial or stem cell reprogramming.17 Both genesis of aneurysmal 
abnormalities as well as perilesional microvascular regression seem to be related to 
the process of pericyte loss.13-15,17 Furthermore, an association has been suggested 
between microvascular rarefaction and aging in the retinal vasculature.18 The PEVAC 
patients in our study were 76.6 ± 9.7 years old, and microvascular rarefaction was found 
in both patients with and without past or ongoing cardiovascular problems. Therefore, 
we hypothesize that aging might possibly be a critical factor in the development of an 
aneurysmal abnormality. These aneurysmal changes could either appear as a small 
microaneurysm,19 or expand into a prominently visible PEVAC lesion.

There are some limitations to this study. The statistical power of this study was limited 
due to the small sample size, even though we included a relatively large group of patients 
compared to other published studies on PEVAC. Furthermore, as this was a cross-
sectional study, only single-visit imaging data was available. Verhoekx et al.7 showed 
that PEVAC lesions change and may completely disappear over time. It remains unclear 
how PEVAC(-resembling) develops, why they change and what the sequence of events 
is that result in PEVAC regression or disappearance. We are therefore not sure in what 
phase we captured the PEVAC lesions that were included here. Different phases may 
result in different features of the PEVAC or PEVAC-resembling lesion. However, this study 
provides a first overview of several clinical, morphological and vascular characteristics 
of both PEVAC and PEVAC-resembling lesions, and further research should include the 
PEVAC and PEVAC-resembling lesions when they are in the most active phase to draw 
further conclusions. Furthermore, the presence of microvascular rarefaction on OCT-A 
en face was subjectively scored by two of the authors, but a quantitative measure would 
be preferable. Vessel density analysis for such a focal lesion and its surroundings is not 
suitable because of the differences in size of the area of interest between patients.

In conclusion, PEVAC and PEVAC-resembling lesions are both retinal microangiopathies 
with predominantly similar clinical, morphological and vascular features on multimodal 
imaging but different causes. We observed evident differences in quantity of PEVAC 
compared to PEVAC-resembling lesions, which suggests that an underlying retinal 
vascular pathology stimulates the formation of perifoveal aneurysmal abnormalities. We 
hypothesize that either general cardiovascular issues or local age-related deterioration 
of the retinal vasculature or both are related to the development of a focal PEVAC lesion.
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ABSTRACT
Purpose: Only an endophytic growth pattern in juxtapapillary retinal hemangioblastoma 
(JRH) is an indication for surgical treatment, but classification of growth types is difficult 
using conventional imaging techniques. This case report describes the use of optical 
coherence tomography angiography (OCT-A) features for classification and treatment 
follow-up in a case with JRH.

Observations: The JRH of this patient was easily detected with two different OCT-A 
methods in both en-face and cross-sectional B-scan images, and was classified as a 
sessile growth type. This growth type excluded the treatment option of vitreoretinal 
surgery with excision of the lesion or ligation of the feeder vessels. The patient was 
treated multiple times with intravitreal bevacizumab. Treatment follow-up with OCT-A 
initially revealed a stable extent of the JRH, with some slight flow deviations in en-face 
visualization, followed by a period of progressive growth of the lesion.

Conclusions and Importance: OCT-A revealed the depth localization of the JRH and 
seems to be a valuable tool for JRH classification. Detailed classification may be useful 
when surgery is considered as a treatment strategy. Furthermore, treatment follow-up 
is possible with OCT-A, although imaging artifacts should be taken into account.
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INTRODUCTION
Retinal hemangioblastomas (RHs) are benign vascular tumors, occurring either isolated 
or in association with von Hippel-Lindau (VHL) disease.1,2 The majority of the RHs are 
located in the peripheral retina, but up to 15% is reported to occur on the optic nerve 
head or within the juxtapapillary region (juxtapapillary retinal hemangioblastomas, 
JRHs).2 For these JRHs, no standardized treatment guidelines are yet established, 
because of the difficult anatomic location.3-5 Since JRHs in general have a progressive 
nature, these lesions will, without treatment, lead to growth of the tumor and 
complications such as exudation, subretinal fluid accumulation, macular edema, and 
exudative retinal detachment.4 Despite this progressive nature, observation is often 
chosen as initial management. Whenever it becomes symptomatic (i.e. lesion growth 
or visual deterioration), Saitta et al.4 suggested to treat with either intravitreal anti-
vascular endothelial growth factor (VEGF) agents, verteporfin photodynamic therapy 
(PDT), vitreoretinal surgery or a combination of these. Defining the most effective and 
safe treatment strategy for a patient depends also on the growth type of the lesion: 
endophytic, sessile or exophytic . An important feature of the different growth types is 
the depth-location within the retina. Endophytic tumors are located in the superficial 
layers (between internal limiting membrane (ILM) and halfway inner plexiform layer 
(IPL)), sessile tumors in the middle layers of the retina (between halfway IPL and outer 
nuclear layer (ONL)) and endophytic tumors in the outer layers (between ONL and 
retinal pigment epithelium (RPE)).2,6-8 The surgical treatment option is only considered 
for JRHs with an endophytic growth pattern, due to the superficial location of these 
lesions.4,9

Growth types are based on depth-localization of the JRHs within the retina, which 
cannot be detected with conventional imaging tools. Currently, the most informative 
tool for the diagnosis of (J)RHs is fluorescein angiography (FA),2 which merely provides 
a two-dimensional dynamic visualization of retinal blood flow with information 
on leakage, pooling and staining.10,11 A new imaging technique, optical coherence 
tomography angiography (OCT-A), is able to create a three-dimensional map of blood 
flow. This enables the visualization of blood flow in both en-face view and on cross-
sectional OCT B-scans, which provides information on blood flow location in depth. In 
addition, no invasively administered contrast agents are necessary, which makes it less 
time consuming, more patient-friendly and easier to conduct for follow-up.11,12
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In this report, we present a case of a patient with a JRH which was imaged with OCT-A 
next to conventional imaging techniques. The aim of this report is to evaluate the use 
of OCT-A in classifying the growth type of this lesion and monitoring its evolution over 
time.

CASE REPORT
A 46 years old female with VHL disease visited the Rotterdam Eye Hospital (Rotterdam, 
The Netherlands) because of multiple RHs with tractional and exudative retinal 
detachment in the periphery in her right eye. At that moment, the visual acuity was 1.0 
decimals (Snellen) in the right eye. The left eye was affected by the disease earlier in life 
and has resulted in complete loss of visual function. Vitreoretinal surgery in the right 
eye was successfully performed to remove the existing peripheral RHs as well as the 
tractional membranes, and silicone oil was used as intraocular tamponade. Four weeks 
after surgery, prior to oil removal, fundus imaging revealed a newly formed JRH, located 
on the temporal quadrant of the optic nerve head. The visual acuity had decreased to 0.6 
decimals, possibly due to the silicone oil within the vitreous cavity. However, because 
this was her only functional eye, it was treated with intravitreal bevacizumab (1.25 
mg/0.05 ml; IVB; Avastin®, Roche Pharma AG, Grenzach- Wyhlen, Germany), in order to 
reduce the risk of growth of the JRH.

Based on our good experience with early surgical treatment of retinal hemangioblastomas 
in the retinal periphery,13 we considered feeder vessel ligation or excision of the JRH 
during the planned removal of oil. For this reason, imaging by several modalities was 
performed preoperatively, to determine the growth type of the lesion to be excised. 
Besides conventional imaging techniques, such as fundus photography (FP), fluorescein 
angiography (FA) and optical coherence tomography (OCT) (Figure 1), we also obtained 
images with the new non-invasive technique, OCT-A, using an experimental 1040nm 
swept-source Doppler OCT14 as well as the preliminary research version of Spectralis 
OCT-A (Heidelberg Engineering, Germany) (Figure 2). Although FP, FA and OCT were 
not able to reveal the lesion’s location in depth of the retina, superimposed B-scans 
with flow overlay from OCT-A revealed that the major part of the lesion is located in 
the middle layers of the retina. Therefore, the growth type of this lesion was defined as 
sessile. This growth type excluded the option of surgical treatment of the JRH during the 
oil removal procedure, which is in accordance with the treatment algorithm approach 
of Saitta et al.4
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Table 1. Overview of the follow-up period with information on the visual acuity, presence of CME, growth of the lesion and 
the treatment events.

Week
Visual acuity 

(Snellen decimals)

Presence of CME? 
(Conventional 
OCT images)

Growth of the 
lesion? (OCT-A 

images) a Treatment

0 N/a N/a N/a IVB

1 0.6 No Reference N/a

2 N/a N/a N/a oil removal + IVB

4 N/a Yes No IVB

6 0.9 Yes No scBMA

8 0.8 Yes N/a IVB

10 0.6 Yes Yes N/a

13 0.7 Yes N/a N/a

16 0.9 Yes Yes IVB + scTCA

17 N/a N/a N/a Laser treatment of new retinal 
hemangioblastomas in periphery

19 1.0 Yes N/a N/a

22 0.9 Yes N/a IVB + scTCA

25 0.9 Yes N/a N/a

28 0.9 Yes N/a IVB

31 0.8 Yes N/a Laser treatment of new retinal 
hemangioblastomas in periphery

34 N/a Yes N/a IVB + scTCA

37 0.8 Yes Yes N/a

CME = cystoid macular edema. N/a = not applicable, i.e. this measurement was not performed, or the patient was not treated. IVB 
= intravitreal bevacizumab. scBMA = subconjuctival betamethasone acetate. scTCA = subconjuctival triamcinolone acetonide.
Note: All the moments the patient was present in the hospital during the follow-up period are included in this table.
a Compared to the previous OCT-A image

The patient was monitored between October 2016 and June 2017 with both OCT-A 
devices. Table 1 includes an overview of visual acuity, presence of cystoid macular 
edema (CME) on OCT, lesion growth findings on OCT-A and treatment events in this 
period, with week 0 being the time of first detection. Treatment consisted of IVB, at 
certain time points combined with either subconjuctival betamethasone acetate 
(scBMA, Celestone Chronodose, Schering Co., Kenilworth, NJ) or subconjuctival 
triamcinolone acetonide (scTCA, Kenacort-A, Bristol-Myers Squibb, NYC) in order to 
treat the progressed CME. OCT-A en-face images of the treatment follow-up are shown 
in Figure 3 and 4. Differences in en-face images of the lesion between week 1, 4 and 
6 are subtle (the eye was treated with IVB between each OCT-A image). From week 10 
(one more IVB injection was given at week 8), the lesion seems to be larger on the en-
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Figure 3. Doppler optical coherence tomography (OCT) en-face images at week 1, 10, 16, and 37 respectively from left to right. 
The lesion is at week 10, compared to week 1, more dense and slightly expanded towards the superior located vessel. At week 
16 the lesion has continued growing, mostly towards the temporal vessel. At week 37, the lesion even crosses the superior 
and temporal located vessels.

Figure 4: Spectralis optical coherence tomography angiography (OCT-A) en-face images of week 1, 4, 6 and 10, showing 
slightly more abnormally located blood flow on the temporal side of the lesion in week 10 compared to previous images. 
Differences between lesion sizes on different images could be observed by taking surrounding vessels as reference.
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face visualization (particularly on Spectralis OCT-A images, Figure 4), and appeared 
progressive until week 16 (revealed by Doppler OCT, Figure 3). Between week 16 and 37, 
the extent of the lesion seemed to expand slightly more (shown at Doppler OCT images, 
Figure 3).

Although the extent of the lesion appeared progressive on OCT-A, there was no 
substantial visual deterioration (0.8 decimals at week 37) compared to previous visual 
acuity values (Table 1). Therefore, therapy with IVB continued.

DISCUSSION
Classification of JRHs is not possible using conventional imaging methods, which is of 
importance if surgical treatment is considered. In this case report, OCT-A was used to 
classify the growth type of the lesion and for follow-up of treatment response. Based 
on OCT-A, this lesion was classified as a sessile growth type (in the middle layers of 
the retina), which was impossible to do by FA or conventional OCT. This illustrates its 
contribution in deciding on an optimal treatment strategy. Treatment follow-up was 
easily performed with OCT-A, providing information on the growth of the lesion.

Since vitreoretinal surgery should only be considered with an endophytic lesion, this 
treatment option was excluded for this patient. The remaining options were observation, 
intravitreal anti-VEGF, or intravitreal anti-VEGF combined with verteporfin PDT. The 
decision for therapy with IVB was based on several reasons: observation was ruled 
out, because untreated JRHs are in general progressive lesions,4 which is undesirable 
in a monocular patient. Treatment with PDT is shown to have positive effects on the 
secondary sequelae of a JRH, such as macular edema, accumulation of lipid exudates 
and serous retinal detachments. However, results on visual acuity are not consistent15 
and PDT was found too risky for the monocular patient, since it could cause visual 
damage.

Although there are several cases described that benefit from monotherapy with anti-
VEGF,16-18 in our case the JRH started growing despite the IVB treatment, and the patient 
developed new peripheral lesions as well. Wong et al.19 questioned whether targeting on 
VEGF would reduce growth and behavior of a JRH that is related to von Hippel-Lindau 
(VHL) disease, which is in line with the lack of efficacy of anti-VEGF treatment in our case 
(growth between week 10 and 37). On the other hand, it could also be argued that the 
IVB may have delayed the growth of the lesion (starting from week 10).
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This patient was extensively followed by both OCT-A imaging techniques, Doppler OCT 
and Spectralis OCT-A. Prior to week 10, the lesion did not show growth and even seemed 
to diminish slightly. However, the appearance of the lesion on OCT-A en-face images of 
week 1, 4 and 6 differed slightly compared to each other. Although each imaging system, 
including OCT-A, has to deal with signal variations due to noise,12 there are some other 
potential explanations for the slight differences between OCT-A en-face images. First of 
all, IVB treatment may induce deviations in the angiogenesis of the lesion. Furthermore, 
detection of blood flow could be influenced by thickening of the retina due to CME (first 
signs of CME at week 4). Moreover, OCT-A techniques are based on macular area, and 
software still has difficulties with segmenting the retinal layers in the juxtapapillary 
area properly. Therefore, segmentation had to be adjusted manually, which could cause 
slight differences in en-face representations.

Besides these small limitations of this technique possibly leading to slight flow 
deviations on en-face images of the JRH at week 1, 4 and 6, we believe we were overall 
well able to subjectively distinguish growth and stabilization of the lesion during this 
follow-up period. However, for future studies, when segmentation has been improved 
for the juxtapapillary area, we would recommend a quantitative analysis of the extent 
of the lesion.

We are not able to provide a sufficient general comparison between the two used OCT-A 
systems, since we report on one case only and Spectralis OCT-A was not available during 
the whole follow-up period. An important drawback of our experimental Doppler OCT, 
was the lack of an eye tracker, which makes acquisition more prone to movement 
artifacts (Figure 3).

