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1. Abstract

Background: The aim of this observational cross-sectional work was to investigate early
retinal vascular changes in patients undergoing idiopathic epiretinal membrane (iERM)
surgery using swept source optical coherence tomography angiography (SS-OCTA).
Methods: 24 eyes of 24 patients who underwent vitrectomy with inner limiting membrane
(ILM) peeling were evaluated pre- and postoperatively using SS-OCTA system (PLEX
Elite 9000, Carl Zeiss Meditec Inc., Dublin, CA, USA). For each eye, five 6x6-mm OCTA
volume scans were acquired by two observers independently. The en face images of
superficial capillary plexus (SCP) were then exported to imageJ and a semi-automated
algorithm was used for subsequent quantitative analysis. Perfusion density (PD), vessel
length density (VLD), vessel diameter index (VDI) and vessel tortuosity (VT) of SCP were
evaluated in both the parafoveal (2.5 mm diameter) and perifoveal areas (5.5 mm
diameter).

Results: At OCTA analysis statistically significant differences were found between
controls and diseased eyes for all parameters in parafoveal and perifoveal regions
(p<0.001; p<0.05) except for perifoveal VLD. 1 month after surgery, SCP VLD and VT
significantly increased in parafoveal region (p= 0.043 and p= 0.045 respectively)
compared to preoperative values.

Conclusions: SS-OCTA provides a quantitative and qualitative analysis of the superficial
capillary plexus allowing for early vascular changes assessment after vitrectomy with

1ERM and ILM peeling.



2. Ocular vascularization

The ophthalmic artery provides the vascular supply to the eye. This artery arises from the
internal carotid artery and divides to constitute the central retinal artery, the short and long
posterior ciliary arteries (SPCAs and LPCAs, respectively), and the anterior ciliary

arteries[1].

The central retinal artery is contained in the optic nerve and from the optic nerve head to
the retinal periphery progressively branches into smaller retinal arterioles. These retinal
arterioles supply the inner retina, while the outer retina is supplied by the choroid. The
central retinal vein drains the retinal tissue and leaves the eye through the optic nerve.
Importantly, histological studies of the human retina have demonstrated that retinal vessels
constitute three distinct capillary layers: the superficial (SCP), middle (MCP), and deep
capillary (DCP) plexuses [2]. In addition, a fourth vascular layer, the radial peripapillary
capillary plexus (RPCP), is mainly located within the superficial nerve fiber layer (NFL)
surrounding the optic disc. In the latter vascular plexus, long capillary segments are
oriented parallel to the direction of retinal ganglion cell axons [3, 4]. Noteworthy, the
retinal capillaries are featured by walls without fenestrations and by tight junctions

constituting the inner blood-retinal barrier which is impermeable to even small molecules.
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Figure 1: Ocular vascularization. A. Retinal and ciliary vessels entering the eye. B. Retinal and choroidal

vessels networking in different capillary plexa.

The choroid is supplied by the short and long posterior ciliary arteries. Some branches of
the SPCAs also supply the optic disc via an anastomotic ring named the circle of Zinn-
Haller. Histological studies have demonstrated that the choroid is constituted of five

sublayers: Bruch’s membrane, the choriocapillaris (CC), Haller’s and Sattler's layers, and
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the suprachoroidal space[1]. The Haller’s and Sattler's layers contain larger diameter
vessels which are directly supplied by the SPCAs and LPCAs. Conversely, the
choriocapillaris is a highly anastomosed network of capillaries arising from the arterioles
in Sattler's layer and is located between Bruch’s membrane and the medium-sized
choroidal vessels. This vascular layer is organized into a series of hexagonal-shaped
lobules, which were demonstrated to be progressively larger toward the periphery. In
contrast with the retinal vessels, the CC is unique in that it is fenestrated and this facilitates
the movement of even large macromolecules into the extra-capillary compartment. Four
vortex veins drain the choroidal tissue and run posteriorly in the sclera leaving the eye well

posterior to the equator [5].

The LPCAs run anteriorly between the sclera and choroid and connect to the anterior
ciliary arteries shaping the major arterial circle of the iris. The anterior ciliary arteries

reach the sclera near the limbus after travelling with the extraocular muscles [1].

3. Optical Coherence Tomography Angiography (OCTA)

OCTA has significantly expanded our knowledge on several ocular and systemic disorders

(3,4, 6-15].

Overview on technical aspects

Structural OCT can acquire volumetric images of the retina by executing successive single
two-dimensional B-scans at different retinal locations. Conversely, OCTA devices perform
several repeated B-scans at the same retinal location and the obtained structural data are
compared to detect signal changes secondary to flowing erythrocytes (motion
contrast)[16]. Furthermore, each B-scan is composed of several A-scans that are acquired

at sequential positions to cover the whole B-scan size. The A-scan rate is dependent on the



OCT instrument and is typically comprised between 70,000 A-scans per second (spectral
domain devices) and 100,000 A-scans per second (swept source instruments). Of note,

faster acquisition speeds may characterize research instruments.

The interscan time, which represents the delay between two B-scan repeated at the same
retinal location, has a crucial role. Therefore, while a longer interscan time may increase
sensitivity to motion, this also increase the occurrence of eye motion which can alter the
motion signal.

