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SUMMARY

Aim: To evaluate changes in the vascular density of the deep and superficial capillary plexus of the retina, the area of the foveal avascular zone, central
retinal thickness, and best corrected visual acuity in patients with diabetic macular edema treated with anti-VEGF agents.

Material and Methods: In a prospective study at the Ophthalmology Clinic of FNHK, we evaluated a group of 41 eyes of 30 patients (19 men and 11
women) with diabetic macular edema treated with Lucentis or Eylea. The average age of the patients was 61.7 £11.3 years. Average initial visual acuity
was 64.4 +9.1 letters on ETDRS optotypes. During the one-year follow-up period we monitored the density of the deep and superficial retinal capillary
plexus using OCTA. We evaluated OCTA scans with the ImageJ program at 3, 6, 9, and 12 months. Additionally, the area of the foveal avascular zone,
central retinal thickness, and best-corrected visual acuity were measured.

Results: During the one-year follow-up period there was a statistically significant change in both retinal capillary plexuses, with the density of the deep
capillary plexus increasing (p < 0.0001) and the superficial capillary plexus decreasing (p = 0.0073). The area of the foveal avascular zone decreased from
an initial average value of 0.29 +0.14 mm? to 0.24 + 0.07 mm? (p = 0.0406). Average central retinal thickness decreased from 434.1 +96.2 um to 322.2
+90.8 um (p = 0.0001). Best corrected visual acuity improved by 7.3 letters on ETDRS optotypes over the year (p < 0.0001).

Conclusion: Treatment with the aforementioned anti-VEGF agents significantly reduces central retinal thickness and improves visual acuity in patients.
It affects the density of the retinal capillary plexuses and the area of the foveal avascular zone. The results of the impact of anti-VEGF agents on macular
perfusion vary considerably in the available meta-analyses. The design of the study, the approach to assessing the density of the retinal capillary
plexuses, the number and characteristics of patients (including inclusion and exclusion criteria), the duration of the follow-up period, and the specific
anti-VEGF agents used are all influential factors.
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INTRODUCTION

The human retina has the greatest metabolic demands
of all the tissues in the body. Due to its highly specialized
activity, the capacity to regulate blood flow is a funda-
mental and complex feature of the retina in mammals.
Histological findings have identified four different retinal
capillary plexuses, only three of which are localized within
the macular region: the superficial, deep and intermedia-
te capillary plexus. The capillaries in the retinal nerve fi-
ber layer and the ganglion cell layer form the inner (or
superficial) capillary plexus (SCP), while the inner and ou-
ter plexiform layers receive blood from the deep capillary
plexus (DCP), which is located on their junction [1].
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Diabetic macular edema (DME) is the most common
cause of deterioration of visual acuity (VA) in patients
with diabetic retinopathy (DR), and represents a serious
health and socio-economic problem. Approximately 7%
of patients with diabetes suffer from diabetic macular
edema. The pathogenesis of DME is multifactorial, and its
onset and progression are contributed to primarily by hy-
perglycemia, as well as hyperlipidemia and systemic hy-
pertension. Chronic hyperglycemia results in damage to
the endothelial cells (inner blood-retinal barrier [BRB]) of
the retinal capillaries. In addition to disorder of the BRB,
the development of DME is also influenced by an increa-
sed level of vasoactive factors in the eye and the state of
the vitreoretinal interface [2,3].
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A typical feature of DME is accumulation of fluid in its
anatomically predisposed central part of the retina — the
macula, either inside the cells or extracellularly in the ou-
ter plexiform and inner nuclear layer [4,5].

The cause of onset of intracellular edema is a change of
distribution of cellular ions, which results in an excessive ac-
cumulation of sodium ions inside the cells with subsequent
hyperosmolar swelling. Extracellular edema is mainly asso-
ciated with a disorder of the inner and outer BRB [6].