CONCLUSIONS
In conclusion, OCT-A seems valuable in classifying the growth type of JRH located in 
the posterior pole by determining its location in depth, which is not possible using 
conventional imaging techniques. Information on growth type of a JRH is of great 
importance when making decisions regarding the treatment, especially when surgery 
is considered. Furthermore, OCT-A is an easy, relatively quick and non-invasive 
technique to use for follow-up of the treatment outcome. However, the images should 
be interpreted carefully, due to the possibility of imaging, segmentation and motion 
artifacts.
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Although this case report shows that OCT-A seems a promising additional diagnostic 
and follow-up technique in the management of JRHs, we have imaged only one growth 
type and treatment path. Therefore, more research is needed to expand the knowledge 
on usability and ability of OCT-A in classifying all existing growth types, as well as its use 
in follow-up of different treatment strategies.
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ABSTRACT
Purpose: To explore the short-term vascular and structural changes of type 3 
neovascularization using optical coherence tomography angiography (OCT-A) when 
treated with a combination of photodynamic therapy (PDT) and intravitreal bevacizumab 
(IVB), and to evaluate the course of different sequences of the combined therapies.

Methods: Thirty eyes of 29 treatment-naïve patients with a type 3 neovascularization 
were included in this prospective observational cohort study. They were all treated with 
PDT and IVB 2 weeks apart, starting either with PDT (PDT-first group) or IVB (IVB-first 
group). OCT-A imaging was performed at week 0, 2, 4 and 18, and best corrected visual 
acuity (BCVA) at week 0 and 18. Vascular, structural and functional features were graded 
and analyzed over time.

Results: In all patients, at all follow-up visits, vascular and structural features were 
significantly more often decreased or resolved than unchanged or increased. BCVA 
significantly improved at 18 weeks. Vascular, structural and functional outcomes were 
all slightly better in the PDT-first group compared to the IVB-first group, although not 
statistically significant.

Conclusion: Combined treatment of PDT and IVB is effective in short-term for type 3 
neovascularization based on vascular and structural features. Initial treatment with PDT 
tended to be more effective than with IVB.
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INTRODUCTION
Type 3 neovascularization is a distinct form of neovascular age-related macular 
degeneration (nAMD), which accounts for 12-15% of the newly diagnosed nAMD 
patients.1 Classification of the neovascularization types is based on their anatomical 
location (Figure 1). Type 3 neovascularizations appear intraretinally, i.e. within the 
deeper retina normally void of vessels.2-4

Type 3 neovascularization is commonly diagnosed using a multimodal imaging 
approach: fundus examination, fluorescein angiography (FA), indocyanine green 
angiography (ICGA) and optical coherence tomography (OCT).5 This is not only time-
consuming, but partially invasive by using intravenous dye for FA and ICGA. Such a 
multimodal imaging approach is therefore only used for diagnosis, not for treatment 
follow-up.

Recently, a new functional extension of OCT visualizing perfusion of the chorioretinal 
vasculature, called OCT angiography (OCT-A), became clinically available.6,7 A volume 
scan pattern using this technique enables the construction of a perfusion map.7-9 
Previous studies have shown that features of type 3 neovascularizations, such as the 
intraretinal neovascular complex as well as transretinal blood flow corresponding to 
a retinal choroidal anastomosis (RCA), are detectable and identifiable on OCT-A.10-16 
Hence, OCT-A could be used for examining the response to treatment in type 3 
neovascularization.

The availability of a fast, non-invasive examination, like OCT-A, to study the vascular 
and structural response to treatment in type 3 neovascularization more vigorously is 
favorable. So far, small sample sizes, short follow-up periods and inconsistencies in 
follow-up measurements and treatment schedule made treatment consensus difficult.9 
Type 3 neovascularizations are thought to express vascular endothelial growth factor 
(VEGF), which is provoked by outer retina hypoxia.9 Although monotherapy with VEGF 
inhibitors (anti-VEGF) shows positive results on visual acuity, the lesions remain active 
in most patients until the end of follow-up.9,17-20 To overcome the persistence of lesions 
after anti-VEGF monotherapy, a combination with photodynamic therapy (PDT) seems 
appropriate. PDT may strengthen the success rate by closing retinal-retinal anastomosis 
(RRA) as well as RCA.9 De Jong et al.16 showed that abnormal blood flow corresponding 
to the type 3 neovascularization tends to persist after treatment with the anti-VEGF 
agent bevacizumab (intravitreal bevacizumab; IVB) alone, whereas a combination 
with PDT rapidly resulted in complete resolution in most cases. Although these results 
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Figure 1: a schematic image of type 1, type 2 and type 3 neovascularizations on a cross-sectional representation of the retina. 
Note that the type 3 neovascularization in this schematic presentation is a stage 3 lesion. Courtesy of J.E.A. Majoor, MD.
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show that combination therapy with PDT and IVB may be effective in resolving type 3 
neovascularization, detailed analysis of the course of the lesion over time is warranted 
as well as analysis of the most effective sequence of this combination treatment.

Therefore, we aimed to explore the vascular and structural changes of type 3 
neovascularization in short-term using OCT-A, when treated with a combination 
therapy of PDT and IVB. Furthermore, we determined and compared the course of both 
sequences of combining PDT and IVB.

METHODS

Study design
This prospective observational cohort study was approved by the local internal review 
board of the Rotterdam Eye Hospital (REH) and the Medical Research Ethical Committee 
of the Erasmus University Hospital (Rotterdam, the Netherlands), and adhered to 
the tenets of the Declaration of Helsinki. Informed consent was obtained from each 
participant before they were enrolled in the study.

Study population
Between September 2016 and June 2018, 30 eyes of 29 patients were enrolled in this 
study. Patients were included when diagnosed with new-onset type 3 neovascularization 
based on OCT, fundus examination, FA and ICGA without a history of treatment for nAMD 
(i.e. intravitreal anti-VEGF, peri-ocular steroids or photodynamic therapy) within the last 
year. Diagnosis was performed by a medical retina specialist from the REH, and diagnosis 
of each case was confirmed before enrollment by one of them (M.V.). Diagnosis of type 
3 neovascularization was based on the presence of known hallmarks on conventional 
imaging, i.e. a focal intraretinal hemorrhage on fundus examination, focal leakage on 
FA, and a mid to late phase hotspot on ICGA. Type 3 neovascularization features based 
on OCT are presence of intraretinal hyperreflective focus and cystoid macula edema (all 
stages), external limiting membrane (ELM) and ellipsoid zone (EZ) disruption (stage 2 
and 3), retinal pigment epithelial (RPE) disruption (stage 3), serous pigment epithelial 
detachment (PED) with or without subretinal fluid (SRF) (stage 3).21
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Treatment strategy
Treatment strategy for these patients was a combination of PDT and IVB administered 
at 2 weeks apart. Treatment at baseline (week 0) was preferably within one week after 
diagnosis. The treatment sequence followed routine clinical care and was based on 
the patient’s and hospital’s logistics. If PDT was available within a week after diagnosis 
at the patient’s convenience, the patient started with PDT at week 0 followed by IVB 2 
weeks later (PDT-first group). Otherwise, the patient was first treated with IVB, followed 
by PDT at week 2 (IVB-first group). From week 6 onwards patients were treated with 
IVB on a pro re nata (PRN) schedule. Indication for PRN treatment was an increase in 
intraretinal or subretinal fluid on OCT and/or a visual acuity loss of at least 5 letters with 
evidence of fluid in the macular area on OCT. The spot size of PDT was adjusted to the 
hot spot on ICGA, using full fluence (50 J/cm2) and full dose verteporfin (Visudyne; 6 mg/
m2) for 83 seconds.

Study procedures and materials
Best corrected visual acuity (BCVA) was assessed using the Early Treatment Diabetic 
Retinopathy Study (ETDRS) refraction protocol at 4 meter distance at week 0 and 18. Full 
ophthalmic evaluation was performed at week 0, and at every clinical evaluation from 
week 6 onwards, including conventional SD-OCT.

Imaging by OCT-A was performed at weeks 0, 2, 4 and 18. At week 0 and 2, study 
measurements were scheduled before treatment. The study started with an 
experimental phase-resolved Doppler OCT system, which uses a swept-source laser 
(Axsun technologies Inc, MA, USA) with a wavelength of 1040 nm operating at 100 kHz 
A-scan rate.22 From patient 7 onwards, the study continued on a commercially available 
Spectralis SD-OCT system (Heidelberg Engineering, Heidelberg, Germany) for the 
acquisition of OCT-A images. The distance between B-scans was 6 µm, and pattern size 
(width x height) was either 10˚ x 5˚ (± 3.0 mm x 1.5 mm) or 10˚ x 10˚ (± 3.0 mm x 3.0 
mm), resulting in 256 and 512 B-scans per OCT-A image, respectively. Scanning was 
performed by a single operator.

OCT-A grading
Two medical retina specialists (K.W. and J.M.) graded all OCT-A scans. They were masked 
for the treatment sequence and the images were randomly presented. Baseline OCT-A 
images were graded on vascular (flow-based) features: intraretinal neovascularization 
(IRN), subretinal neovascularization (SRN), sub-RPE neovascularization (SRPEN) and 
RCA, and structural features: intraretinal cysts (IRC), subretinal fluid (SRF) and pigment 
epithelial detachment (PED). Vascular features are presented in Figure 2. Changes over 
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time were scored as increased, unchanged, decreased or resolved with respect to week 
0 for all features at week 2, 4 and 18. If the two specialists disagreed, they were asked to 
discuss the OCT-A scan, to reach consensus. A decisive judgement was given by a third 
medical retina specialist (M.V.) in case no consensus was reached.

The vascular and structural features used as primary parameters for analysis of treatment 
response were IRN, RCA and IRC. All other vascular features, i.e. SRN and SRPEN, and 
structural features, i.e. SRF and PED, were considered secondary parameters.

Analysis
Statistical analysis was performed using SPSS Statistics Version 24 (IBM, Armonk, New 
York, USA). P values lower than 0.05 were considered statistically significant.

Combination therapy
Vascular and structural changes after combination therapy were analyzed for each 
primary feature. Changes from week 0 to 2, week 0 to 4 and week 0 to 18 were only 
considered when the feature was present at baseline. For the primary vascular features 
(IRN and RCA combined) and the primary structural feature (IRC) at each follow-up visit, 
a binomial test was conducted to analyze whether the percentage of regressing lesions 
(decreased or resolved) differed significantly from 50%.

Functional change, i.e. BCVA (LogMAR score), after combination therapy from week 0 to 
18 was tested for significance by a Wilcoxon Signed-Ranks Test.

PDT-first versus IVB-first groups
The presence of vascular and structural baseline characteristics was compared between 
the PDT-first and IVB-first group, to analyze whether the groups were comparable at 
baseline. Differences were tested for each feature with a Fisher’s test.

The percentage of resolved lesions from week 0 to 18 was compared between the PDT-
first and IVB-first group for each primary feature using a one-way multivariate analysis 
of variance (MANOVA). The difference in functional progression, i.e. BCVA improvement, 
between week 0 and 18 was compared between the PDT-first and IVB-first group using 
a Mann-Whitney U test.

Furthermore, we analyzed whether the number of PRN injections between week 6 and 
18 differed between the PDT-first and IVB-first group using a Mann-Whitney U test.
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IRN IRN SRPEN

SRN RCA

Figure 2. Examples of vascular features derived from De Jong et al. (2018) Left: upper image shows an example of an 
intraretinal neovascularization (IRN), i.e. abnormal flow located intraretinally, without a connection to the choroidal 
circulation. Lower image shows a subretinal neovascularization (SRN), i.e. abnormal flow located subretinal, but above the 
retinal pigment epithelium. Right: upper image shows both IRN and a sub-RPE neovascularization (SRPEN), i.e. sub-RPE 
located abnormal flow. Note that this is not a retinal choroidal anastomosis (RCA), as a large pigment epithelial detachment 
(PED) disturbs the connection with the choroid. Lower image is an example of a RCA, showing a clear connection of the IRN 
with the choroidal circulation.

RESULTS
Thirty treatment-naïve eyes of 29 patients diagnosed with new-onset type 3 
neovascularization were enrolled in the study (20 females, median age 82.5 years, range 
62 – 95). Four patients were excluded for OCT-A analysis due to missing or poor quality 
baseline OCT-A scans, or an alternative treatment schedule (PDT and IVB were performed 
on the same day). One patient was lost to follow-up after week 2 and therefore excluded 
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for BCVA analysis. Thirteen eyes were first treated with PDT (PDT-first group), and 17 
eyes started with IVB (IVB-first group). Baseline characteristics are shown in Table 1. 
Figure 3 shows follow-up OCT-A images of a PDT-first patient and an IVB-first patient.

Table 1. Baseline characteristics

PDT-first (n = 13) IVB-first (n = 17) p-value

Age (years) 1.000a

Median 82 83

Range 62 – 91 69 – 95

Gender (n) 0.602b

Male 5 5

Female 8 12

BCVA (LogMAR) 0.38 0.32 0.758a

CMT (µm) 421.7 ± 107.1 400.4 ± 106.2 0.710a

Staging lesionx 1.000b

Stage 1 1 1

Stage 2 0 0

Stage 3 12 16

BCVA = best corrected visual acuity; CMT = central macular thickness.
xStaging was based on the staging classifications of Su et al. (2016) and Katoaka et al. (2018).
aMann-Whitney U test.
bChi-Square test.

Combination therapy
Figure 4 shows the progression of the primary vascular and structural features at week 
2, 4 and 18 with respect to week 0. This figure visualizes that at all follow-up visits, most 
vascular and structural features of the lesions were either decreased or resolved (92% at 
week 18). Binominal testing confirmed this observation (p≤0.001).

Figure 5 shows the BCVA at week 0 against the BCVA at week 18 for each patient. The 
mean BCVA was 0.34 and 0.28 LogMAR at weeks 0 and 18, respectively. A Wilcoxon 
Signed-Ranks Test indicated that the BCVA of at week 18 (median 0.18 LogMAR) was 
statistically significantly better compared to week 0 (median 0.32 LogMAR, p=0.038).
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Figure 3. Follow-up with OCT-A of a PDT-first patient (left) and an IVB-first patient (right). For both patients and for each week 
the en face (left) is presented together with the most relevant cross-sectional B-scan (right), with the segmentation from the 
inner plexiform layer (IPL) to Bruch’s membrane (BM) indicated with the red dotted lines in the B-scans. The green line in the 
en face images corresponds with the location of the B-scan. IPL to BM was chosen for these patients to include the complete 
type 3 neovascularization in the image. Week 0 (baseline) OCT-A images show the initial type 3 neovascularization prior to 
treatment, indicated with arrows. Both examples had at baseline intraretinal cysts (IRC), a pigment epithelial detachment 
(PED) and a retinal choroidal anastomosis (RCA). Follow-up at week 2, 4 and 18 is shown beneath the week 0 OCT-A images. 
For the PDT-first patient, the IRC was decreased after 2 weeks, although this is not visible in this particular B-scan. They were 
resolved at week 4 and 18. PED was decreased in all follow-ups, and the RCA was resolved in all follow-ups. For the IVB-first 
patient, the IRC were resolved at week 2 and 4, while at week 18 the IRC was decreased with respect to baseline. The small 
PED remained unchanged in all follow-ups. The RCA was decreased in all follow-ups with respect to week 0.