In order to detect the motion contrast, three different methodologies may be used by
OCTA devices, as follows: (1) phase-based; (i1) amplitude-based; and (ii1) complex
amplitude-based, in which OCTA algorithm uses both phase and amplitude information.
The OCTA signal is typically normalized between 0 and 1. The interscan time and the
background noise determine the slowest detectable flow. Erythrocytes must have covered
enough distance within repeated B-scans to be detected. In addition, differences in signal
must be higher than the background noise to be detected as flow[17]. This causes an
intrinsic limitation to current OCTA technology which may not be able to distinguish the
absence of flow from slow flow below a detectable threshold range.

Optical coherence tomography angiography may be captured with spectral domain OCT
(SD-OCT), which in commercial devices employs a wavelength at around 840nm, or with

swept-source OCT (SS-OCT), which uses a longer wavelength (~1050nm).

Visualization of OCTA images

While OCT is considered a cross-sectional imaging modality, OCTA images are mainly
displayed with en face visualization. The en face approach combines the 3-dimensional
volumetric information obtained from previously established OCT techniques for the

automated segmentation of anatomic reference planes, which allow the definition of



“slabs” and the segmentation of the volumetric OCTA scans at specific pre-set and/or
customizable depths. Using this strategy, the flow data within any slab are summed or

projected into a two-dimensional en face image that can be viewed and studied.

The creation of the 2-dimensional OCTA en face images can be obtained with different
methods. The “maximal intensity projection” process projects the increased sensitivity to
noise may occur. Other processes to obtain the 2-dimensional OCTA images include the

“average intensity projection” process, which is less sensitive to noise and small vessels.

Figure 2: B-scan sectional and en face visualization of a 3x3 3 mm OCTA acquisition centered on the

fovea of a healthy retina.

Noteworthy, while most OCTA studies use the en face visualization of the images, this
visualization is more susceptible to segmentation errors or artifacts, especially in eyes with
retinal and choroidal pathologies, such as macular neovascular disease. For this reason,
cross-sectional OCTA scans may be helpful for studying these eyes [8]. These OCTA B-

scans typically show flow in color (red or yellow) over the grayscale OCT image.

Comparison with dye-based imaging techniques

Fluorescein angiography (FA) and indocyanine green angiography (ICGA) have
traditionally been considered the gold standard for clinical assessment of the retinal and
choroidal vasculature in vivo. Even though dye administration is generally safe in patients,

serious allergic reactions may occur, and these techniques are considered invasive and



require considerable patient cooperation. On contrary, OCTA provides non-invasive
assessment of the retinal and choroidal vasculatures. Moreover, OCTA has the additional
advantage of depth-resolution with improved visualization of the deeper vascular plexuses.
Despite these limitations, dye-based imaging provides other advantages including dynamic
estimation of dye transit and dye leakage in diseases affecting the blood-retinal barrier (e.g.
diabetic retinopathy, macular neovascular disease).

In addition, FA has some limitations in the assessment of the retinal vessels, given that
visibility of the capillaries is lower with increasing distance from the fovea and for smaller
vessels. Furthermore, FA has significant deficiencies in the visualization of the choroid,
given that fluorescein is a small molecule which rapidly leaks from the choroidal vessels
[18]. In contrast to FA, ICGA grants an improved visualization of the choroid. ICGA
employs an alternative dye that is significantly (99%) bound to plasma lipoproteins thus
limiting choriocapillaris leakage [19]. Furthermore, ICGA uses a longer excitation
wavelength and emits fluorescence in the 800-860 nm range, allowing a more efficient

penetration through RPE, other ocular pigments and even eventual emorrages [20].

Limitations and artifacts

Imaging the vascular plexuses with OCTA may also be challenging because of different
artifacts which may alter their visualization [21].

Low signal strength may significantly affect the quality of the OCTA images. The signal to
noise ratio between the signal component, which is the information dependent on the
imaged tissue, and the non-signal component (or noise), is a mathematical relationship
which may influence the image quality. As an example, media opacities may reduce the
signal to noise ratio by decreasing the OCT signal [21]. A decreased signal to noise ratio
leads to an adjustment of the grayscale range with a consequent increase in image noise
and false OCTA signal. Averaging of multiple en face OCTA images may reduce noise, as

well as significantly improve qualitative and quantitative measurements.
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False OCTA signals may be also generated by movement of the eye, head, or body. Recent
advancements in eye tracking systems have however significantly decreased the impact of
these artifacts in OCTA imaging. Using eye tracking, the retina position is rapidly tracked,

and corrective movements are applied.