Vascular endothelial growth factor (VEGF) plays an impor-
tant role in the pathophysiology of DME. In an environment
with a high blood glucose level, products of glycosylation in-
crease and active oxygen is on a relatively high level, which
leads to further production of diglycerides. This activates
protein kinase C, which mediates the formation of VEGF.
VEGF is the primary regulating factor of neovascularization
and vascular permeability, which characterizes DME. Inte-
raction of the vascular receptors on the surface of the endo-
thelial cells may be deactivated by means of VEGF inhibition
in order to prevent hyperplasia of the vascular endothelium,
thereby reducing retinal neovascularization and infiltration
of the blood vessels in the macular region [7].

In clinical practice, an unsatisfactory response to tre-
atment has been recorded in some patients with DME,
which indicates that the correlation between DME and
diabetic macular ischemia (DMO) may reduce response
to therapeutic modalities of macular edema, with persis-
tence of long-term accumulation of fluid [8].

MATERIAL AND METHOD

The cohort included patients who were treated at the
Ophthalmology Clinic of FNHK from March 2019 to March
2022. During the course of the one-year prospective follow-
-up period, our cohort consisted of 41 eyes of 30 patients,
who underwent regular follow-up examinations in the 39,
6™, 9" and 12" month of treatment. The cohort comprised
19 men (63.3%) and 11 women (36.3%) with an average age
of 67.1 £11.3 years. The cohort was composed predominant-
ly of patients with type 2 diabetes (93.3%). Six patients (20%)

Table 1. Baseline demographic and clinical characteristics

Demographic data of patients m

Gender, females, n (%) 11 (36.3 %)

Average age (years) +SD 67.1£11.3
Average visual acuity, number of ETDRS letters +SD  63.4 £9.1

Average central retinal thickness, um +SD 434 £96.3
Number of patients treated with insulin, n (%) 6 (20 %)

Number of patients treated with OAD, n (%) 12 (40 %)
Number of patients on both insulin and OAD (%) 12 (40 %)
Average HbA1c value (mmol/l) £SD 59.7 +8.9

n — number of eyes, DM — diabetes mellitus, ETDRS — Early Treatment
Diabetic Retinopathy Study, SD - standard deviation, OAD - oral
antidiabetic drugs, HbA1c - glycated hemoglobin
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were being treated with insulin therapy, 12 patients with oral
antidiabetic drugs (40%) and 12 patients with combined
therapy. The mean value of HbA1c upon commencement
of therapy was 59.3 £8.8 mmol/mol. DME was treated with
ranibizumab (30% of patients) or aflibercept (60% of pati-
ents). During the one-year observation period an average
of 7.7 £1.9 injections were applied. The study included only
patients who had met the indication criteria for coverage of
the anti-VEGF preparation by their health insurance com-
pany. At the commencement of treatment, all the patients
therefore had glycated hemoglobin (HbA1C) lower than
70 mmol/mol, VA within the range of 6/12 to 6/30 or 6/12 to
6/48 in the case of one seeing eye, central retinal thickness
was greater than 300 um on OCT and the period of duration
of macular edema did not exceed 2 years. The patients had
not received any other anti-VEGF therapy in the preceding
period (treatment naive). We excluded from the study pati-
ents who had undergone pars plana vitrectomy (PPV), glau-
coma patients with limitation of the visual field on the pe-
rimeter, patients with a finding of advanced cataract which
was influenced by OCTA examination, and patients with any
other pathology in the macula. The details with the demo-
graphic data of the patients are summarized in Table 1.

The OCTA instrument Spectralis (Heidelberg enginee-
ring) was used for examination of the retina, in which an
angiographic examination of the deep and superficial
capillary plexus of the retina was conducted with measu-
rement of central retinal thickness (CRT). The scans were
obtained in high resolution mode (2.8 x 2.8 mm), using
the follow-up function, which ensured scanning of the
same region of the retina in the given patient.