The fraction of resolved lesions was slightly higher in the PDT-first group at all follow-
up moments, except for IRN at 2 and 18 weeks, and IRC 2 weeks after initial treatment 
(Figure 6). MANOVA revealed no significant differences in the percentage of resolved 
lesions between the PDT-first and IVB-first groups at week 18 (Pillai’s Trace = 0.052, 
p=0.70).

Functional outcome, i.e. BCVA, improved from week 0 to 18 in both the PDT-first group 
(median 0.38 to 0.14 LogMAR, mean 0.35 to 0.23 LogMAR) and the IVB-first group (median 
0.32 to 0.18 LogMAR, mean 0.33 to 0.32 LogMAR). However, the difference in progression 
between the treatment groups was not significant (Figure 5).
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Figure 4. Fraction of increased, unchanged, decreased or resolved structural and vascular primary features at week 2, 4 and 
18 with respect to baseline (week 0). The vascular primary feature was either intraretinal neovascularization (IRN) or retinal 
choroidal anastomosis (RCA), and the structural primary feature was defined as intraretinal cysts (IRC), plotted together in 
this bar chart.

Figure 5. Plot of the best corrected visual acuity (BCVA) in LogMAR at week 0 versus week 18 for each patient, coded by 
treatment group.
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PDT-first

IVB-first

Figure 6. Comparison between PDT-first and IVB-first group on fraction of resolved features at 2, 4 and 18 weeks with respect 
to week 0 for the vascular primary features: intraretinal neovascularization (IRN) and retinal choroidal anastomosis (RCA), 
and structural primary feature: intraretinal cysts (IRC). Features were only considered when they were present at baseline. 
IRN was present at baseline in 3 PDT-first (27%) and in 6 IVB-first (40%) eyes, RCA was present at baseline in 8 PDT-first (73%) 
and in 9 IVB-first (60%) eyes, and IRC was present in 9 PDT-first (82%) and 15 IVB-first (100%) eyes (Table 2). The error bars 
show the 95% confidence interval.

PDT-first versus IVB-first groups
For the comparison between the PDT-first and IVB-first group in treatment response, 
we first compared the baseline characteristics (Table 2). Fisher’s exact test showed 
no statistically significant differences between these two groups in any of the OCT-A 
features.

Table 2. Comparison between PDT-first and IVB-first groups on presence of baseline characteristics (n, %)

PDT-first (total = 11) IVB-first (total = 15) p-valuea

IRN 3 (27%) 6 (40%) 0.683

SRN 0 (0%) 1 (7%) 1.000

SRPEN 1 (9%) 4 (27%) 0.358

RCA 8 (73%) 9 (60%) 0.683

IRC 9 (82%) 15 (100%) 0.188

SRF 1 (9%) 2 (13%) 1.000

PED 11 (100%) 13 (87%) 0.492

IRN = Intraretinal neovascularization; SRN = subretinal neovascularization; SRPEN = sub-RPE neovascularization; RCA = retinal 
choroidal anastomosis; IRC = intraretinal cysts; SRF = subretinal fluid; PED = pigment epithelial detachment.
aChi-Square test
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Finally, the number of PRN injections between week 6 and 18 did not differ significantly 
between the PDT-first group (median = 1 injection, range 0 – 3) and the IVB-first group 
(median = 1 injection, range 0 – 4). The mean values were 1.2 and 1.5 for the PDT-first 
and IVB-first groups, respectively.

DISCUSSION
In the current observational cohort study, we explored the short-term response to 
combination therapy with PDT and IVB in eyes with type 3 neovascularization using 
OCT-A. Analysis of vascular and structural parameters indicated that combination 
therapy resolved or decreased lesions in 92% of the patients, with improvement in 
BCVA. This study also indicates a slightly more effective treatment outcome with initial 
PDT treatment.

Our study showed that vascular features (either IRN or RCA) in some patients already 
disappeared after the first IVB or PDT treatment (week 2, 23% resolved), and an even 
greater percentage after the combination (week 4, 50% resolved). After 18 weeks, the 
resolution rate of the vascular features was 60%, with the majority of lesions occluded 
after combination therapy with IVB and PDT.

Interestingly, the structural feature IRC followed a different course over time. The 
resolution rate after the first treatment was 42%, increasing to 73% after the combination 
therapy, and declining to 48% at week 18. A high percentage of resolved IRCs was seen 
in week 2 in the IVB-first group (Figure 6). This can be explained because IVB is known 
to inhibit vascular permeability, and therefore reduces vascular leakage,24,25 irrespective 
of closure of the neovascular network. After 4 weeks, the PDT-first patients were treated 
with IVB as well, resulting in very high resolution rates (89%) of the IRCs. Inhibiting 
vascular permeability after closure of the leaking vessel by PDT seem to strengthen the 
effect on IRC resolution. After 18 weeks, the resolution rates of the vascular features and 
the IRCs are more similar.

Besides the resolution rates of these vascular and structural features, visual acuity 
had significantly improved at 18 weeks. This is consistent with the results of Saito et 
al.26, who also reported an improved visual acuity after combination therapy with IVB 
and PDT. Few of our patients (n=5) suffered a clear deterioration in visual acuity at 
week 18 (loss of VA more than 0.1 logMAR, Figure 5), but we found that the majority 
of the vascular and structural outcomes in these patients had improved. This shows 
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that even if vascular and structural abnormalities are restored, visual acuity may 
not. Although it is important to treat the vascular and structural features related to 
the neovascularization to prevent further decline of visual function, there is no clear 
relation between the course of vascular or structural features and whether the visual 
acuity improves, stabilizes or deteriorates. Kim et al.27 suggested that a poorer visual 
outcome is related to the presence of a PED at baseline. PED was present in almost all 
patients in our cohort (Table 2), showing an overall improved visual acuity (Figure 5). 
Kim et al.27 treated patients with anti-VEGF monotherapy, therefore combined therapy 
with PDT and IVB might be favorable when a PED is present at baseline.

As stated before, initial PDT treatment showed a more effective outcome. Figure 6 
shows that initial treatment with PDT resulted in slightly higher resolution percentages 
in almost all vascular and structural parameters at all follow-up visits, although not 
statistically significant. Also improvement of visual acuity seemed superior in the 
PDT-first patients (see Figure 5) A possible explanation for the more promising results 
in the PDT-first group is related to its effect on the endothelial cells of the abnormal 
blood vessels of the type 3 neovascularization. Verteporfin binds selectively to active 
endothelial cells in the abnormal blood vessels, triggering a photochemical reaction 
when activated by laser energy. The activated verteporfin molecule leads to selective 
microvascular occlusion.28 If patients are treated with IVB first, we can hypothesize 
that the number of potentially verteporfin-binding endothelial cells has already been 
diminished by the IVB, since bevacizumab inhibits the activity of VEGF molecules that 
bind to receptors on the surface of endothelial cells. On the other hand, if patients start 
with PDT, the leaking blood vessel will be sealed and bevacizumab may strengthen this 
effect by further inhibiting angiogenesis and vascular permeability.

This study evaluated in detail the progression of typical type 3 neovascularization 
related parameters on both en-face and cross-sectional B-scans, which can be used in 
future studies. The statistical power of this study is limited due to its explorative nature 
and the relatively small study population, to truly compare the different sequences 
of the combination therapy. Larger cohorts are necessary to confirm or reject the 
theory that starting with PDT is most effective. Furthermore, this study did not include 
treatment with IVB alone, which is a widely accepted treatment regimen for type 3 
neovascularization. This could be the subject for future research, together with a 
longer follow-up period, enabling the registration of recurrence rates as well. Another 
difficulty in the current study was the considerable variation between the two graders 
for the OCT-A images (agreement data not shown), which was overcome by presenting 
consensus data. The follow-up scores were also subjective and could be improved by 
automated quantification of the flow on OCT-A images. However, since images were 
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presented randomly, the specialists were not biased by the knowledge of the treatment 
status of the patient. Furthermore, two different OCT-A devices were used in this study. 
Since the analysis only included subjective grading of presence or absence of several 
flow- and structure-related parameters, we believe this did not influence the results.

In conclusion, this study shows the efficacy of combined PDT and IVB therapy on type 
3 neovascularization in short-term. It showed improvement of vascular and structural 
features on OCT-A combined with increase of BCVA , and possibly a more effective 
outcome when starting with PDT. To optimize the treatment regimen for patients with 
a type 3 neovascularization, future studies should focus on the analyzed parameters in 
larger cohorts with a longer follow-up and other treatment options, such as different 
anti-VEGF agents.
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ABSTRACT
Purpose: To examine the intra- and intergrader agreement on morphological 
characteristics of type 3 neovascularization on optical coherence tomography 
angiography (OCT-A).

Methods: OCT-A images of 22 eyes from 21 patients with a new-onset, treatment-
naive type 3 neovascularization were included in this cross-sectional retrospective 
agreement study. Each image was graded three times by two independent medical 
retina specialists to assess intra- and intergrader agreement. The graders scored the 
presence or absence of the following vascular and structural features: intraretinal 
neovascularization (IRN), subretinal neovascularization (SRN), sub-retinal pigment 
epithelium (RPE) neovascularization (SRPEN), retinal choroidal anastomosis (RCA), 
intraretinal cysts (IRC), subretinal fluid (SRF) and pigment epithelial detachment (PED). 
Agreement was analyzed for each feature using Gwet’s AC1, к statistics and percentage 
of agreement.

Results: The best agreement (AC1) was found for IRN (withingrader1: 0.94; withingrader2: 
0.93 and between: 1.00) and IRC (withingrader1: 1.00; withingrader2: 0.97 and between: 
1.00). The poorest intragrader agreements were observed for SRPEN (withingrader1: 
0.54 and withingrader2: 0.36) and RCA (withingrader1: 0.45 and withingrader2: 0.52), and the 
poorest intergrader agreement was found for SRPEN, RCA and PED (0.18; 0.37 and 0.15, 
respectively).

Conclusions: Although the agreement values were high for intraretinal features, a 
considerable grader variability was found for the vascular and structural features in 
the deeper retina or under the RPE. Clinicians should be careful to base therapeutic 
decisions on qualitative OCT-A assessment, because even well-trained specialists show 
a considerable grader variation in their subjective evaluation.

Translational relevance: The clinical value of OCT-A imaging largely depends on the 
agreement of subjective evaluations by ophthalmologists. 
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INTRODUCTION
Age-related macular degeneration (AMD) is one of the main causes of visual impairment 
in developed countries in people older than 50 years.1-3 Especially neovascular AMD 
(nAMD), associated with the presence of abnormal blood vessels, induces severe 
vision loss. Abnormal blood vessel growth, or neovascularization, can be classified in 
three different types according to its chorioretinal location.1 Type 1 neovascularization 
originates from the choroid and extends beneath the retinal pigment epithelium (RPE), 
type 2 is located in the subretinal space, and type 3 neovascularization seems to be 
predominantly in the neurosensory retina with connections to the retinal or choroidal 
vasculature or to both (supplementary Figure S1).1,4-9 Distinguishing the different 
neovascularization types is essential to understand the disease progression, response 
to therapy, and prognosis.10

Currently, multimodal imaging with fluorescein angiography (FA), indocyanine green 
angiography (ICGA), and optical coherence tomography (OCT) is used for the diagnosis 
and the management of treatment for nAMD.1,10,11 FA and ICGA imaging are not used 
for treatment follow-up, because it is a time-consuming and invasive procedure that 
may cause serious adverse reactions.12 Retreatment decisions are mostly based on OCT 
characteristics, such as intraretinal fluid or subretinal fluid (SRF) and increased retinal 
thickness. However, the vascular flow component of neovascularization activity is not 
visible on structural OCT.10

OCT angiography (OCT-A), an extension of OCT, visualizes the vasculature of the posterior 
pole in great detail without the need for intravenous administration of contrast agents.12-14 
Besides the en face assessment of the vascular network, this modality enables the depth-
resolved assessment of abnormal retinal flow on cross-sectional B-scans. OCT-A may 
be a valuable additional imaging modality for neovascularization type classification by 
in-depth localization of abnormal flow, and it could also provide the currently missing 
information on the vascular flow component of neovascularization activity during 
treatment follow-up, enabling the optimization of retreatment strategies.10,15 However, 
the interpretation of OCT-A images by ophthalmologists is subjective and currently 
their agreement levels are unknown. An incorrect interpretation may have severe 
consequences for patients: overtreatment is expensive and provides an unnecessary 
burden, whereas undertreatment may be vision threatening. The aim of this study was 
to examine the intra- and intergrader agreement of morphologic characteristics of type 
3 neovascularizations on OCT-A.
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METHODS

Study design
This cross-sectional retrospective agreement study was conducted in the Rotterdam 
Eye Hospital (Rotterdam, the Netherlands). Images were obtained from an earlier 
prospective observational cohort study,9 which was approved by the local internal 
review board of the Rotterdam Eye Hospital and the Medical Ethical Committee of the 
Erasmus University Hospital (Rotterdam, the Netherlands). The study followed the 
tenets of the Declaration of Helsinki. Each participant signed an informed consent 
before they were enrolled in the prospective observational cohort study.

Study population
OCT-A scans of 22 eyes from 21 patients diagnosed with new-onset type 3 
neovascularization without a history of treatment for nAMD were analyzed in this study. 
The OCT-A imaging was performed between diagnosis and the first treatment.

Image acquisition and processing
A Spectralis SD-OCT system (Heidelberg Engineering, Heidelberg, Germany) was used 
for the acquisition of OCT-A images. Volume scans were acquired with 6 µm distance 
between B-scans. The pattern size (width x height) was either 10˚ × 5˚ (± 3.0 mm × 1.5 
mm) or 10˚ × 10˚ (± 3.0 mm × 3.0 mm), resulting in 256 and 512 B-scans per OCT-A 
volume, respectively. Acquisition was performed by a single operator.

For the evaluation by the graders, all images were segmented manually to completely 
include the lesion in axial direction. In most cases, the area was delineated between 
the outer plexiform layer and Bruch’s membrane (i.e. the avascular complex); if the 
lesion exceeded this space, it was enlarged to include the whole lesion. Subsequently, 
volume scans were cropped by exporting only B-scans with lesion-related flow from the 
Heidelberg viewer. The resulting three-dimensional image contained 51 ± 27 B-scans 
(mean ± standard deviation) per patient. To enable the assessment of intragrader 
agreement in addition to intergrader agreement, a dataset for the graders was then 
created that, in random order, included each three-dimensional image three times. 
To avoid the possibility of recognition by the graders, each single three-dimensional 
image was given a number from 1 to 66, and the graders were not informed about the 
presence of repeated images in the dataset. They were instructed to use the en face slab 
for localization of the abnormal flow and the cross-sectional B-scans for the grading of 
the features.
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OCT-A grading
Two medical retina specialists independently graded each OCT-A volume scan. They 
were asked to grade the presence or absence of the following vascular features: 
intraretinal neovascularization (IRN), subretinal neovascularization (SRN), sub-RPE 
neovascularization (SRPEN) and retinal choroidal anastomosis (RCA), and the following 
structural features: intraretinal cysts (IRC), subretinal fluid (SRF) and pigment epithelial 
detachment (PED). Examples of the vascular features are presented in Figure 1.9,16,17 The 
definition of vascular features was based on the work by De Jong et al.17 and standardized 
definitions were used for the structural features.18 Before grading the study images, the 
graders were presented with examples of each feature,9,17 and the graders were trained 
on a training set of three other patients that were not included in this study.