Segmentation error represents a significant and recurring OCTA artifact. As discussed
above, en face OCTA images are displayed by locating two boundaries throughout the
retinal and/or choroidal structure and vessels are therefore visualized using different
available processes. These boundaries may be set by selecting pre-defined layers which
can be differentiated on the basis of reflectivity, texture or other attributes [22]. The main
problem with this strategy is that these parameters used to differentiate retinal and
choroidal layers may be significantly modified in pathological conditions. As an example,
the automatic segmentation of vascular layers may be challenging in eyes with myopia,
even in the absence of chorioretinal complications. Of note, many OCTA devices employ
software enabling manual correction of segmentation errors and propagation of corrections
throughout multiple B-scans, but this process may result extremely time-consuming.
Projection artifacts may affect the visualization of the deeper vascular layers (DCP, and
CCQ). In order to image the deeper structures, the OCT beam passes through the retinal
layers, and vessels included in these layers may be falsely detected in the deeper layers,
even in the absence of real flow in these slabs [23]. Since the transmitted light diffuses
through flowing blood, the deeper layers are thus reached by fluctuating light which can
create a decorrelation between two successive B-scans at the same location. The projection
artifact may also occur at high reflective layers, such as the RPE. In addition, projection
artifacts from the retina are attenuated by the RPE, thereby limiting this confounding

problem in the choroid. Several strategies have been evolved to limit projection artifacts.
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However, unintentional removal of real blood flow can represent a relevant limit of this
strategy.

Shadowing artifact represents another important artifact in the visualization of the deeper
vascular layers. This artifact occurs when OCT beam is attenuated or blocked thereby
impeding its passage to deeper layers. This may occur due to the presence of different
structures, including vitreous opacities, hemorrhage, drusen. SS-OCTA systems have
partially overcome this limitation, since a longer wavelength limits attenuation from media
opacities and improves penetration into the deeper retinal and choroidal layers [24].
OCTA is still limited in the visualization of the larger vessels of the choroid. This
limitation is secondary to the signal attenuation due to scattering by the RPE and by the
CC vessels. In consequence of this, choroidal vessels may be typically displayed as
silhouettes with complete loss of signal at greater depths. These limitations have been
partially resolved with ultrahigh-speed SS-OCTA instruments. Noteworthy, such device
was demonstrated to be even better than ICGA in the visualization of the medium-sized

choroidal vessels [23].

OCTA quantitative metrics

Various different commercial devices use different algorithms to obtain OCTA images
andquantifiable metrics applied to these images were demonstrated to be not comparable
between devices. However, different studies have used quantitative variables to quantify
the retinal and choroidal vasculature with OCTA [25, 26].

OCTA en face images are composed of pixels which may be in a grayscale range of
possible values from 0 to 255, where typically 0 is taken to be black, and 255 is taken to be
white. In order to obtain quantitative analysis, a threshold may be applied to these images.
Thresholding is used to create binary images (in which pixels over the applied threshold
are displayed as white and pixels falling under the threshold are shown as black) from

grayscale images. Moreover, thresholding may be obtained using different methodologies
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that were demonstrated to significantly influence the final quantification. The binarized
OCTA images may be also skeletonized, in order to obtain an image in which vessels are
visualized as tracings of 1 pixel in width.

Binarized and skeletonized OCTA images may be used to provide different quantitative
metrics (Figure 3). The perfusion density can be calculated as a unitless proportion of the
number of pixels over the threshold divided by the total number of pixels in the analyzed
area on the binarized image. The vessel length density is defined as the total length of the
perfused vasculature divided by the total number of pixels in the analyzed area on the

skeletonized image.
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Figure 3: post processed binarized (bottom left) and skeletonized (bottom right) image from original

superficial capillary plexus OCTA en face (top).

Small field OCT Angiography
Small field Optical Coherence Tomography Angiography (OCTA) has recently been

developed to study retinal and choroidal microvascular cyrcles avoiding a dye injection: it
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permits to examine different vascular parameters such as perfusion density (PD) and vessel
length density (VLD) of the superficial capillary plexus (SCP), the deep retinal capillary
plexuses (DCP) and the choriocapillaris plexus (CCP). In detail, PD reflects a two-
dimensional quantification of the retinal vasculature (length) and perfusion density; VLD a
two-dimensional (length and width) measure thus a decrease of PD could be either a
reduction of retinal vessel caliper or a decrease in branching patterns.

Clinical adoption of small field optical coherence tomography (OCT) angiography
(OCTA) has provided clinicians with a noninvasive, volumetric modality for visualizing
the retinal vasculature at micrometer resolutions. Critical to these assessments is the ability
to accurately differentiate retinal arteries and veins in order to determine the location of
vascular pathology. Furthermore, since the contrast between the retinal vessels and
surrounding tissue is high, small field OCTA permits the quantitative analysis of retinal
vascular changes [27].

Small field devices have a wavelengths for light sources of 840 nm.

Several types of their softwares identify blood flow by calculating the decorrelation of
signal amplitude from consecutive B-scans performed at the same retinal acquisition plane
by splitting the spectrum, improving the signal-to-noise-ratio, and enhancing flow
detection, using the Split Spectrum Amplitude Decorrelation Angiography (SSADA)
algorithm [28].

Other devices work using the OMAG algorithm, which generates three-dimensional,
microscopic resolution structural images and vasculature images by identifying differences
in the scattered light due to movements of red blood cells in the vessels, between
consecutive B-scans at the same transversal location.

A limitation of the previous mentioned small field OCTA technology, however, is the
limited scanning area which could be of 3x3 mm (Figure 4) or 6x6 mm (Figure 5), not very

useful to investigate pathologies which interest peripheral retinal vascularization.
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Figure 4 3x3 Small field Angio-oct scans of SCP (1), DCP (2) and Choriocapillaris (3) of a mid stage RP

patient.