The foveal avascular zone was measured on the Spectra-
lis instrument with the aid of the Draw region function. For
calculation of the change in density of the capillary plexu-
ses we used the ImagelJ software developed by the Natio-
nal Institutes of Health and the Laboratory for Optical and
Computational Instrumentation (University of Wisconsin).

ImageJ and its use

The program is used primarily for processing biomedical
images. In our study, after inserting the image from the OCTA
into ImageJ in jpeg. format, we adjusted the image so that the
same surface was assessed for each patient (cropping of im-
age to 980 x 980 pixels) without any loss of data. We also used
the,,make binary” function to create a black and white raster.
A histogram was then created from this raster, which enabled
us to display the sum of pixels in the image (white pixels — vas-
culature of retina, black pixels — background). The change of
the sum of these pixels was assessed over time as the change
of density of the capillaries in the retina. Figure 1.

In the statistical evaluation all the groups of values were
tested in the program GraphPad Prism (GraphPad Software
Inc)) for normality (Anderson-Darling, Shapiro-Wilk, Kolmo-
gorov-Smirnov tests) and subsequently assessed using a pa-
rametric (T-test) or non-parametric test (Wilcoxon test, Fried-
man test). The level of significance of the test was set at 0.05.

All the patients signed an informed consent form for partici-
pation in the study and the administration of the active agent
intravitreally in accordance with the Helsinki Declaration.
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RESULTS

Development of best corrected visual acuity (BCVA)
Average initial BCVA in the patients was 63.4 £9.0 letters
on ETDRS optotypes. During the course of therapy we recor-
ded a deterioration of VA by more than 5 letters on ETDRS in
only 3 eyes (7.3%), and an improvement of BCVA by more
than 5 letters in 25 eyes (60.9%). During the course of the
year there was a statistically significant improvement of
BCVA by 7.3 letters (p < 0.0001) to 70.7 +12.5 letters. Graph 1.

Development of central retinal thickness

Average initial CRT in the patients was 434.1 ym
+96 um. After one year of observation it was statistically
significantly reduced to 322.2 pm £90 um (p= < 0.0001).
We recorded the sharpest decrease of CRT in the interval
of 0-3 months, when at the end of this interval CRT was
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Figure 1. ImageJ Software and Its Applications
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CRT 370 um £93.16. An increase of CRT after the one-year
observation period was recorded in 3 eyes (7.3%). Graph 2.

Development of density of retinal capillary plexuses
The superficial and deep capillary plexuses were assessed
with the aid of ImageJ software. After 12 months we deter-
mined statistically significant changes in both of the abo-
ve. The superficial plexus reduced its density (p = 0.0073).
Changes in the other intervals were not statistically signifi-
cant. An increase in density was recorded in the deep ca-
pillary plexus (p < 0.0001). A statistically significant change
was recorded after 9 months (p = 0.0002). In the other inter-
vals the changes were not statistically significant. Graph 3.

Development of surface of foveal avascular zone
The surface of the foveal avascular zone (FAZ) was eva-
luated on the Spectralis instrument with the aid of the
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Graph 1. Development of the best corrected visual acuity (p < 0.0001)
ETDRS - Early treatment diabetic retinopathy study, BCVA - Best corrected visual acuity
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“draw region” function. In the evaluation we selected an
image composed of the deep, intermediate and superfi-
cial capillary plexus in order to obtain maximum contrast
in the imaging of the FAZ. Over the course of 12 months
the surface of the FAZ was statistically significantly redu-
ced from the original average value of 0.29 +0.15 mm? to
0.24 +0.07 mm? (p = 0.040). An enlargement of the surfa-
ce of the FAZ was recorded in 8 eyes (26%). Graph 4.

DISCUSSION

Numerous studies dealing with morphological chan-
ges of capillaries in the macula within the framework of
treatment of DME with the aid of anti-VEGF therapy have
achieved varying results. The studies can be divided into
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two groups; those that determined stability or improve-
ment regarding the retinal capillary plexuses during the
course of treatment, and studies which recorded a dete-
rioration (reduction of density) of the capillary plexuses
in the macula.