Analysis
Historically, intra- and intergrader agreement is generally quantified by Fleiss’ and 
Cohen’s kappa (к), which is known for the ability to correct the percentage agreement 
for chance agreement. This statistic strongly depends on the prevalence of the 
evaluated feature, which can easily lead to misinterpretation. If the prevalence is low 
or high, a high percentage agreement with paradoxical low value for к might result.19,20 
More recently, Gwet’s AC1 was introduced, which is robust to low or high prevalences, 
and we choose to use this statistic as the primary statistic to evaluate both intra- and 
intergrader agreement.20 Similar to Fleiss’ and Cohen’s к, the AC1 is represented on a 
scale from 0 to 1, in which 0 corresponds with poor or absent agreement and 1 with 
a perfect agreement.20,21 To enable easier comparison with the previous literature, 
к coefficients and percentages of agreement were also calculated. Gwet’s AC1 and 
percentages of agreement were calculated using Microsoft Excel (Version 2003), and 
к statistics was performed in SPSS Statistics (Version 24, IBM, Armonk, New York). 
Intragrader agreement was assessed for each feature and each grader by Gwet’s AC1, 
Fleiss’ к and the percentage of agreement. The percentage of agreement within each 
grader was calculated between each pair of the three grades; these percentages were 
then averaged to obtain the percentage of agreement for each grader and for each 
feature separately. Intergrader agreement between both graders was assessed for each 
feature by Gwet’s AC1, Cohen’s к and the percentage of agreement. For the interobserver 
agreement the majority vote of the three grades of each grader was used.
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Figure 1. Examples of vascular features derived from De Jong et al.17 and Amarakoon et al.16, with the projection of flow 
overlay in red. (A) An example of an IRN, that is, abnormal flow located intraretinally, without a connection to the choroidal 
circulation. (B) A SRN, that is, abnormal flow located subretinal, but above the retinal pigment epithelium. (C and D) These 
images show both IRN and a SRPEN, that is, sub-RPE located abnormal flow. Note that this is not a RCA, as a large PED disturbs 
the connection with the choroid. The shadowing artifacts in the RPE in image D should not be misinterpreted as actual flow 
connecting the retinal flow with the choroidal flow. (E and F) These images both show examples of an RCA, showing a clear 
connection of the IRN with the choroidal circulation. (F) The flow signal is penetrating the large PED, which is even better 
visible in the consecutive frames (G – I). Also, the flow projection of the RCA curved, thereby excluding the possibility of a 
shadowing artifact.14
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RESULTS

Patient demographics
Images of 22 eyes (21 patients) diagnosed with a new-onset type 3 neovascularization 
were included (14 females; median age, 82.5 years; range, 62 – 95 years). The presence 
of features of type 3 neovascularization activity detected by both graders is shown in 
Table 1.

Intragrader agreement
Table 1 shows that highest values for intragrader agreement were seen in features IRN 
and IRC, whereas the poorest intragrader agreement was observed for both graders in 
SRPEN and RCA.

Intergrader agreement
The highest values of intergrader agreement were observed in features IRN and IRC, 
whereas the poorest intergrader agreement existed in the vascular features SRPEN and 
RCA and the structural feature PED (Table 1). Examples of features with good agreement, 
as well as examples with poor agreement are shown in Figure 2.



108

Chapter 6

Ta
bl

e 
1.

 P
re

se
nc

e 
of

 a
ct

iv
ity

 o
f t

yp
e 

3 
ne

ov
as

cu
la

riz
at

io
n 

fe
at

ur
es

 d
et

ec
te

d 
by

 b
ot

h 
gr

ad
er

s,
 in

tr
ag

ra
de

r a
gr

ee
m

en
t i

n 
Gw

et
’s 

AC
1, F

le
is

s 
к 

an
d 

pe
rc

en
ta

ge
 o

f a
gr

ee
m

en
t, 

an
d 

in
te

rg
ra

de
r 

ag
re

em
en

t i
n 

Gw
et

’s 
AC

1, C
oh

en
’s 

к 
an

d 
pe

rc
en

ta
ge

 o
f a

gr
ee

m
en

t

Fe
at

ur
e

Pr
es

en
ce

 (%
)

In
tr

ag
ra

de
r a

gr
ee

m
en

t
In

te
rg

ra
de

r a
gr

ee
m

en
t

Gr
ad

er
 1

Gr
ad

er
 2

Gw
et

’s
 A

C 1
Co

he
n’

s к
 

%
 A

gr
ee

m
en

t
Gw

et
’s

 A
C 1

Fl
ei

ss
 к

%
 A

gr
ee

m
en

t
Gw

et
’s

 A
C 1

Fl
ei

ss
 к

%
 A

gr
ee

m
en

t

Va
sc

ul
ar

 

IR
N

10
0

0.
94

-0
.0

3
93

.9
0.

93
0.

30
93

.9
1.

00
N

.A
.

10
0

SR
N

0
0.

89
0.

52
90

.9
0.

51
-0

.0
5

66
.7

0.
78

-0
.1

0
81

.8

SR
PE

N
27

.3
0.

54
0.

49
75

.8
0.

36
0.

30
66

.7
0.

18
0.

26
59

.1

RC
A

31
.8

0.
45

0.
32

69
.7

0.
52

0.
51

75
.8

0.
37

0.
39

68
.2

St
ru

ct
ur

al
 

IR
C

95
.5

1.
00

1.
00

10
0

0.
97

0.
73

97
.0

1.
00

1.
00

10
0

SR
F

9.
1

0.
88

0.
65

90
.9

0.
79

0.
46

84
.8

0.
94

0.
78

95
.5

PE
D

40
.9

0.
92

0.
72

93
.9

0.
66

0.
61

81
.8

0.
15

0.
20

54
.6

IR
N,

 in
tr

ar
et

in
al

 n
eo

va
sc

ul
ar

iz
at

io
n;

 S
RN

, s
ub

re
tin

al
 n

eo
va

sc
ul

ar
iz

at
io

n;
 S

RP
EN

, s
ub

-R
PE

 n
eo

va
sc

ul
ar

iz
at

io
n;

 R
CA

, r
et

in
al

 c
ho

ro
id

al
 a

na
st

om
os

is
; I

RC
, i

nt
ra

re
tin

al
 c

ys
ts

; S
RF

, s
ub

re
tin

al
 fl

ui
d;

 
PE

D,
 p

ig
m

en
t e

pi
th

el
ia

l d
et

ac
hm

en
t.



109

Agreement in type 3 NV Characteristics on OCT-A

Good agreement

Poor agreement

Grader 1 Grader 2

IRN + +

SRN - -

SRPEN + +

RCA + +

IRC + +

SRF - -

PED + +

Grader 1 Grader 2

IRN + +

SRN - -

SRPEN + +

RCA - -

IRC + +

SRF - -

PED + +

Grader 1 Grader 2

IRN + +

SRN - +

SRPEN + -

RCA + +

IRC + +

SRF - +

PED + -

Grader 1 Grader 2

IRN + +

SRN - -

SRPEN + -

RCA + -

IRC + +

SRF - -

PED + -

Figure 2: Examples of OCT-A features with a good agreement between both graders (A and B), and examples of OCT-A features 
with a poor agreement between the graders (C and D). On the right, individual grading scores are presented on the IRN, SRN, 
SRPEN, RCA, IRC, SRF and PED. In (C), grader 1 observed a SRPEN and a PED, whereas grader 2 scored a present SRN and SRF. 
The location of the RPE seemed to be interpreted differently. In (D), grader 1 scored SRPEN, RCA and PED as present, whereas 
grader 2 scored those features as absent. Again, the RPE is not clearly detectable, which probably led to the disagreement.
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DISCUSSION
In this study, several morphologic features of type 3 neovascularization on OCT-A were 
assessed by two independent medical retina specialists. We observed the best intra- 
and intergrader agreement for the intraretinal features (IRN and IRC), followed by the 
subretinal features (SRN and SRF). A considerable intra- and intergrader variability was 
found in features located in the deeper retina or under the RPE (features SRPEN, RCA, 
and PED).

The agreement within and between the graders for the vascular features were highest 
for IRN and SRN. The more reliable and consistent detection of those features compared 
with SRPENs and RCAs may be explained by the RPE/choroid generally being more 
affected by shadowing artifacts than more anteriorly located structures.22 The poor 
identification of the RPE may also decrease the agreement on SRPEN and RCA in 
some cases, because distinguishing whether the flow is located below the RPE or not 
requires a proper delineation of the RPE. For example, in Figure 2D one grader scored 
SRPEN, RCA, and PED as present, whereas the other grader graded an absence of the 
PED and, therefore, the flow was located above the RPE (IRN). It is possible that the 
examples and training set used before the grading represented clear-cut features,17 
whereas the features in the studied cases were often less obvious, especially with regard 
to the vascular features SRPEN and RCA (Figure 2). A training set containing more 
representative examples may decrease the variability within and especially between 
the graders.

For the structural features IRC and SRF, good agreement was found between and within 
graders. The percentages of agreement between the specialists in our study were similar 
to those reported in other studies. Patel et al.18 studied the intergrader agreement of 
structural OCT features of choroidal neovascularization activity for clinical settings and 
Zhang et al.23 for clinical trials. In a radial line scan assessment, they found for IRC an 
intergrader agreement of 94% and 91%, respectively, whereas for SRF, they reported 
an agreement between the graders of 91% and 90%, respectively.18,23 Our evaluation 
showed an intergrader agreement of 100% for IRC and 96% for SRF. Both Patel et al.18 
and Zhang et al.23 based their evaluation on conventional OCT images, whereas we used 
OCT B-scans that included flow overlay for our evaluation. This difference suggests that 
the flow information provided by OCT-A does not hinder the detection of structural 
features such as IRC and SRF.
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For PED, the intergrader agreement values of Patel et al.18 and Zhang et al.23 (91% and 
89%, respectively) were higher compared with our results (55%). This difference may 
be related to the number of evaluated B-scans. We evaluated a volume scan with 51±27 
cross-sectional B-scans per patient, whereas the presented results of both Patel et 
al.18 and Zhang et al.23 were based on the evaluation of six radial lines per scan. Our 
evaluation on more cross-sectional lines per scan was more prone to grader variation, 
because they could have assessed the lesion area only or all cross-sectional scans. 
Furthermore, those earlier studies evaluated the features on OCT scans, whereas we 
analyzed OCT-A scans. Projection of flow and segmentation lines on OCT-A B-scans could 
possibly hinder the identification of a PED. Figure 2C and D are examples of two cases 
in which the detection of the RPE was difficult. It is also likely that the lower percentage 
of intergrader agreement in our study resulted from a difference in subjective definition 
of the PED between the graders. This finding is supported by the high values for 
intragrader agreement for PED in both graders (AC1 = 0.92, к = 0.72, 94% and AC1 = 0.66, 
к = 0.61, 82%, respectively), in contrast with the poor intergrader agreement (AC1 = 0.15, 
к = 0.20, 55%). One grader scored every RPE elevation as PED, and the other was focused 
on the more obviously visible serous or vascularized PEDs. Unlike the definition for size 
of a drusenoid PEDs in non-nAMD,8,24,25 no such classification is available for serous and 
vascularized PEDs in nAMD eyes.26,27 Clear instructions on the definition of a PED would 
therefore likely decrease the intergrader variability.

Remarkable discrepancies between the AC1 statistics, к statistics, and percentage of 
agreement were present in our study. We observed high values for percentage agreement 
but low values for к in features with a presence close to 100% or 0% (Table 1), showing 
the unreliability of the к for high-prevalence or rare observations.19,28,29 Gwet’s AC1 was 
more in line with the percentage of agreement and is, therefore, considered the best 
representation of the intra- and intergrader agreement for all features in this study.20 
Similar to Wongpakaran et al.,21 we suggest that researchers should consider using 
Gwet’s AC1, possibly parallel to the к statistics, for any intra- or intergrader reliability 
analyses.

This study has several strengths and limitations. To the best of our knowledge, this study 
is the first study that assessed the intra- and intergrader agreement of morphologic 
features of type 3 neovascularization on OCT-A. Because we included structural features 
as well, we were able to compare those characteristics with the current literature. As we 
previously showed,9 the specific features that were analyzed in this study may readily be 
used for staging the type 3 NV.7,15 This study also illustrates the value of a specific aspect 
of OCT-A assessment, that is, the cross-sectional B-scan evaluation. Another strength 
of our study was the use of Gwet’s AC1 for the assessment of intra- and intergrader 
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agreement, which has better statistical properties than the historically widely used к 
statistics.20 A limitation of this study was that our study population consisted of type 3 
neovascularization s only, instead of all types of neovascularization s. Therefore, some 
features were almost always present or absent, resulting in less generalizable outcomes. 
Future studies should include all types of neovascularizations. In this study, we chose 
not to inform the clinicians about the exact location of the lesion, which possibly caused 
more variation within and between the graders than if the location would have been 
disclosed via additional FA and ICGA images. In contrast, if in the future OCT-A is to 
replace FA and ICGA, clinicians would have to be able to identify abnormal flow lesions 
in a similar fashion. These study results emphasize the importance of training clinicians 
in the interpretations of OCT-A images in all its aspects. This study also shows the 
importance of an OCT-A classification of neovascularization features that leaves no room 
for subjective interpretation. For example, our definition allowed grading the presence 
of RCA together with a present IRN and/or SRPEN (Figure 2A, C and D), which implies 
an overlap in the definition. IRN was consistently graded as present in concomitance of 
RCA, but greater variation was seen in the SRPEN score in the presence of RCA. However, 
our intended RCA definition already held the presence of intraretinal and sub-RPE flow 
within itself. An valuable addition to the classification used in this study would be to 
classify flow continuity between IRN and SRPEN without a connection to choroidal flow 
as an incomplete RCA.

In conclusion, OCT-A is a promising imaging tool providing information on retinal blood 
perfusion. Not merely en face evaluation, but also cross-sectional B-scan analysis is 
necessary for neovascularization detection and progression over time. One should, 
however, be careful with the application of OCT-A in clinical settings, because even 
well-trained specialists show a considerable variation in their subjective evaluation, 
especially in the features in the deeper retina or sub-RPE. For diagnosis, clinicians should 
continue to rely on multimodal imaging, but include OCT-A to aid on classification of the 
neovascularization type. 
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Supplementary Figure S1. a schematic image of type 1, type 2 and type 3 neovascularizations on a cross-sectional 
representation of the retina. Note that the type 3 neovascularization in this schematic presentation is a stage 3 lesion. 
Courtesy of J.E.A. Majoor, MD. © 2020 Smid et al. Acta Ophthalmologica published by John Wiley & Sons Ltd on behalf of Acta 
Ophthalmologica Scandinavica Foundation.9
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ABSTRACT
Purpose: To examine the effect of artificial intelligence (AI) based denoising and 
conventional averaging on the reproducibility and bias of quantitative measurements, 
i.e., vessel density (VD) and foveal avascular zone (FAZ), derived from optical coherence 
tomography angiography (OCT-A) en face images.