Figure 5 6x6 Small field Angio-oct scans of SCP (1), DCP (2) and Choriocapillaris (3) of a mid stage RP

patient

Wide field OCT Angiography

The recent introduction of Widefield OCTA devices is expected to appreciably improve
the retinal capillary network analysis.

These tools are high-speed swept source so use longer wavelengths for light sources (1050
nm in swept-source OCTA) than smallfield OCTA (840 nm).

Furthermore, while the angle of view is limited to 3x3 mm in smallfield OCTA models,

Widefield OCTA are able to capture images of a 12x12 mm areas at a time (Figure 6) [29].
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A wider region of OCTA assessment supplies more details about retinal and vascular
disorders not limited to the posterior pole and could help in creating new imaging
biomarkers of disease.

Since visual field deficits and photoreceptor cell death begin in the midperipheral retina
and continue in a concentric mode in RP, the new Widefield OCTA technology may show
different microvascular changes from periphery to the macular region.

Some reports have confirmed the superiority of swept-source OCTA to demarcate the full
extent of choroidal neovascularization compared to smallfield OCTA [30, 31].

Despite the wider field of view of widefield devices, it has been decribed a lower macular

resolution. However, Widefield OCTA is foundamental to relate retinal posterior pole and

very far periphery, reaching a scan of 15x9 mm montage.

Figure 6 12x12 Widefield Angio-oct scans of SCP (1), DCP (2) and Choriocapillaris (3) of a mid stage RP

patient.

4. Epiretinal Membrane

Epiretinal membrane (ERM) is a common macular disease characterized by proliferation
of abnormal tissues on the surface of the macula, at the interface between the vitreous and
the retina. Based on previous studies, ERMs can be associated with other ocular disorders,
typically diabetic retinopathy and retinal vein occlusion, or can develop after cataract

surgery or vitrectomy for retinal detachment [32-34]. On the other hand, ERMs are defined
16



as idiopathic ERM (iERM) when no cause can be found. Importantly, iERM aetiology is
still unclear, although seems to be related to an anomalous posterior vitreous detachment
(PVD) [35, 36]. Some pathophysiological theories of iIERM formation support a glial
tissue origin. It has been suggested that after the onset of PVD, retinal glial cells deriving
from Miiller cells or astrocytes, proliferate and migrate, resulting in the fibrocellular tissue
formation characterizing the scaffold of ERM recently formed. Fibroblasts and the
myofibroblasts, which are supposed to derive from Miiller's cells, hyalocytes or retinal
pigment epithelium (EPR), are the most represented cells of the most advanced ERM
stages characterized from a rich tractional component.

Idiopathic ERM is still a frequent cause of visual impairment in working age population,
due to traction of the membrane leading to the formation of retinal folds and consequently

retinal thickening [32, 35].

Epidemiology

The prevalence of ERM is around 7-11.8 % with an age-related increasing trend. It is rare
before the age of 60 (1.9 %) whereas the higher spike is over the age of 70 (11.6%). Up to
20 % of people with ERM is affected bilaterally [34]. Previous publications showed that
ethnicity affects plays a role in the development of ERM. Particularly, the Chinese
population has a higher prevalence (39%) compared to Caucasian (27.5) and Japanese

(4%) [33].

Clinical Features

The ERM is a chronic disease and its clinical manifestation can be variable according to
the severity of the disease. The heterogeneity of symptoms includes deterioration of the
visual acuity and metamorphopsia; less frequently photopsia and macropsia can occur.

At the fundoscopy ERMs appear as a thin translucent sheet, usually associated with retinal

folds. Although the clinical aspect is usually sufficient for the diagnosis of ERM, optical
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coherence tomography (OCT) of nowadays used worldwide in the diagnosis and,
importantly, in the staging and follow up of the disease. At the OCT, the ERM appears as a
hyperreflective signal at the level of the inner retinal surface (Figure 7). The most
important features assessed by mean of the OCT in case of ERM are the central foveal
thickness, the foveal morphology and the integrity of the ellipsoid band. The latter is
considered the more valuable prognostic factor for the surgical outcome[34, 37].
Furthermore, the ERM assessment with OCT allows the detection of alterations of the
vitreoretinal interface as well as vitreoschisis and vitreomacular traction(VMT). Recent
studies showed the importance of the OCT assessment of the involvement of the inner
retinal layers, particularly the nerve fiber layer, the ganglion cell layer and the inner

plexiform layer. These factors look to be strictly related to the prognosis of ERM surgery

Figure 7 Fundus Photograph and SD-OCT of an ERM. Note the retinal folds 1 associated with a tractional

distortion of the foveal profile.

Treatment

The treatment of ERM is surgical. It consists of a pars plana vitrectomy with peeling of the
ERM with or without the peeling of the internal limiting membrane (ILM). Recent studies
showed as removing the ILM is contraindicated in diabetic ERM, since it can increase the
severity of macular ischemia. The membrane peel can be dye-less or assisted by vital

stains. The latter is usually performed by mean of trypan blu or brilliant blue. An
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uncomplicated vitreoretinal surgery for ERM does not require the use of any tamponade
but air or BSS.