The study conducted by Hsieh YT et al. used the de-
veloped to order Matlab software (Mathworks, Natick,
MA, USA) for processing and analysis of the OCTA im-
age. Within the study patients with DME were adminis-
tered 3 injections of ranibizumab at monthly intervals.
Before and after application, five biomarkers of OCTA
were evaluated, including the region of the FAZ, the
circularity index of the FAZ, the average caliber of the
capillaries, tortuosity of the capillaries and vascular
density. The authors recorded a statistically significant
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Graph 2. Development of central retinal thickness (p < 0.0001)
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Graph 4. Development of foveolar avascular zone area (p = 0.0406)

FAZ - Foveolar avascular zone

improvement of the FAZ, average caliber of capillaries
and inner and outer parafoveal vascular density of the
SCP. However, these biomarkers did not improve to
their normal values in comparison with a healthy con-
trol group. In comparison with this study we therefore
attained similar results regarding improvement (redu-
ction) of the surface of the FAZ. They differed in the
result of SPC density, where in our study we recorded
a decrease of vascular density in this plexus. The dif-
ference may have been caused by the shorter obser-
vation period, different software equipment and the
use of only one active agent in this study. In our study
there was also no control group of patients [9].

Golshani et al. prospectively assessed patients with
DME who transferred from bevacizumab (95%) or ra-
nibizumab (5 %) to aflibercept with the aid of OCT and
OCTA (Optovue) (SWAP-TWO study). The patients recei-
ved monthly injections of aflibercept until OCT demon-
strated an absence of fluid, which was then followed by
fixed dosing once every two months over a period of 12
months. After treatment there was no significant change
in the region of the FAZ, but the vascular density of the
SCP was significantly reduced by 5.2% (p = 0.04) and the
DCP was significantly reduced by 6.3% (p = 0.05) within
12 months. This study did not have the same follow-up
observation period as ours. In comparison we concur in
the reduction of density in the SCP, while by contrast we
differ in the development of the density of the DCP and
the absence of change in the FAZ. The difference may be
caused by the different main active agent (here bevaci-
zumab) and the different instrument used to assess the
OCTA scans [10].

In a prospective study of patients with persistent DME
Statler et al. determined a significant decrease in the den-
sity in the superficial and deep capillary plexus following
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intravitreal injections of aflibercept with a fixed interval
over a period of 24 months. Better vision correlated with
lesser loss of density of capillary perfusion. Only 16 pati-
ents complete the study. Before inclusion in the study, all
the participants had a medical history of treatment with
VEGF inhibitors. The OCTA Optovue instrument was used
to assess the OCTA scans. This study concurs with ours in
the reduction of density of the SCP, but there is a difference
in the development in the DCP, where we recorded a sta-
tistically significant improvement in our results. The diffe-
rence may again be caused by the different used anti-VEGF
preparation (here only aflibercept), the different observati-
on period and different hardware equipment [11].

OCTA is a noninvasive imaging modality which de-
pends on a comparison of the decorrelation signals
between repeated consecutive OCT B-scans obtained
in quick succession in the same place on the retina. This
enables detection of the motion contrast generated by
the flow of red blood cells in the retinal capillaries, which
leads to imaging of the perfused retinal capillaries and
detection of the flow regions. OCTA therefore enables us
to obtain reliable and reproducible measurements of vas-
cular density, and thus enables objective assessment of
the state of macular perfusion. On the basis of these pro-
perties, OCTA has considerable potential in evaluating
diabetic retinopathy and is probably more suitable than
traditional angiography in analysis of changes of vascu-
lar density following VEGF inhibition in diabetic patients.
Nevertheless, OCTA remains a technology with several
limitations. OCTA images may be significantly influenced
by low signal strength, which leads to altered visualiza-
tion of small capillaries. In addition to this, local loss of
signals caused by localized opacity of the medium may
be erroneously interpreted as regions with empty flow.
Finally, it is necessary to take into consideration the fact
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that OCTA imaging of capillaries at present is more in-
fluenced by artefacts and errors of interpretation in com-
parison with fluorescence angiography. These artefacts
incorporate artefacts of movement and blinking (due to
the extended scanning time), artefacts of shadows and
artefacts of projection from the superficial layers. OCTA
scans should therefore be interpreted with reference to
these limitations in order to avoid reaching misleading or
imprecise conclusions. This could explain why the resul-
ts of studies conducted by different groups of examiners
using OCTA may be different or conflicting. However, as
OCTA technology improves and accelerates, many of the-
se limitations and artefacts could be eliminated, which
would lead to more reliable and more comparable results
from studies with more solid conclusions.