Methods: In this retrospective cohort study, the non-pathological fellow eyes of 
patients with unilateral non-systemic retinal disorders were included. OCT-A scans 
of two consecutive visits were analyzed on a Canon OCT-HS100 workstation. The VD 
and FAZ were measured on the first single scan (SS), best single scan (BSS), averaged 
scan (AS), before and after AI-denoising (SS-AI, BSS-AI, AS-AI). The reproducibility was 
calculated as the mean absolute difference (MAD) between the two visits, and the bias 
as the mean value (MV).

Results: We analyzed 16 non-pathological eyes of 16 patients (61.9 ± 17.5 years). For 
VD, the reproducibility of AI-denoised scans (SS-AI, AS-AI) was significantly worse than 
without AI-denoising (SS, AS), but significantly better in BSS-AI than in BSS. AI-denoising 
also negatively affected the reproducibility of the FAZ measurement. AI-denoising and 
averaging both introduced a significant bias for the VD; for the FAZ, a significant bias 
was only introduced by AI-denoising.

Conclusion: Generally, AI-denoising negatively affects the reproducibility and introduces 
a bias in quantitative OCT-A measurements. Only when applied to high quality scans, 
AI-denoising improved the reproducibility of VD. Otherwise, we recommend using 
conventional averaging, since the reproducibility of averaged scans was similar to that 
of single scans.

Translational relevance: Novel noise-reducing techniques, such as AI-denoising, 
provide benefits but also have important drawbacks for clinical application.
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INTRODUCTION
Optical coherence tomography angiography (OCT-A) allows non-invasive visualization of 
the microvasculature in all vascular layers of the retina.1-6 Several vascular abnormalities 
may be detected on OCT-A, such as presence of abnormal flow (neovascularization),7 
anomalous vessel geometry (dilated vessels, aneurysms)8 or the absence of flow 
(nonperfusion or capillary dropout).4,9 Those abnormalities exist to some extent in most 
retinal and choroidal vascular diseases. This new imaging modality is therefore widely 
deployable for diagnosis and management.4

For the clinical interpretation of OCT-A images, it is important to distinguish actual 
signal from background noise and artifacts. Previous literature on conventional OCT 
images demonstrated a positive effect of signal averaging on the signal-to-noise ratio 
(SNR).10 Several studies also reported improvement of the image quality of OCT-A en 
face images when averaging multiple images, as it reduces background noise and 
enhances the continuity of retinal vessels.11-14 However, the disadvantage of averaging 
is that acquisition of multiple images is time-consuming.

Artificial intelligence (AI) technology has successfully been applied in several fields of 
medical imaging to reduce background noise and enhance the signal.15,16 AI has also 
reached the field of ophthalmology for different imaging applications,17,18 and more 
recently, AI technology has been used for the development of a denoising algorithm for 
OCT-A en faces images.13,19 Kadomoto et al.13 described that this AI-denoising technique 
positively affects subjective image quality, similar to conventional averaging. The 
major advantage of AI-denoising over averaging is that acquiring multiple images is not 
necessary.13

Although both AI-denoising and averaging improve image quality according to 
previous literature,11-13 little is known on the effect of those noise-reducing methods 
on quantitative measurements derived from those images, such as the vessel density 
(VD, %) and foveal avascular zone (FAZ, mm2). Several studies showed the value of 
measuring the VD in the para- or perifoveal area and the area of the FAZ for disease 
detection or progression.9,20-23 Since it is unknown how the signal is transformed by AI-
denoising and by averaging, the reproducibility of VD and FAZ measurements may be 
affected. In the clinic, the resulting variability could be misinterpreted as a pathological 
change between two visits. Additionally, these techniques might remove signals 
that represent actual flow or introduce apparent flow, leading to biased VD and FAZ 
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outcomes. It is important to be aware of such a potential bias: when a different noise-
reducing technique is applied in a follow-up visit, the observed changes resulting from 
this bias could be misinterpreted as a pathological change.

The primary aim of this study was to examine the effect of a recently introduced 
AI-denoising algorithm on VD and FAZ derived from OCT-A en face images in non-
pathological eyes. The secondary aim was to examine the effect of averaging on those 
quantitative measurements and compared it to AI-denoising. Two consecutive visits 
were evaluated to explore the variance and bias of single and averaged scans with and 
without AI-denoising.

METHODS

Study population
In this imaging study, data from non-pathological fellow eyes of patients with unilateral 
retinal non-systemic disorders, such as branch retinal vein occlusion (BRVO), central 
serous chorioretinopathy (CSC) and perifoveal exudative anomalous complex (PEVAC), 
were retrospectively retrieved from the OCT database of the Rotterdam Eye Hospital. 
Further inclusion criteria were the availability of optical coherence tomography 
angiography (OCT-A) scans acquired on the Canon OCT-HS100 (Version 4.4.1.9, Canon, 
Inc., Tokyo, Japan) of at least two visits with at least two repetitions per visit. The 
presence of any retinal abnormality was an exclusion criterion.

The study protocol was approved by the local internal review board of the Rotterdam 
Eye Hospital. This study adhered to the tenets of the Declaration of Helsinki.

OCT-A images
Canon OCT-HS100 is a spectral-domain OCT-A instrument with a scan rate of 70.000 
A-lines per second and a wavelength of 855 nm.13,24 For this study, the OCT angiogram 
area was set to 5 x 5 mm (232 x 232 pixels), centered on the macula. The built-in software 
enables the creation of an averaged en face OCT-A image from multiple single scans 
acquired within one visit.

An artificial intelligence (AI) based technique, Intelligent Denoise, has recently been 
introduced (Canon, Inc.).13 This technique provides a post-processing tool that enables 
denoising of the available OCT-A images, which can be applied on any preferred OCT-A 
en face slab.
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Data collection and analysis
The OCT-A scans of the study eye of the selected patients were analyzed on a Canon 
OCT-HS100 workstation (Version 4.5.0.13, Canon, Inc., Tokyo, Japan). The first two visits 
with three repetitions were selected, if available. Otherwise, we included the first visit 
with two repeated scans.

The first OCT-A scan of each visit was labeled as the single scan (SS). All available scans 
were used for averaging, resulting in the averaged scan (AS). AI-denoising was applied 
on both the SS and AS (SS-AI and AS-AI). We also manually selected the best single scan 
(BSS) and applied the AI-denoising on this best single scan (BSS-AI). This selection was 
based on scan quality; if there was no difference in scan quality between the single 
scans, the scan with the fewest visible artifacts was chosen. An example of the assigned 
scans is presented in Figure 1.

For the quantification of en face OCT-A measurements the superficial and deep capillary 
plexus were combined, i.e. from the internal limiting membrane (ILM) to the border 
between the outer plexiform layer (OPL) and outer nuclear layer (ONL). The evaluated 
quantitative measurements were VD, measured as a percentage, and the FAZ, measured 
in mm2. The measurements were calculated for each patient, on all different scans (SS, 
AS, SS-AI, AS-AI, BSS and BSS-AI) in both visits.

To analyze the reproducibility, the mean absolute differences (MAD) of the VD and FAZ 
between visit 1 and visit 2 were calculated for each patient and for each of the different 
scan types (SS, AS, SS-AI, AS-AI, BSS and BSS-AI). We used this measure of dispersion as it 
intuitively represents the reproducibility when only two measurements are considered. 
For three or more visits, the standard deviation (SD) would have been a more natural 
choice as a measure of reproducibility. Both measures are equivalent and only differ by 
a factor of 2. Furthermore, to examine the bias resulting from applying noise-reducing 
methods, the mean values (MV) of visit 1 and 2 were calculated for VD and FAZ of each of 
the assigned scans in each patient.

Statistical analysis
Statistical analysis was performed using SPSS Statistics Version 24 (IBM, Armonk, New 
York, USA). P- values below 0.05 were considered statistically significant. A two-factor 
repeated-measures ANOVA for both the MAD and MV of the FAZ and VD was performed to 
examine the variability and bias introduced by the factors AI-denoising and averaging. 
Multiple paired-samples t-tests were performed for pairwise comparisons. The factor 
AI-denoising consisted of two levels: scans without AI-denoising (SS, BSS, AS) and 
scans with AI-denoising (SS-AI, BSS-AI, AS-AI), while the factor averaging consisted of 
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three levels: first single scans (SS, SS-AI), best single scans (BSS, BSS-AI) and averaged 
scans (AS, AS-AI). To analyze the marginal effect of averaging, a contrast analysis was 
performed on both single scan levels versus averaged scans. In addition, we analyzed 
the single scan levels separately, i.e. first single scans vs. averaged scans and best single 
scans vs. averaged scans. For the interpretation of the variance, relative improvement 
or worsening of the MAD was calculated for AI-denoised scans (SS-AI, BSS-AI) with 
respect to either the original (SS, BSS) or the averaged (AS) scans and also for AS with 
respect to SS.

First single scan (SS) Best single scan (BSS) Averaged scan (AS)

First single scan with AI-
denoising (SS-AI)

Best single scan with AI-
denoising (BSS-AI)

Averaged scan with AI-
denoising (AS-AI)

Averaging

AI
-d
en

oi
sin

g

Figure 1. On top, the first assigned single scan (SS, left), best single scan (BSS, middle) and the averaged scan (AS, right) are 
presented from one subject. The AS (red arrow) is the average of three scans, including the SS and BSS. AI-denoising is applied 
on each of those scans separately (blue arrow), providing the single scan with AI-denoising (SS-AI), best single scan with AI-
denoising (BSS-AI) and averaged scan with AI-denoising (AS-AI). The yellow mark shows a capillary over-dropped out artifact 
in the SS-AI scan, which will be elucidated in the discussion section. This artifact occurs because the AI-denoising application 
filters out too many capillaries due to excessive signal attenuation in the original image (white mark).13
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RESULTS

Demographic data
OCT-A data of 16 non-pathological eyes of 16 subjects (11 male, 61.9 ± 17.5 years old) 
was included. Nine patients had unilateral central serous chorioretinopathy (CSC), 3 
patients had unilateral branch retinal vein occlusion (BRVO), 2 patients were diagnosed 
with unilateral perifoveal exudative anomalous complex (PEVAC) and 1 patient had 
unilateral cystoid macular edema (CME). All of these diseases were in the fellow eye and 
did not affect the included eye. The median time between visit 1 and 2 was 158 days 
(interquartile range = 55 – 275 days).

Vessel density
The scatter plot in Figure 2A shows the MAD of the VD in AI-denoised scans against 
the scans without AI-denoising. This plot shows that the MAD of AS-AI is mostly worse 
than the MAD of AS, while we observed a more diffuse MAD of SS with and without AI-
denoising. The MAD of BSS-AI seems to be improved compared to the MAD of BSS. One 
of the three observed exceptions had media opacities and motion artifacts in the BSS 
of both visits, one had media opacities in one visit, and the third one showed noise 
accumulation in BSS of both visits.

The two-factor repeated-measures ANOVA confirmed that the reproducibility of the AI-
denoised scans was 1.57% worse than the reproducibility in scans without AI-denoising 
(MAD was 3.40% and 1.83% for scans with and without AI-denoising, respectively; p 
= 0.04; Table 1). Pairwise comparisons confirmed this worse reproducibility after AI-
denoising, except for the best single scans: the MAD of BSS-AI was 0.64% better than 
the MAD of BSS (0.97% vs 1.61%; p = 0.04). The reproducibility of averaged scans was 
0.34% and 2.16% worse than the reproducibility of (non-averaged) first and best single 
scans, respectively (MAD averaged scans = 3.45%, MAD first single scans = 3.11%, MAD 
best single scans = 1.29%; p = 0.04). Pairwise comparisons showed that this is due to a 
significant difference between BSS-AI (MAD = 0.97%) and AS-AI (MAD = 5.41%), i.e. AS-AI 
was 4.44% worse than BSS-AI (p = 0.002). Relative worsening of the reproducibility of 
SS-AI with respect to SS was 61%, while the reproducibility of AS was improved with 
37% with respect to SS. The reproducibility of BSS-AI was relatively improved with 
respect to both BSS and AS by 40% and 35%, respectively. Concomitant marginal effects 
are shown in Table 1.
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Reproducibility of VD measurements
with vs. without AI-denoising Reproducibility
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Figure 2. The reproducibility of the vessel density (VD, %) measurement presented as mean absolute differences (MAD) and 
the bias is expressed in mean values (MV). (A) A scatter plot of the MAD for the single scan (SS), averaged scan (AS) and best 
single scan (BSS) with AI-denoising (x-axis) and without AI-denoising (y-axis). (B) The MAD is presented in a bar chart for SS, 
BSS, AS, and those scans with AI-denoising: SS-AI, BSS-AI and AS-AI. (C) The MV values for SS, BSS, AS, SS-AI, BSS-AI and AS-AI. 
The error bars are presented as standard error of the mean.

A significant bias was introduced by both AI-denoising and averaging (Table 1). 
MV decreased 5.1% due to AI-denoising (MV was 40.1% and 45.2% for scans with AI-
denoising and without AI-denoising, respectively; p < 0.001). Averaging decreased the 
MV by 4.45% and 5.90% compared to the (non-averaged) first and best single scans, 
respectively (MV averaged scans = 39.2%, MV first single scans = 43.7%, MV best single 
scans = 45.1%; p < 0.001). Bar charts of the MAD and MV values for SS, BSS, AS, SS-AI, 
BSS-AI and AS-AI are presented in Figure 2B and C.

Foveal avascular zone
Figure 3A shows the scatter plot of the MAD in the FAZ in AI-denoised scans plotted 
against scans without AI-denoising. All scans seemed to have a better reproducibility 
without AI-denoising. The analyses confirmed this observation, i.e. the reproducibility 
of the AI-denoised scans was 0.10 mm2 worse compared to scans without AI-denoising 
(MAD was 0.23 mm2 and 0.13 mm2 for scans with AI-denoising and without AI-denoising, 
respectively ; p < 0.001; Table 1). No significant effect was found for averaging (MAD 
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averaged scans = 0.17 mm2, MAD first single scans = 0.20 mm2, MAD best single scans = 
0.18 mm2). Relatively, the reproducibility of SS-AI was 87% worse than the reproducibility 
of SS, while the reproducibility of AS was 31% better. The reproducibility of BSS-AI was 
74% worse than the reproducibility of BSS and the reproducibility of AS was 57% better 
than BSS-AI. Concomitant marginal effects are shown in Table 1.

A significant bias was also found for AI-denoising, i.e. the FAZ area was 0.16 mm2 larger 
in AI-denoised scans than the FAZ area in scans without AI-denoising (MV was 0.61 mm2 

and 0.46 mm2 for scans with AI-denoising and without AI-denoising, respectively; p < 
0.001; Table 1). No significant effect in FAZ area measurements was found for averaging 
(MV averaged scans = 0.52 mm2, MV first single scans = 0.56 mm2, MV best single scans = 
0.52 mm2). Bar charts of the MAD and MV values for SS, BSS, AS, SS-AI, BSS-AI and AS-AI 
are presented in Figure 3B and C.