Around the 45-55% of patient operated for ERM notice an improvement (in OCT and
visual acuity, metamorphopsias or both) within 6-12 months after surgery (Figure 8).

Prognostic factors are visual acuity before surgery, duration of the disease and integrity of

the inner retinal layers [11, 37].

Figure 8 Diabetic ERM before (1) and 3 weeks after (2) vitrectomy + peeling + triamcinolone injection.

Note the normalization of the foveal thickness due to the resolution of the intraretinal oedema

5. Experimental Section

To date, optical coherence tomography angiography (OCTA) has been introduced in ERM
evaluation, allowing a detailed assessment of retinal vascular plexuses and highlighting
structural and functional changes related to ERM presence preoperatively and
modifications of retinal flow after its removal [8, 38, 39].

The introduction of high-speed swept source (SS) OCT devices provided more details
about retinal diseases, highlighting the reorganization of the inner retinal layers visible in

eyes with advanced stage ERM [8, 40].
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The recent development of SS-OCTA, thanks to use of a longer wavelength and a higher
speed, allows a wider retinal field of view of superficial capillary plexus (SCP), deep
capillary plexus (DCP) and choriocapillaris (CC) and a better visualization of deep layers
such as CC and choroid [41].

The goal of this study was to report very early SCP vascular changes following idiopathic
epiretinal membrane surgery using a widefield SS-OCTA device. Notably, these changes
were determined in two different macular regions comparing the preoperative and post-

operative vascular modifications.

Methods

Study participants

In this observational cross-sectional study, 24 subjects with a unilateral idiopathic ERM
were enrolled at the Ophthalmology Clinic of University G. d’ Annunzio, Chieti-Pescara,
Italy. Twenty-four eyes of healthy people were considered as controls. The study was
approved by our Institutional Review Board (IRB) (Department of Medicine and Science
of Ageing, University G. d'Annunzio Chieti-Pescara) and adhered to the tenets of the
Declaration of Helsinki. An IRB approved informed consent was obtained from all
patients. All subjects with iIERM underwent 25 G pars plana vitrectomy with ERM and
internal limiting membrane (ILM) peeling and were imaged with the PLEX Elite 9000
device (Carl Zeiss Meditec Inc., Dublin, CA, USA) between January 2018 and January
2019. Moreover, all patients received a complete ophthalmologic examination, which
included the measurement of best corrected visual acuity (BCVA), intraocular pressure
(IOP) and ophthalmological evaluation. Inclusion criteria were: (1) diagnosis of iERM (3
stage, according to Govetto classification system [40]), (i1) no history of previous ocular
surgery, (ii1) iIERM duration < 6 years. Exclusion criteria were: (i) evidence or history of

ocular conditions such as retinal detachment, retinal vascular occlusions, uveitis, high
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myopia, trauma; (i1) evidence or history of systemic disorders, including diabetes and

systemic hypertension; (iii) poor image quality.

Image acquisition

Subjects underwent OCTA imaging using the PLEX Elite 9000 device (Carl Zeiss Meditec
Inc., Dublin, CA, USA) which uses a swept laser source with a central wavelength of 1050
nm (1000-1100 nm full bandwidth) and operates at 100,000 A-scans per second. For each
eye, five 6x6 -mm OCTA volume scans were acquired by two independent graders (RM
and RDA), preoperatively and at 1 month after surgery. FastTrac motion correction
software was used while the images were acquired.

Poor quality images (signal strength index (SSI)<8) with either significant motion artifact
or incorrect segmentation were excluded. All selected images were carefully visualized by
the two retinal specialists independently to ascertain the correctness of segmentation and in
case of erroneous recognition by the software of the position of the boundaries of the ILM
and retinal pigment epithelium (RPE) manual correction was performed using the

segmentation and propagation editing tool from the device.

Image processing

The main outcome measures were: (i) SCP perfusion density (PD); (i1) SCP vessel length
density (VLD); (ii1) SCP vessel diameter index (VDI); (iv) SCP vessel tortuosity (VT). In
order to quantify these variables, a slightly modified previously reported semi-automated
algorithm was employed [22-23]. In brief, for each eye, en face OCTA images segmented
at the SCP level were imported into ImageJ software version 1.50 (National Institutes of
Health, Bethesda, MD; available at http://rsb.info.nih.gov/ij/index.html) and, consequently
were processed with a “‘top-hat’’ filter. Each image was duplicated and two different
binarizarion methods were then performed on the 2 resultant images: (i) 1 image was first

processed by a ‘‘hessian’’ filter, followed by global thresholding using the ‘‘Huang’s
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fuzzy’’ method; (ii) the other (duplicate) image was binarized using the ‘‘median local’’
thresholding. Finally, the two obtained images were combined. Perfusion density was thus
calculated as a unitless proportion of the number of pixels over the threshold divided by
the total number of pixels in the analyzed area. Successively, the SCP images obtained
after binarization were skeletonized and these images were employed to measure VLD. In
order to measure the average vessel caliber, we calculated VDI by dividing the area in the
binarized image by that in the skeletonized image. Finally, using the “Analyze skeleton”
plugin, the actual length of each branch and the imaginary straight length between two
branch nodes—points of connections—were marked. We calculated VT by dividing the
sum of actual branch lengths by the sum of straight lengths between branch nodes [42].
The quantitative analysis was thus performed in the macular region, which was defined as
a circular annulus around the fovea with diameter of 5.5 mm and excluding the foveal
avascular zone (FAZ). Furthermore, the analysis of the macular region was further divided
into the parafoveal and perifoveal areas (with diameters of 2.5 mm, and 5.5 mm,

respectively) and was performed at the baseline (Figure 9) and after surgery (Figure 10).