Further reasons leading to the large variability in the
results between studies are differences in the design of
the study, differences in the characteristics of the pati-
ents and inclusion criteria, or in the methods of analysis
of the image and quantification of vascular density. In
our opinion, the relative cogency of each study and its
overall significance depends on a number of factors, in-
cluding the study design, number of included patients,
length of treatment and number of administered injec-
tions, used therapeutic protocol and method of analysis
of the image, which could not be assessed with the aid of
the available scale because all the identified studies were
non-comparative series of cases.

Some factors in connection with anti-VEGF treatment
of DME can lead to an improvement of macular perfusi-
on, whereas others can lead to a deterioration thereof.
Even in a single patient it is evident that some regions
of the macula are better perfused whereas other regi-
ons deteriorate after OCTA treatment, which indicates
that several factors are at play in connection with VEGF
inhibition, which influence macular perfusion. One of
the factors that could lead to an improvement of retinal
perfusion following treatment with anti-VEGF antibodies
is reversal of leukostasis, which is induced in diabetic pa-
tients by excess secretion of VEGF and leads to increased
occlusion of capillaries [12].

Another such factor is regeneration of the normal reti-
nal architecture as a consequence of reduced intraretinal

edema [13] and inhibition of hypertrophy of the endo-
thelial cells, which is induced by excessive local produ-
ction of VEGF-A and leads to constriction and occlusion
of the capillary lumen [14]. One of the factors that could
explain the deterioration of retinal perfusion following
VEGF inhibition is induction of vasoconstriction of the
retinal vasculature, which was detected after injections
of bevacizumab and ranibizumab for DME, probably as
a consequence of inhibition of nitric oxide, which occurs
upon VEGF inhibition and also leads to systemic hyper-
tension in the case of systemic VEGF inhibition [15].

Loss of the pericytes which normally surround mature
retinal capillaries and make them independent of VEGF
for survival could be another cause of reduced density of
capillaries following VEGF inhibition in diabetic patients
[16]. It is known that loss of pericytes occurs in early DR
and can cause the capillary endothelial cells to be sensi-
tive to VEGF inhibition, which leads to a depletion of en-
dothelial cells and subsequent loss of capillaries [17,18].

CONCLUSION

It ensues from the results of our study that treatment
with anti-VEGF preparations (Lucentis, Eylea) as part of
DME therapy statistically significantly improves the micro-
vasculature of the macula, mainly in the deep capillary ple-
xus of the retina, and thereby contributes to a reduction of
the foveal avascular zone. We demonstrated a statistically
significant improvement of BCVA and reduction of CRT in
patients treated with ranibizumab and aflibercept.

In future, analysis of changes of vascular density fo-
llowing treatment of DME with anti-VEGF preparations
with the aid of OCTA could be improved by the introducti-
on of a uniform scanning protocol and analytical appro-
ach that uses similar criteria for inclusion of patients and
elimination of potential sources of distortion. In the final
result, this could produce definitive conclusions relating
to the effect of these injections on the state of macular
perfusion in diabetic patients. With future advances in
OCTA technology, including increased scanning speed,
development of better software for correction of image
artefacts and broader scanning protocols, this evaluation
shall be more reliable and more reproducible.
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