Reproducibility of FAZ measurements
with vs. without AI-denoising Reproducibility
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Figure 3. The reproducibility of the foveal avascular zone (FAZ, mm2) measurement presented as mean absolute differences 
(MAD) and the bias is expressed in mean values (MV). (A) A scatter plot of the MAD for the single scan (SS), averaged scan (AS) 
and best single scan (BSS) with AI-denoising (x-axis) and without AI-denoising (y-axis). (B) The MAD is presented in a bar chart 
for SS, BSS, AS, and those scans with AI-denoising: SS-AI, BSS-AI and AS-AI. (C) The MV values for SS, BSS, AS, SS-AI, BSS-AI 
and AS-AI. The error bars are presented as standard error of the mean.
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Table 1. The estimated marginal effect (effect coefficients and p-values) of the repeated measures ANOVA with factors AI-
denoising and averaging, with concomitant results of the pairwise comparisons (mean differences and p-values of the paired 
samples t-tests). 

VD (%) FAZ (mm2)

MAD MV MAD MV

AI-denoising 

Marginal (AI-denoised 
vs. non-AI-denoised)

3.40 – 1.83 =
1.57 (p = 0.04)

40.12 – 45.17 =
-5.05 (p < 0.001)

0.23 – 0.13 =
0.10 (p < 0.001)

0.61 – 0.46 =
0.16 (p < 0.001)

SS-AI vs. SS 3.83 – 2.38 =
1.45 (p = 0.24)

42.05 – 45.24 =
-3.19 (p < 0.001)

0.25 – 0.14 =
0.12 (p = 0.01)

0.64 – 0. 48 =
0.16 (p < 0.001)

BSS-AI vs. BSS 0.97 – 1.61 =
-0.64 (p = 0.04)

43.82 – 46.37 =
-2.55 (p < 0.001)

0.22 – 0.14 =
0.08 (p = 0.03)

0.58 – 0.46 =
0.12 (p < 0.001)

AS-AI vs. AS 5.41 – 1.49 =
3.91 (p = 0.003)

34.49 – 43.90 =
-9.40 (p < 0.001)

0.22 – 0.13 =
0.09 (p = 0.03)

0.62 – 0.42 =
0.20 (p < 0.001)

Averaging 

Marginal N.A. (p = 0.04) N.A. (p < 0.001) N.A. (p = 0.71) N.A. (p = 0.34)

First single scans (averaged 
vs non-averaged)

3.45 – 3.11 =
0.34 (p = 0.56)

39.20 – 43.65 =
-4.45 (p < 0.001)

0.17 – 0.19 =
-0.02 (p = 0.68)

0.52 – 0.56 =
-0.04 (p = 0.15)

AS vs. SS 1.49 – 2.38 =
-0.89 (p = 0.08)

43.90 – 45.24 =
-1.35 (p = 0.01)

0.127 – 0.136 =
-0.009 (p = 0.81)

0.42 – 0.48 =
-0.05 (p = 0.008)

AS-AI vs. SS-AI 5.41 – 3.83 =
1.58 (p = 0.17)

34.49 – 42.05 =
-7.56 (p < 0.001)

0.22 – 0.25 =
-0.03 (p = 0.65)

0.62 – 0.64 =
-0.02 (p = 0.62)

Best single scans (averaged 
vs non-averaged)

3.45 – 1.29 =
2.16 (p = 0.009)

39.20 – 45.09 =
-5.90 (p < 0.001)

0.174 – 0.178 =
-0.004 (p = 0.87)

0.52 – 0.52 =
0 (p = 1.00)

AS vs. BSS 1.49 – 1.61 =
-0.11 (p = 0.77)

43.90 – 46.37 =
-2.47 (p < 0.001)

0.127 – 0.136 =
-0.009 (p = 0.33)

0.42 – 0.46 =
-0.04 (p = 0.01)

AS-AI vs. BSS-AI 5.41 – 0.97 =
4.44 (p = 0.002)

34.49 – 43.82 =
-9.33 (p < 0.001)

0.2213 – 0.2206 = 
0.0006 (p = 0.99)

0.62 – 0.58 =
0.04 (p = 0.37)

Interaction N.A. (p = 0.002) N.A. (p < 0.001) N.A. (p = 0.88) N.A. (p = 0.06)

Significant effects are presented in bold font.
Effect coefficients and mean differences are presented in italic font.
VD = vessel density; FAZ = foveal avascular zone; MAD = mean absolute difference; MV = mean value; SS = single scan; SS-AI = 
AI-denoised single scan; AS = averaged scan; AS-AI; AI-denoised averaged scan; BSS = best single scan; BSS-AI = AI-denoised best 
single scan; N.A. = not applicable.
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DISCUSSION
In this study, we evaluated the effect of AI-based denoising on two quantitative OCT-A 
en face measurements (VD and FAZ), and compared it with the effect of conventional 
averaging on those measurements. AI-denoising negatively affected the reproducibility 
of both VD and FAZ, while no significant effect on the reproducibility was found for 
averaging. We also observed a significant bias of AI-denoising for both VD and FAZ and 
of averaging for VD only. Interestingly, the reproducibility of VD was 35% better in an AI-
denoised high image quality scan (BSS-AI) than in an averaged scan (AS). In this context, 
acquiring a high-quality scan, which can then be denoised by AI, is therefore a better 
strategy than obtaining multiple images and apply averaging.

Based on previous studies describing improved image quality after AI-denoising, we 
expected a better reproducibility of quantitative measurements.11,13 On the contrary, this 
study showed a worse reproducibility after applying AI-denoising on the first acquired 
single scan (SS). This worse reproducibility might be related to the two artifacts, 
described by Kadomoto et al,13 that are introduced by AI-denoising of the images: 
capillary over-dropped out and capillary over-generation. Capillary over-dropped out 
artifact means that the AI-denoising application filters out too many capillaries due to 
excessive signal attenuation in the original image, while the capillary over-generation 
artifact means that aggregated dots of noise are interpreted as true flow which produce 
pseudo-vessels after AI-denoising. Both AI-denoising artifacts occur when artifacts such 
as signal attenuation due to media opacities, motion artifacts or noise accumulation 
are present in the single scan.13 For example, a signal attenuation artifact is present 
in the first single scan presented in Figure 1 and AI-denoising seems to produce 
the capillary over-dropped out artifact. When a follow-up visit does not have such a 
signal attenuation artifact, inter-visit variation will be present in the VD of the single 
scans without AI-denoising, but this inter-visit variation will be amplified in the AI-
denoised single scans due to the capillary over-dropped out artifact in one of the visits. 
Interestingly, the best reproducibility of VD is observed when applying AI-denoising 
on single scans selected on the best image quality (BSS-AI; Figure 2). Most of the best 
single scans were free of artifacts, suggesting that artifacts in a single scan have a major 
impact on the reproducibility of this scan after AI-denoising. Therefore, we recommend 
applying AI-denoising only on scans that are free of artifacts.

In contrast to AI-denoising, noise reduction with conventional averaging seems to 
positively affect the reproducibility compared to single scans (AS vs. SS and BSS in 
Figure 2B and 3B). However, no statistically significant differences could be found 
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in the pairwise comparisons for both VD and FAZ (Table 1). We observed the best 
reproducibility for the averaged scan (AS) in the FAZ, i.e. 31% better than SS, 63% better 
than SS-AI and 57% better than BSS-AI. For the reproducibility of VD, the AS was better 
than SS (37%) and SS-AI (61%), but worse than BSS-AI (54%). When a signal attenuation 
artifact is present in one of the single scans, this artifact is attenuated by averaging.13 
So, artifacts present in single scans seem to be diminished after averaging, explaining 
the good reproducibility in quantitative OCT-A measurements using this noise-reducing 
technique.13

Besides the reduction of background noise, AI-denoising and averaging may also 
remove actual flow or increase apparent flow resulting in a biased VD and FAZ. The FAZ 
was indeed enlarged after AI-denoising, but no statistically significant effect was found 
for averaging. This is in line with the results of Lauermann et al,14 who also found no 
significant difference between single and averaged scans. We furthermore found that 
VD was lower after both AI-denoising and averaging. Both Lauermann et al.14 and Uji 
et al.11 also found a statistically significant lower VD in averaged scans than in single 
scans. Interestingly, Kadomoto et al.13 did not find a significant difference in VD between 
single, averaged and AI-denoised scans. However, they also analyzed other vascular 
density and morphology parameters that did show trends consistent with our results 
and previous literature.11,14 Thus, based on our results combined with recent literature 
on the induced bias after noise-reduction, we suggest that comparing quantitative 
OCT-A measurements from consecutive visits should only be performed when the same 
noise-reducing technique is used.

To our knowledge, this is the first study to analyze the reproducibility of quantitative 
OCT-A measurements after both AI-denoising and averaging. A limitation of this 
retrospective study is that the intervisit interval was highly variable. Although it is stated 
that VD decreases with age, 25,26 this age-related VD decrease per year was considerably 
smaller than the effects we found in this study. Moreover, the median time between the 
two visits in our study was less than 12 months, and a 12 months follow-up study showed 
no significant change in VD of healthy fellow eyes of patients with a unilateral retinal 
detachment.27 Furthermore, as we included non-pathological fellow eyes of patients 
with a non-systemic disease, our results may not be generalizable to all eyes including 
pathological ones. The reproducibility is likely to be worse in pathological eyes, because 
artifacts will appear more frequently in affected eyes due to media opacities or fixation 
problems. Another matter that should be pointed out is that our study solely addresses 
the impact of AI-denoising and averaging on quantitative OCT-A en face analyses. 
One should be aware of the different ways to use OCT-A imaging, i.e. it could be both 
qualitatively and quantitatively interpreted. For qualitative interpretation, AI-denoising 
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is a promising method, as previous literature reported a significant improvement in 
image quality after both AI-denoising and averaging,11-14 with even a better contrast-to-
noise ratio (CNR) for AI-denoising compared to averaging.13 Furthermore, acquisition 
time is significantly shorter with AI-denoising than with averaging, which is a major 
advandage.13

In conclusion, AI-denoising generally negatively affected the reproducibility of 
quantitative OCT-A measurements, with an exception for best single scans. The best 
reproducibility of VD measurements was observed for the best single scans with AI-
denoising. Averaging did not significantly improve the reproducibility in both VD and 
FAZ, but the best reproducibility for the FAZ was found in averaged scans. Especially 
when artifacts are present in single scans, we recommend using conventional averaging 
for reducing background noise. Furthermore, as both AI-denoising and averaging affect 
the signal differently, inter-visit comparison of OCT-A scans is only possible when the 
same noise-reducing technique is applied. Alternatively, one could correct for the 
bias, but more research on larger groups of healthy and pathological eyes is necessary 
to accurately quantify the imposed bias for each noise-reducing technique. While 
AI-denoising visually improves perceived image quality, it can adversely affect the 
reproducibility of quantitative OCT-A measurements and introduce a significant bias.
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General discussion and future perspectives

In this thesis, the clinical value of optical coherence tomography angiography (OCT-A) 
for disease diagnosis and follow-up in different chorioretinal vascular diseases was 
evaluated. In the first part of the thesis, the emphasis was on the use of OCT-A in 
assessing the chorioretinal vasculature in the following pathologies: Behҫet’s disease 
with and without uveitis, perifoveal exudative vascular anomalous complex (PEVAC), 
a juxtapapillary retinal hemangioblastoma (JRH) and type 3 neovascularization in wet 
age-related macular degeneration (wAMD). The second part of this thesis described 
the challenges in the clinical interpretation of both qualitative and quantitative OCT-A 
assessments.

OCT-A FOR DIAGNOSIS
Diagnosis of chorioretinal vascular diseases is currently performed by fluorescein 
angiography (FA) and indocyanine green angiography (ICGA), which are the gold 
standard for detection of angiographic features, in combination with OCT, which 
provides structural information of the posterior eye tissues.1,2 We evaluated the use of 
OCT-A for the detection of microvascular changes in Behçet’s disease, PEVAC and JRH.

Behçet’s disease
Behcet’s disease is a chronic systemic auto-inflammatory vasculitis with one of 
the possible signs being uveitis.3,4 In chapter 2, quantitative OCT-A measurements 
demonstrated that the parafoveal microvasculature is most prominently affected in 
uveitic Behcet’s disease patients, but abnormalities were also observed in eyes of non-
ocular Behcet’s disease patients.5 In both Behҫet’s disease patient groups the vessel 
density was statistically significantly lower than in the healthy control group and the 
area of the foveal avascular zone was statistically significantly larger than in the healthy 
control group. None of the OCT-A variables was correlated with disease duration in 
neither the uveitic nor the non-ocular Behcet’s disease patients.

For uveitic Behҫet’s disease patients, it was already known that the parafoveal 
microvasculature was affected.6,7 As described in previous literature, OCT-A is valuable 
for uveitic Behҫet’s disease when information is warranted about the parafoveal or 
perifoveal microvascular alterations. OCT-A enables the visualization, characterizing 
and quantification of these alterations, while this is difficult on conventional FA due to 
dye leakage and poorer resolution in the foveal area.6 FA remains however indispensable 
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for the evaluation of Behҫet uveitis, because signs of peripheral vasculitis or vascular 
occlusions and optic disc leakage are clear signs of an active uveitis in Behҫet’s disease, 
thus far only detectable by FA.6

Because this study showed preclinical changes in the parafoveal microvasculature 
of non-ocular Behҫet’s disease patients on OCT-A that is unrelated to the duration of 
the disease, we propose that this imaging modality may potentially fulfill a role as an 
additional diagnostic tool for Behҫet’s disease, especially since it is non-invasive and 
quantifiable. The need for additional diagnostic tools in Behҫet’s disease is high, as 
diagnosis may be delayed or remains uncertain in many cases because it currently relies 
on clinical signs and symptoms that may present asynchronously.8,9 To be able to use 
quantitative OCT-A measurements for diagnostics, more research is needed to determine 
the effect of factors such as age,10,11 scan quality and image size magnification12 on 
quantitative measurements. Also the sensitivity for detecting Behҫet’s disease should 
be established for each quantitative OCT-A measurement. While taking these factors 
into account, one may develop a system that includes a definition for normal and 
abnormal flow characteristics to aid on Behҫet’s disease diagnostics.

Perifoveal exudative anomalous complex
Perifoveal exudative vascular anomalous complex (PEVAC) is a large isolated perifoveal 
unilateral aneurysmal abnormality that appears in subjects without underlying retinal 
vascular or inflammatory pathologies.13-16 Aneurysmal abnormalities are commonly 
related to retinal vascular diseases such as diabetic retinopathy or retinal venous 
occlusive diseases, occasionally having a PEVAC-resembling appearance.17-19 Both 
PEVAC and PEVAC-resembling lesions appear as a round or oval lesion on OCT and have 
a hyperreflective lumen on OCT-A.15,16 Chapter 3 shows the comparison of multiple 
clinical, morphological and vascular features between PEVAC and PEVAC-resembling 
lesions, which were predominantly similar between the two.20 The main differences 
that were observed in this study, were due to the underlying retinal vascular pathology 
in PEVAC-resembling lesions. For example, PEVAC-resembling lesions are accompanied 
with more hemorrhages and PEVAC-resembling lesions appeared more frequent 
bilateral or multifocal compared to PEVAC lesions. We concluded that both PEVAC and 
PEVAC-resembling lesions are considered retinal microangiopathies with different 
origins.