Figure 9. OCT scan and en face OCTA images of SCP (on the left), binarized SCP (in the middle) and

skeleton SCP (on the right) before vitrectomy of 3-stage ERM.
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Figure 10. OCT scan and en face OCTA images of SCP (on the left), binarized SCP (in the middle) and

skeleton SCP (on the right) 1 month after vitrectomy.

Surgical procedure

All diseased eyes enrolled underwent 25G 3-port pars plana vitrectomy with ERM and
ILM peeling after ERM and ILM staining with a combination of 0.15% trypan blue,
0.025% brilliant blue G, and 4.00% polyethylene glycol (MembraneBlue-DualTM, DORC
International, Zuidland, the Netherlands). All procedures were performed by a single and
experienced surgeon (R.M.). Four eyes were phakic and twenty of them were
pseudophakic. In phakic eyes combined phacovitrectomy with intraocular lens
implantation in the capsular bag was performed. No intra and postoperative complications

were reported.

Statistical analysis

The quantitative variables were summarized as mean and standard deviation (SD)
according to their distribution and qualitative variables as frequency and percentage. A
Shapiro-Wilk’s test was performed to evaluate the departures from normal distribution for
each variable.

Differences in baseline demographic and clinical characteristics between control group and
iERM patients group were tested by Mann-Whitney U test and Pearson chi-square test for

continuous and categorical variables, respectively. Only in iERM patients group ,Wilcoxon
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test was applied for assessing the comparison of the quantitative variables between
baseline values and 1-month follow-up measurements.

Lin’s concordance correlation coefficient (CCC) with the 95% confidence intervals was
calculated to assess the interobserver reproducibility of image acquisition.

Spearman’s Rho correlation coefficient was applied to evaluate the linear correlation
among CMT and retinal perfusion variables in iERM patients group.

All statistical analyses were performed using R Statistical Software (version 3.5.3; R
Foundation for Statistical Computing, Vienna, Austria). In all statistical tests the threshold

of statistical significance was assumed equal to p=0.05.

Results

Characteristics of diseased and healthy eyes at the baseline
A total of 24 eyes of 24 people (16 females, 8 males; mean age of 58.9+8.6 years) with a
diagnosis of 3-stage iIERM were considered in the analysis. Clinical and demographic

characteristics of diseased eyes enrolled are reported in Table 1.
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Table 1. The clinical and demographics characteristics of diseased eyes (iIERM group) and healthy eyes

control group). *Mann-Whitney U test; ° Pearson chi-square test
group y

Variable iERM group Control group  p-value
Age (years), mean=SD 58.9+8.6 55.9+£8.7 0.326°
Gender (male/female), 7 (%) 8(33.3)/16 (66.7) 10 (41.7)/14 0.766"
(58.3)

Axial length (mm), mean®SD 22.9+1.1 23.1+0.5 0.422°
ERM 3 stage, n (%) 24 (100.0) - -
Duration of ERM(years), meanSD 52407 - 3
Phakic/pseudophakic, n (%) 4 (17.0)/20 (83.0) 24 (100.0) -

A group of 24 healthy eyes of 24 subject were considered as controls (14 females, 10

males; mean age of 55.9+8.7 years). No statistically significant difference was found

between diseased and normal eyes in terms of age, gender and axial length (Table 1).

The central macula thickness (CMT) and average logMAR BCVA of iERM group were

512.3423.4 um at baseline and 0.78 £+ 0.38 LogMAR (Snellen 20/121 equivalent) at

baseline respectively (Table 2).

Table 2. Anatomical and functional parameters of healthy (control group) and diseased eyes (iERM group)

iERM Group Control Group
Variable Baseline 1- month Wilcoxon Baseline Wilcoxon
p-value p-value
CMT (um) 512.3+23.4  3745+31.7  <0.001 185.9£12.9  <0.001
logMAR BCVA 0.78+0.38 0.53+0.34 <0.001 0.10+ 0.41 <0.001

At
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OCTA analysis statistically significant differences were found between controls and

diseased eyes for all perfusion parameters in both parafoveal and perifoveal regions except

for perifoveal VLD (Table 3).

Table 3. SCP analysis of parafoveal and perifoveal region at baseline of iERM and healthy groups

Parafoveal Region

Perifoveal Region

Variable Control Mann-Whitney Control Mann-Whitney
iERM Group iERM Group
Group p-value Group p-value
Perfusion Density (%) 25.3+1.8 30.6+4.4 <0.001 39.4+3.6 42.3+1.8 0.023
Vessel Length Density (%) 6.8+0.7 8.8+1.3 <0.001 10.2+1.6 11.3+0.7 0.105
Vessel Diameter Index 18.5+1.9 21.743.2 0.009 29.1+2.3 31.0+1.3 0.023
Vessel Tortuosity 1.4+0.1 0.7+0.1 <0.001 1.4+0.1 0.7+0.1 <0.001

Comparison between pre-operative and post-operative morphological and functional

parameters of diseased eyes

The logMAR BCVA of iERM group improved to 0.53+0.34 LogMAR (Snellen 20/68
equivalent) at 1 month after surgical treatment (Table 2).

CMT significantly decreased in iIERM eyes at 1-month follow-up visit (374.5+31.7

micron, p<0.001), in comparison with preoperative values (Table 2).

At OCTA analysis outcome measures of both groups were compared at baseline and 1

month after surgery. As shown in figure 3, at 1-month follow-up, VLD significantly

increased from 6.8+0.7% to 8.9+£1.3% in parafoveal region (p=0.043). Additionally, PD

and VDI showed a trend of increase after vitrectomy in both parafoveal and perifoveal

region (Figure 11).
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Figure 11. Mean and standard deviation of retinal perfusion variables in iERM patients group at baseline and
at 1-month follow-up after vitreoretinal surgery: (A) Perfusion Density (%); (B) Vessel Diameter Index; (C)
Vessel Length Density (%); (D) Vessel Tortuosity. p-value reported in figure are relative to comparison

between baseline and 1 months value evaluated by Wilcoxon test.

On the contrary, no statistically significant difference was observed in terms of PD and
VLD before and after surgery in perifoveal region (p=0.686 and p=0.345 respectively,
Figure 11).

In the analysis investigating the parafoveal region, we also found a significant decrease in
VT from 1.4£0.1 to 1.3£0.1 at 1 month postoperatively (p=0.045). However, no significant
VT changes in perifoveal region were observed (preoperative: 1.4+0.2 vs. postoperative:
1.440.1; p=0.998; Figure 11).

In the iERM group, no significant correlations were found between anatomical and

functional parameters except for the vessel tortuosity that was significantly positively
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associated with CMT (Rho=0.564 and p=0.021). The agreement between the two observers

was excellent with a Lin’s CCC of 0.99 (95% CI: 0.98-0.99) in all analyzed parameters.

Discussion

It has been hypothesized that Miiller cells play a main role in the pathological mechanism
of ERM formation and in the support of foveolar structure. Their strong adhesion with
ILM has been associated with a higher risk of ultrastructural damages of deep portions of
the retina after peeling [43].

It has been widely reported a macular contraction and retinal vessel displacement in
patients with a diagnosis of ERM due to tangential and centripetal forces exerted from
ERM itself [40].

Tangential and vertical macular tractions are considered responsible of foveal
microarchitectural changes in the retinal vasculature with vessel occlusion and tortuosity
[44].

The tangential force would drag the superficial retinal layers away from their original
location thus straightening or curling retinal vessel of superficial capillary plexus.

ERM removal should release all tractions, thus letting main retinal vessels and capillaries
come back to their original position. However some forces of traction could persist also
after vitrectomy.

In addition ILM peeling procedure has been considered to be responsible of increased
elasticity of the retina thus causing a foveal displacement of capillaries [45].

Kumagai et al described a centripetal movement of the inner retinal layer after ILM
peeling with a centripetal shift of foveal capillaries [46]. Furthermore, authors reported
changes in ganglion cell complex, where SCP is located, with its thickness reduction, due
to a partial structural restoration after ILM peeling surgery and a likely disruption of the

ganglion cell neurites included in the iERM [47].
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The non-invasive nature of OCTA techniques has progressively and quickly gained much
interest in clinical practice. OCTA is rapidly becoming a new important imaging modality
for the retina/choroid, optic nerve head and even the anterior segment. It has shown a high
reliability in perfusion assessment of the superficial retinal vasculature [48].

As already known, retinal vasculature is composed by three plexuses: the superficial, the
intermediate and the deep capillary plexus. In detail, the superficial capillary plexus,
located in the ganglion cell layer and nerve fiber layer, is characterized by a centripetal
pattern vessel; while the vessels of deep capillary plexus, that is located in the inner
nuclear layers, have typically a concentric distribution with vertical interconnections [49].
The recently introduced widefield SS-OCTA is able to provide quantitative and qualitative
information of microvasculature of all three retinal capillary plexuses in central area and in
midperiphery.

SS-OCTA uses tunable laser centered at 1060 nm and with at a scan speed of 100,000 A
scans per second and an axial resolution of 6.3 um. This device is based on optical micro
angiography complex algorithm to analyse retinal microvasculature in detail and in depth.
We aimed at evaluating retinal microvasculature parameters of superficial capillary plexus
of a 6x6 mm scan area to identify early vascular changes at baseline and after vitrectomy
with ILM peeling in terms of parafoveal and perifoveal retinal perfusion using SS-OCTA.
In detail, at SCP level, PD, VDI, VLD and TV were investigated. We decided to focus
only on the supeficial plexus in order to avoid ERM related projection artefacts. Indeed,
traction of ERM and macular edema may alter OCTA signal quality of deep capillary
plexus status. Although artefacts can be corrected with projection removal algorithms,
OCTA remains susceptible to projection artefacts because of the superficial blood flow,
thus leading a difficult interpretation of deep retinal vasculature feature with a potential

loss of details.
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Furthermore, ERM with rich intraretinal fluid component weakens the reflected OCTA
signal intensity from deeper layers [50].