OCT-A currently provides no additional value for the clinical evaluation of PEVAC or 
PEVAC-resembling lesions, because we observed no differences in the presence of flow 
within the lesion, nor in the branching and in the presence of microvascular rarefaction 
detected using OCT-A. Hence, OCT-A is not useful to distinguish eyes with a PEVAC from 
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eyes with a PEVAC-resembling lesion. Although the evaluated vascular characteristics 
were solely visible on OCT-A, they were not necessary for diagnosis or treatment 
management of the PEVAC or PEVAC-resembling lesions related to an underlying 
pathology. However, OCT-A is valuable from a research perspective to expand on the 
knowledge and understanding of PEVAC, for example on the origin, the course over 
time, the treatment response and management, the relation to underlying diseases, 
and prevalence of the lesion.

Juxtapapillary retinal hemangioblastoma
Chapter 4 presents a patient with a JRH associated with von Hippel-Lindau disease.21 
Retinal hemangioblastomas are benign vascular tumors that are mostly located in 
the periphery, but up to 15% appear on the optic nerve head or in the juxtapapillary 
region.22,23 For the optimal treatment management of retinal hemangioblastomas, it 
is important to have information about the tumor size, tumor location (juxtapillary or 
peripheral), the depth location within the retina and the association with subretinal 
fluid or retinal traction.22,24 The depth location of the tumor in the juxtapapillary region 
can be subdivided into different growth types: endophytic (superficial layers), sessile 
(middle layers) or exophytic (outer layers). This study showed that OCT-A could be used 
to classify the depth location, while this was impossible to do by FA or conventional OCT. 
The specific lesion in the case study was classified as a sessile growth type, i.e. in the 
middle layers of the retina. This knowledge was used to exclude vitreoretinal surgery for 
this patient, as this should only be considered with an endophytic lesion.

OCT-A is a valuable additional diagnostic imaging tool for classification of growth types 
of a JRH. OCT-A cannot act as a stand-alone diagnostic tool, because of its small field of 
view which makes it hard to pinpoint the tumor location. Conventional imaging should 
be used to identify the tumor location, so OCT-A acquisition can be targeted on the area 
of interest.24 OCT-A is of limited use for imaging retinal hemangioblastomas when the 
tumor location is too peripheral, because with most current devices it is not possible to 
obtain a reliable OCT-A scan in the far periphery.24

OCT-A FOR DISEASE FOLLOW-UP
Routine examinations performed for the follow-up in patients with chorioretinal 
vascular disease are visual acuity measurement, OCT (structural) volume scan 
acquisition, slitlamp examination and fundoscopy.25,26 When necessary, examinations 
can be added such as fundus photography, autofluorescence or angiographic imaging 
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by FA and/or ICGA. FA and ICGA are not suitable for every patient and/or during every 
visit because those measurements are time-consuming, expensive, and invasive with 
potentially serious adverse events.1 OCT-A can bridge the current gap between invasive 
vascular and non-invasive structural imaging.26 Since OCT-A allows detailed imaging of 
the vasculature but also of high-quality structural microstructures in a fast and non-
invasive manner, it has the potential to fulfill an important role in monitoring disease 
progression and treatment response. We evaluated the use of OCT-A as a monitoring 
tool for JRH and type 3 neovascularizations.

Juxtapapillary retinal hemangioblastoma
We were able to monitor the progression of a JRH over time after therapy with intravitreal 
bevacizumab using OCT-A, even though we used two preliminary research OCT-A 
devices that had several limitations compared to currently commercially available 
OCT-A systems (chapter 4).21 Our study was performed on an experimental Doppler 
OCT system27 and a preliminary research version of Spectralis OCT-A (Heidelberg 
Engineering, Germany). The Doppler OCT system lacked a good fundus overview during 
acquisition making proper scan localization more challenging. The Doppler system was 
also limited as it was not equipped with an eye tracker, and therefore, acquisition was 
more prone to motion artifacts. Most current commercial OCT-A devices have a follow-
up function available that detects the scanning location of previous visits, but this was 
not installed in either the Doppler OCT system or the preliminary research version of 
Spectralis OCT-A. Also a measurement tool that could define the extent of the tumor on 
the OCT-A en face image was not yet implemented in software of these research devices.

With the improved OCT-A techniques now available, treatment follow-up of JRHs is even 
more feasible and informative than with the experimental and preliminary research 
devices used in the study.

Type 3 neovascularization
Type 3 neovascularization is a distinct form of wAMD, which is classified based on its 
anatomic location within the retina. Type 3 neovascularizations appear intraretinally 
and may anastomose with the choroidal circulation.28-31 In chapter 5, the short-term 
response to combination therapy with photodynamic therapy (PDT) and intravitreal 
bevacizumab (IVB) was explored in eyes with type 3 neovascularization using OCT-A.32 
Analysis of vascular and structural parameters indicated that combination therapy 
resolved or decreased the extent of the lesions in 92% of the patients after 18 weeks, 
with improvement in best-corrected visual acuity. This study also explored which 
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sequence of treatment was more effective: starting with IVB or PDT. Although not 
statistically significant, a slightly more effective treatment outcome was observed with 
initial PDT treatment.

OCT-A has shown its value in the treatment follow-up of type 3 neovascularization 
in this study. Retreatment decisions during follow-up currently rely on structural 
OCT characteristics, such as the presence of intra- or subretinal fluid and change 
in retinal thickness.26 Those characteristics are secondary to the lesion, but do not 
necessarily indicate the activity state of the lesion. OCT-A can show weather the 
vascular lesion is decreasing or dissolving, which is of major additional value in the 
type 3 neovascularization treatment strategy, without the need for time-consuming 
and invasive FA or ICGA procedures.26,33,34 However, interpretation of the OCT-A images 
by ophthalmologists are subjective and our research described in chapter 6 of this 
thesis shows a considerable intra- and intergrader agreement variability in type 3 
neovascularization features. Therefore, to base clinical decisions in managing type 
3 neovascularizations on OCT-A images, clear guidelines should be developed and 
clinicians should be trained to prevent misinterpretation.

CHALLENGES IN THE CLINICAL 
INTERPRETATION
Assessing OCT-A images in a clinical context requires the recognizing and understanding 
of OCT-A imaging artifacts. There are several known artifacts in OCT-A images.35 First, 
media opacities in the eye such as cataract, diffuse vitreous hemorrhage or vitreous 
floaters, induce a loss of OCT-A signal. The affected area is harder to interpret, since it is 
unknown whether there should be flow signal or not. Second, projection or shadowing 
artifacts are nearly always present in OCT-A images, as they appear in any structure 
that is located deeper than blood vessels. Third, motion artifacts are the result of any 
pulsations related to the cardiac cycle, breathing, tremors or microsaccades. Also, 
patients with ocular pathologies may have poor fixation leading to excessive eye 
motions.36 This leads to movement of the stationary tissue causing a false positive 
appearance of flow over the whole OCT-A B-scan. Eye trackers have reduced the effects 
of motion artifacts, although small-scale motion compensation remains challenging.36 
Fourth, as segmentation errors may occur when the software encounters problems 
in detecting the inner and outer limits of the vascular layer, manual adjustment is in 
some cases necessary to optimize the vascular details of interest.36,37 At last, signal noise 
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can be misinterpreted as actual flow. Several post-processing techniques of the OCT-A 
images are able to suppress noise. Hereafter, we discuss the results of chapter 6 and 7, 
concerning the challenges in clinical interpretation of both qualitative and quantitative 
OCT-A assessments.

Qualitative assessment
Subjective interpretation of OCT-A images is not always straightforward and it involves 
a significant learning curve.37 In Chapter 6 of this thesis, interpretation of OCT-A images 
of type 3 neovascularizations was evaluated.38 For this study, vascular features on OCT-A 
cross-sectional scans were predefined as intraretinal neovascularization (IRN), subretinal 
neovascularization (SRN), sub-retinal pigment epithelium neovascularization (SRPEN) 
and retinal choroidal anastomosis (RCA) and structural features were predefined as 
intraretinal cysts (IRC), subretinal fluid (SRF) and pigment epithelial detachment (PED). 
After a small training set, two independent medical retina specialists graded the OCT-A 
images on the presence or absence of the above described features. The best intra- and 
intergrader agreement was observed in the intraretinal features (IRN and IRC), followed 
by the subretinal features (SRN, SRF). A considerable intra- and intergrader variability 
was found in features located in the deeper retina or under the RPE (features SRPEN, 
RCA and PED).

The intra- and interobserver agreement was assessed with the commonly used kappa 
(к) and percentages, but also with Gwet’s AC1.39 Similar to к, Gwet’s AC1 corrects 
the percentage agreement for chance agreement. The disadvantage of к is that 
inconsistent results with percentage of agreement may arise because of extremely low 
or high prevalences.40-42 Gwet’s AC1 is robust to low or high prevalences, and is therefore 
considered preferred to both percentage of agreement and к statistics.39,43 We suggest 
for any clinical intra- or interobserver agreement analysis to use Gwet’s AC1 , possibly in 
parallel with the к statistics to enable comparison to previous literature.

In addition to the variability in grading various features, this study identified other 
challenges related to qualitative assessment of OCT-A images. First, qualitative 
improves by evaluating single features instead of compounded ones. For example, IRN 
was consistently graded as present in concomitance of RCA, but more variation was 
seen in the SRPEN score in the presence of RCA. Our definition allowed grading the 
presence of RCA together with a present IRN and/or SRPEN, which implies overlap as 
our intended RCA definition already held the presence of intraretinal and sub-RPE flow 
within itself. Another important challenge was observed in the detection of an RCA. The 
hallmark of this feature is a vascular connection between the retinal vasculature and the 
deeper choroidal vasculature, but it should not be confused with a shadowing artifact. 
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A shadowing artifact appears as a straight line of flow signal on the cross-sectional 
OCT-A from the superficial located vasculature to tissues below, while an RCA may have 
a different angle. Finally, projection of flow on the structural OCT cross-sectional scan 
could sometimes hinder the clear visualization of structural tissues such as the RPE, 
resulting in difficulties in the detection of either structural or vascular features related 
to the obscured tissue. Therefore, assessment of structural tissues should be performed 
without the flow-overlay.

Quantitative assessment
Besides subjective assessment of OCT-A images, numerous quantitative methods 
have been developed over the past years.44,45 Quantitative metrics are in general more 
specific than qualitative assessments, as they may reveal subtle vascular deviations of 
patients compared to healthy eyes that are not detectable by visual inspection of the 
scans. These deviations may improve classification of diseases into different severities, 
understanding of disease progression and evaluation of treatment performance.44 The 
most commonly studied quantitative metrics in en face slabs are nonperfusion areas, 
vessel density (VD) and foveal avascular zone (FAZ) area, but there are also metrics 
studied such as vessel skeleton density, vessel diameter index, vessel perimeter index, 
vessel complexity index, flow index and acircularity index of the FAZ.45-48

As those quantitative metrics may register subtle deviations, noise and artifacts may have 
a major impact on the outcome of these measurements. Different techniques have been 
developed for suppressing background noise in OCT-A en face images. The commonly 
applied method of averaging multiple images is known to reduce background noise 
and enhancing the continuity of retinal vessels.49-52 Recently, an artificial intelligence 
(AI) based denoising algorithm was developed for OCT-A en face images.51,53 Chapter 7 
describes the effect of both these noise-reducing techniques on the quantitative metrics 
VD and FAZ area derived from OCT-A en face images in non-pathological eyes. This study 
showed that AI-denoising negatively affects the reproducibility of both VD and FAZ, but 
no significant effect on the reproducibility was found for averaging. A significant bias 
appears with AI-denoising for both VD and FAZ, and with averaging for VD only. Thus, 
while AI-denoising may improve visually perceived image quality, it can adversely affect 
the reproducibility of quantitative metrics and introduce a significant bias. Only when 
AI-denoising was applied on a single scan of high quality, i.e. without media opacities, 
motion artifacts or noise accumulation, a better reproducibility was observed compared 
to averaging. So, noise-suppression with AI-denoising is sufficient when the original 
single scan is free of artifacts. When there are artifacts present in the single scan, the 
effect of AI-denoising could be that the capillaries are either over-dropped out or over-
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generated.51 In case of capillary over-dropped out artifact, the AI-denoising application 
filters out too many capillaries due to excessive signal attenuation in the original image, 
while the capillary over-generation artifact means that aggregated dots of noise are 
interpreted as true flow which produce pseudo-vessels after AI-denoising. When one of 
these artifacts is present in the AI-denoised images, and the follow-up image is free of 
artifacts, the inter-visit variation is worse than the inter-visit variation between the single 
scans without noise-suppression. It is therefore recommended to use conventional 
averaging to suppress noise when artifacts are present in the single scans, and because 
different noise-reducing techniques affect the vasculature in different ways, the same 
noise-reducing technique should be used for inter-visit evaluation.

CONCLUDING REMARKS AND 
FUTURE PERSPECTIVES
The studies presented in this thesis have provided important new insights in the clinical 
value of OCT-A for disease diagnosis and follow-up in different chorioretinal vascular 
diseases. When one needs to know in which retinal layer abnormal flow has appeared, 
for example to determine a growth type or stage of a lesion, OCT-A is of additional value 
to current imaging modalities. OCT-A has also added value when subtle differences 
in the retinal vasculature are of interest, which are not subjectively detectable. When 
a vascular lesion is monitored over time, OCT-A is superior to other retinal imaging 
technologies because it is fast, non-invasive and gives information on both the vascular 
and structural components of the retina.

Although OCT-A is considered a valuable additional tool in diagnosis and a useful 
modality in the evaluation of treatment efficacy, this thesis also identified several 
challenges of interpreting OCT-A images that should be taken into consideration. A 
concern in subjectively evaluation is that incorrect interpretation by clinicians could 
lead to severe consequences for the patients. Subjective analysis should be optimized 
by training clinicians with clear guidelines and unambiguous definitions to prevent 
misinterpretation. Quantitative evaluation is preferably performed using conventional 
averaging for noise suppression, and with the same noise-reducing technique on 
follow-up images. Artificial intelligence denoising is a promising new post-processing 
technique that reduces acquisition time and improves visually perceived image quality, 
but for quantitative assessment it is currently only effective on high quality scans 
without artifacts.
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OCT-A has the potential to revolutionize the understanding of chorioretinal vascular 
pathologies and fundamentally change the way of diagnosis and management of 
these diseases.25 In this thesis, we have determined possible roles for OCT-A in clinical 
practice and addressed the challenges that should be taken into account. We believe 
that these challenges will be solved over time due to on-going development of OCT-A. 
Researchers are working on optimizing algorithms, such as the number of repeated 
B-scans, acquisition speed and post-processing algorithms, but also on improvement 
of correction possibilities for motion and shadowing artifacts and the development of 
wide-field OCT-A imaging.37 Quantification of vasculature on OCT-A would be very useful 
for clinical diagnosis or follow-up when the image could immediately be compared with 
reference normative data. To accomplish this, future studies should focus on extensive 
databases that include data of important quantitative OCT-A parameters for healthy 
and possibly pathological eyes with correction for secondary factors such as age, scan 
quality and image size magnification. 
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Summary

Optical coherence tomography angiography (OCT-A) is a rapidly emerging imaging 
modality that non-invasively captures the vasculature of the posterior pole of the 
back of the eye. Advantages of OCT-A imaging are short acquisition time allowing 
repeated scans, no obscuration of capillaries by leakage and the three-dimensional 
(3D) output enabling differentiation of the vascular layers. OCT-A may be a valuable 
additional imaging modality for detection of abnormal retinal flow, abnormal vessel 
geometry or non-perfused areas, and for follow-up of those abnormalities. The aim 
of this thesis was to evaluate the clinical value of OCT-A for disease diagnosis and 
follow-up in the following pathologies: Behҫet’s disease with and without uveitis, the 
newly defined pathology perifoveal exudative vascular anomalous complex (PEVAC), 
type 3 neovascularization (a form of wet age-related macular degeneration) and a 
juxtapapillary retinal hemangioblastoma (JRH). The clinical value of OCT-A also depends 
on the clinician’s interpretation of the images. Therefore we evaluated the agreement 
on subjective grading of OCT-A images between clinicians and the effect of different 
noise-reducing techniques on the reproducibility of quantitative OCT-A measurements.

Behҫet’s disease is a systemic auto-inflammatory vasculitis that could affect multiple 
organs, including the eye. Intraocular inflammation or uveitis in Behҫet’s disease 
may result in hypo- or non-perfused areas on OCT-A, but little is known about 
the microvasculature in non-ocular Behҫet patients. In chapter 2, we compared 
quantitative OCT-A measurements of the parafoveal microvasculature between uveitic 
Behҫet patients, non-ocular Behҫet patients and healthy control subjects. The vessel 
density (VD, %) was significantly lower in the uveitic Behҫet group compared to the 
control group and the non-ocular Behҫet group in all retinal vascular layers. The VD was 
also significantly lower in the non-ocular Behҫet group compared to the healthy control 
group in the deeper vascular layers of the retina. The area of the foveal avascular zone 
(FAZ, mm2) of the control group was significantly smaller than the FAZ of both Behҫet 
groups. The parafoveal microvasculature is not only affected in uveitic Behҫet patients, 
but also in non-ocular Behҫet patients. Most deviations were found in the deeper 
layers of the retina by using the quantitative VD measurement. Since OCT-A enables 
the detection of subclinical changes in the retinal microvasculature of non-ocular 
Behҫet patients, this imaging modality has the potential to fulfill a role as an additional 
diagnostic tool in the future.

Perifoveal exudative vascular anomalous complex (PEVAC) is a large isolated perifoveal 
unilateral aneurysmal abnormality that appears in subjects without underlying 
retinal vascular or ocular inflammatory pathologies. Aneurysmal abnormalities are 
commonly related to retinal vascular diseases such as diabetic retinopathy or retinal 
veno-occlusive diseases that could have a PEVAC-resembling appearance. The aim of 
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the study described in chapter 3 was to describe and compare clinical, morphological 
and vascular characteristics of PEVAC and PEVAC-resembling lesions using multimodal 
imaging. We concluded that PEVAC and PEVAC-resembling lesions are both retinal 
microangiopathies with predominantly similar characteristics but with different causes. 
OCT-A was useful for the vascular characterization of the lesions, i.e. the imaging modality 
provided information on perfusion of both lesion types, the arterial or venous origin of 
the lesions, and the presence or absence of perilesional microvascular rarefaction.

JRHs are benign vascular tumors which are located on the optic nerve head or within 
the juxtapapillary region. The growth type of the lesion is associated with the in-depth 
localization within the retina. Chapter 4 is a case report describing the use of OCT-A for 
the classification of the growth type of the JRH lesion and for monitoring the evolution 
of the lesion over time. OCT-A is a promising additional diagnostic and follow-up 
technique in the management of JRHs, however, the possible signal variation due to 
noise and movement artifacts should be taken into account for evaluating follow-up 
images.

Type 3 neovascularization (NV) is a distinct form of neovascular age-related macular 
degeneration which is classified based on the anatomic location. A multimodal imaging 
approach including fluorescein angiography, indocyanine green angiography and 
optical coherence tomography is used for diagnosis. The fast, non-invasive imaging 
tool OCT-A enables the examination of vascular and structural response to treatment in 
type 3 neovascularization. In chapter 5, we aimed to explore the vascular and structural 
changes of type 3 neovascularization with OCT-A when treated with a combination of 
photodynamic therapy (PDT) and intravitreal bevacizumab (IVB). The results of this 
study showed that combination therapy led to resolved or decreased lesions in 92% 
of the patients with an improvement of visual acuity. Furthermore, starting with PDT 
seemed slightly more effective than starting with IVB.

In chapter 6, the intra- and intergrader agreement are assessed for morphological 
characteristics of type 3 NV on OCT-A images. The agreement values were high for 
intraretinal features, but a considerable variability was found for vascular and structural 
features in the deeper retina or under the retinal pigment epithelium (RPE). This study 
emphasizes the promising aspect of OCT-A for providing information on retinal blood 
perfusion by evaluating both en face and cross sectional B-scans, but it also shows that 
the subjective interpretation by clinicians may vary and would be helped by a more 
strictly defined classification or better definition of isolated features.
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For clinical interpretation of OCT-A images, it is important to distinguish the actual 
signal from background noise and artifacts. A recently developed noise-reducing 
method that is based on artificial intelligence (AI), positively affect the image quality of 
OCT-A en face images, but little is known on the effect of this noise-reducing technique 
on quantitative OCT-A measurements. The aim of the study described in chapter 7 
was to examine the effect of AI-denoising on quantitative OCT-A measurements and 
compare it to conventional averaging. AI-denoising negatively affect the reproducibility 
and introduces a bias for both the VD and FAZ. The reproducibility of averaged scans 
was not significantly different from the reproducibility of single scans. A bias was only 
introduced by averaging for the VD measurement, not for the FAZ. When the original 
single image is of high quality, the AI-denoising technology has a good reproducibility 
for VD. Otherwise, we recommend using conventional averaging for quantitative 
comparisons.
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Optische coherentie tomografie angiografie (OCT-A) is een snel opkomende 
beeldvormende modaliteit die de bloedvaten van de achterpool van de oogfundus 
op een niet-invasieve manier in beeld brengt. Voordelen van OCT-A beeldvorming 
zijn onder andere de korte opnametijd waardoor herhaalde scans mogelijk zijn, 
geen vervaging van haarvaten door lekkage en de scans zijn driedimensionaal (3D) 
waardoor het onderscheiden van de verschillende vasculaire lagen mogelijk is. OCT-A 
kan een waardevolle aanvullende beeldvormingsmodaliteit zijn voor de detectie van 
abnormale retinale vaten, abnormale vaatgeometrie of niet-doorbloedde gebieden, en 
voor de follow-up van deze afwijkingen. Het doel van dit proefschrift was het evalueren 
van de klinische waarde van OCT-A voor diagnose en follow-up bij de volgende 
pathologieën: de ziekte van Behҫet met en zonder uveitis, de nieuw gedefinieerde 
pathologie perifoveaal exsudatief vasculair abnormaal complex (PEVAC), type 3 
neovascularisatie (een vorm van natte leeftijdsgebonden maculadegeneratie) en een 
juxtapapillair retinaal hemangioblastoom (JRH). De klinische waarde van OCT-A hangt 
ook af van de interpretatie van de beelden door de clinicus. Daarom evalueerden wij 
de overeenkomst tussen clinici op hun subjectieve gradering van OCT-A beelden en het 
effect van verschillende ruisonderdrukkende technieken op de reproduceerbaarheid 
van kwantitatieve OCT-A metingen.

De ziekte van Behҫet is een systemische auto-inflammatoire vasculitis die meerdere 
organen kan aantasten, waaronder het oog. Intra-oculaire ontsteking of uveïtis bij de 
ziekte van Behҫet kan resulteren in hypo- of niet-doorbloedde gebieden op OCT-A, 
maar er is weinig bekend over de microvasculatuur in Behҫet patiënten zonder uveïtis. 
In hoofdstuk 2 vergeleken we kwantitatieve OCT-A metingen van de parafoveale 
microvasculatuur tussen Behҫet patiënten met uveïtis, Behҫet patiënten zonder 
uveïtis en gezonde controle personen. De vaatdichtheid (VD, %) was significant lager 
in de Behҫet groep met uveïtis vergeleken met de controlegroep en de Behҫet groep 
zonder uveïtis in alle retinale vasculaire lagen. De VD was ook significant lager in de 
Behҫet groep zonder uveïtis vergeleken met de gezonde controlegroep in de diepere 
vasculaire lagen van het netvlies. Het gebied van de foveale avasculaire zone (FAZ, mm2) 
was in de controlegroep significant kleiner dan in beide Behҫet groepen. De parafoveale 
microvasculatuur is niet alleen aangetast bij Behҫet patiënten met uveïtis, maar ook bij 
Behҫet patiënten zonder uveïtis. De meeste afwijkingen werden gevonden in de diepere 
lagen van het netvlies met behulp van de kwantitatieve VD meting. Aangezien OCT-A 
de detectie van subklinische veranderingen in de retinale microvasculatuur van Behҫet 
patiënten zonder uveïtis mogelijk maakt, heeft deze beeldvormingsmodaliteit de 
potentie om in de toekomst een rol te vervullen als aanvullend diagnostisch hulpmiddel.
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Perifoveaal exsudatief vasculair abnormaal complex (PEVAC) is een grote geïsoleerde 
perifoveale unilaterale aneurysmale afwijking die verschijnt bij personen zonder 
onderliggende retinale vasculaire of oculaire inflammatoire pathologieën. Aneurysmale 
afwijkingen zijn vaak gerelateerd aan retinale vaatziekten zoals diabetische retinopathie 
of retinale veneuze occlusieve ziekten die een op PEVAC-achtig uiterlijk kunnen hebben. 
Het doel van de studie beschreven in hoofdstuk 3 was het beschrijven en vergelijken 
van klinische, morfologische en vasculaire karakteristieken van PEVAC en PEVAC-achtige 
laesies met behulp van multimodale beeldvorming. Wij concludeerden dat PEVAC 
en PEVAC-achtige laesies beide retinale microangiopathieën zijn met overwegend 
vergelijkbare kenmerken maar met verschillende oorzaken. OCT-A was nuttig voor 
de vasculaire karakterisering van de laesies, d.w.z. de beeldvormingsmodaliteit gaf 
informatie over doorbloeding van beide laesietypes, de arteriële of veneuze oorsprong 
van de laesies, en de aan- of afwezigheid van perilesionale microvasculaire rarefactie.

JRH's zijn goedaardige vasculaire tumoren die gelokaliseerd zijn in het gebied van de 
oogzenuw. Het groeitype van de laesie is geassocieerd met de diepgaande lokalisatie 
binnen het netvlies. In hoofdstuk 4 wordt een casus beschreven waarbij OCT-A is 
gebruikt voor de classificatie van het groeitype van de JRH laesie en voor het opvolgen 
van de laesie over tijd. OCT-A is een veelbelovende aanvullende diagnostische en 
follow-up techniek bij de behandeling van JRH's, echter, de mogelijke signaalvariatie als 
gevolg van ruis en bewegingsartefacten moet in acht worden genomen bij de evaluatie 
van follow-up beelden.

Type 3 neovascularisatie (NV) is een aparte vorm van neovasculaire leeftijdsgebonden 
maculadegeneratie die wordt ingedeeld op basis van de anatomische locatie. Voor de 
diagnose wordt een multimodale beeldvormingsbenadering gebruikt met fluoresceïne 
angiografie, indocyanine groen angiografie en optische coherentie tomografie. 
Het snelle, niet-invasieve beeldvormingsinstrument OCT-A maakt het mogelijk om 
de vasculaire en structurele reactie op behandeling bij type 3 neovascularisatie 
te onderzoeken. In hoofdstuk 5 onderzochten wij de vasculaire en structurele 
veranderingen van type 3 neovascularisatie met OCT-A wanneer deze behandeld werd 
met een combinatie van fotodynamische therapie (PDT) en intravitreale bevacizumab 
(IVB). De resultaten van deze studie toonden aan dat combinatietherapie leidde tot 
verdwenen of afgenomen laesies bij 92% van de patiënten met een verbetering van de 
gezichtsscherpte. Bovendien leek starten met PDT iets effectiever dan starten met IVB.

In hoofdstuk 6 wordt de intra- en interbeoordelaars overeenkomst geëvalueerd voor 
morfologische karakteristieken van type 3 NV op OCT-A beelden. De overeenstemming 
was hoog voor intraretinale kenmerken, maar er werd een aanzienlijke variabiliteit 



159

Samenvatting

gevonden voor vasculaire en structurele kenmerken in het dieper gelegen netvlies of 
onder het retinale pigment epitheel (RPE). Deze studie benadrukt het veelbelovende 
aspect van OCT-A voor de informatie over retinale bloeddoorstroming door het 
evalueren van zowel het vooraanzicht als dwarsdoorsnedes (cross-sectionele B-scans), 
maar het toont ook aan dat de subjectieve interpretatie door clinici kan variëren. Dit zal 
verbeteren wanneer een meer strikt gedefinieerde classificatie of een betere definitie 
van geïsoleerde kenmerken wordt toegepast.

Voor de klinische interpretatie van OCT-A beelden is het belangrijk om het daadwerkelijke 
signaal te onderscheiden van achtergrondruis en artefacten. Een recent ontwikkelde 
ruisonderdrukkingsmethode, gebaseerd op kunstmatige intelligentie (AI), heeft een 
positief effect op de beeldkwaliteit van OCT-A vooraanzicht beelden, maar er is weinig 
bekend over het effect van deze ruisonderdrukkingstechniek op kwantitatieve OCT-A 
metingen. Het doel van de studie beschreven in hoofdstuk 7 was om het effect van AI-
ruisonderdrukking op kwantitatieve OCT-A metingen te onderzoeken en te vergelijken 
met de conventionele ‘averaging’ methode. AI- ruisonderdrukking heeft een negatieve 
invloed op de reproduceerbaarheid en introduceert een bias voor zowel de VD als de 
FAZ. De reproduceerbaarheid van scans waarbij de ‘averaging’ techniek is toegepast, 
was niet significant verschillend van de reproduceerbaarheid van enkele scans. Een 
bias werd alleen geïntroduceerd door de ‘averaging’ methode voor de VD meting, 
niet voor de FAZ. Wanneer het originele enkele beeld van hoge kwaliteit is, heeft de 
AI- ruisonderdrukking technologie een goede reproduceerbaarheid voor VD. Anders 
raden wij het gebruik van de conventionele ‘averaging’ methode aan voor kwantitatieve 
vergelijkingen.
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