In our cohort we included only ERM of 3 stage to eliminate possible bias related to
different severity of the disease. In addition we considered patients with a similar duration
of ERM diagnosis that was a mean of < 5.24+0.7 years.

A significant reduction in capillary blood flow velocity of iERM patients was observed
using fluorescein angiography if compared with healthy age-matched eyes probably due to
increase of venous resistance caused by vessel abnormalities [44, 51].

Six months after vitrectomy a statistically significant improvement in blood flow velocity
was reported by the authors, related to capillary vessel recanalization [44, 51].

In our cohort, PD and VLD in iERM group were significantly different if compared to the
control group likely due to a centripetal movement of microvessels exerted from traction
with central vessel crowding. It can be hypothesized that partial capillary sub- /occlusion
occurred related to ERM presence thus causing flow impairment in the foveal region [44].
Conversely, Nelis and coworkers [52] found a significant increase of the macular vessel
density ratio (vessel density of the foveal and parafoveal region) of MER eyes in
comparison to healthy controls, that presumably reflected a vascular displacement from the
perifoveal to the foveal area without a significant vessel occlusion component.

The degree of perifoveal hemodynamic changes is strictly associated with severity of ERM
and depth and duration of traction, for this reason we preferred to evaluate eyes with the
same ERM grade and with a duration of < 6 years from the first diagnosis.

At 1-month post surgery although a trend of increase was observed, overall macular PD of
1ERM group not show any significant difference compared to preoperative values, both in
perifoveal and parafoveal areas, probably because of the recanalization of occlused
microvessels contemporaneously with the decrease of central vessel crowding toward

perifovea.
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On the contrary, parafoveal VLD significantly increased at 1-month follow-up. The vessel
length density increase was likely due to a reopening of little vessels that were sub-
occlused in the preoperative period because of ERM traction release.

We speculate that forces exerted from ERMs could have a greater impact on tiny little
vessels leading to a temporary sub-/occlusion of them. After vitrectomy these capillaries
would open again due to the release of tractions as well as a recovery to the vessel original
positions. Dell’Omo et al [53] have previously described as, after vitreoretinal surgery for
retinal detachment, vessels seen with autofluorescence did not come back to their original
position, on the contrary they would assume a new position.

Our results showed an initial increase in vessel diameter in both parafoveal and perifoveal
regions because of the reopening and recanalization of microvessels, thus OCTA signal
would consider also diameter of reopened smaller vessels in the overall analysis.

Finally, our work investigated vascular tortuosity and it appears to be the first study
describing this parameter in patients with iERMs using SS-OCTA.

A relatively recent study [53] has identified VT detected with OCTA as a useful
quantitative measure correlated to diabetic retinopathy (DR) stage. It has been reported that
a higher VT is associated with a higher progression to proliferative diabetic retinopathy.
Therefore VT seems to be an early indicator of microvascular damages in the retina and a
quantitative marker to monitor the progression of DR [54].

In our work VT showed a statistically significant decrease postoperatively compared to
preoperative values only in the parafoveal area. The latter region is probably mainly
involved in the early modifications of VT recovery after surgery. Perifoveal area would
need more time to a complete anatomical recovery. Although surgical treatment partially
resolves tangential and vertical retinal tractions, thus improving macular microcirculation
thanks to recanalization of capillary vessels, some tractional effects may persist also after

surgery, explaining no significant change of perifoveal VT.
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To the best of our knowledge this is the first study that analyses in detail retinal
microvasculature features, quantifying contemporary perfusion and tortuosity as an
elaboration of a single scan acquisition.

The comprehension of early changes of retinal circulation could be predictive of macular
status at baseline and of macular morphology and function after surgery.

With further advancement in imaging technology, OCTA may serve as an alternative non-
invasive device to the traditional fluorescein angiography in order to better identify ERM
features and to predict visual prognosis after surgery.

In terms of functional changes, our findings showed a significant improvement in terms of
visual outcome and CMT postoperatively, one month after surgery.

Our results suggest a relationship between early changes of capillary architecture after
vitrectomy and postoperative retinal function in iERM patients. This issue could be helpful
to better identify the pathophysiology of the disease, and to assess morphological markers
(vascular) that could be helpful to predict the postoperative outcome.

The main limitation of this study is the relatively small sample and the cross sectional
nature of analysis. The follow up was very small, nevertheless we wanted to focus
intentionally on early changes after surgery to identify predictive flow modifications of the
macula over time. A longer follow up of the same parameters assessed with the same new
swept source device is needed to possibly predict a prognosis of the final anatomical and
functional success, by analyzing and following depth-selectively vessel behavior pre and

postoperatively
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