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Abstract

Objectives To determine the effect of surgical intraocular pressure (IOP) lowering on peripapillary retinal nerve fibre layer
thickness (RNFL), fovea avascular zone (FAZ), peripapillary and macular vessel density (VD) in glaucoma using with
optical coherence tomography angiography (OCT-A).

Methods This was a prospective observational study performed at the Glaucoma Research Centre, Montchoisi Clinic,
Lausanne. In total 40 eyes with open-angle glaucoma were included. OCT-A scans were performed before glaucoma
surgery, and at I-month, 3-month, 6-month, and 12-month post-operatively. AngioVue AngioAnalytic (Optovue Inc,
Fremont, CA) software was used to analyse the RNFL, FAZ, peripapillary and macular VD. Changes were analysed using
analysis of variance (ANOVA) models.

Results Mean IOP dropped from 19.4 (+7.0) mmHg pre-surgery and stabilized at 13.0 (£3.1) mmHg at 12 months (p <
0.001). The number of topical medications reduced from 2.2 (+1.2) preoperatively to 0.4 (+0.8) at 1 year (p <0.001).
Peripapillary RNFL thickness was transiently increased at 1-month postoperatively (p = 0.03). Peripapillary VD fluctuated
throughout the follow-up. Foveal VD showed increased perfusion at 3 and 6 months post-operatively with minimal changes
at 1 month (p <0.01). Glaucoma surgery had a significant effect initially on FAZ area (p = 0.03), FAZ perimeter (p = 0.02)
and Acircularity Index (AI) (p = 0.04). By 12-months FAZ measurements had reversed to baseline values.

Conclusions Peripapillary and macular microcirculations responded differently to surgically induced IOP reduction. Peri-
papillary microcirculation was IOP-independent within the studied range of surgically-controlled IOP. Macular micro-
circulation, however, exhibited a “delayed response” followed by near-normal reperfusion after glaucoma surgery. FAZ
parameters could be potentially useful modalities to assess vascular reperfusion after glaucoma surgery as, amongst all
studied parameters, the area was the most sensitive to surgically induced IOP changes.

Introduction

Elevated intraocular pressure (IOP) is the main risk factor in
the pathogenesis of glaucoma [1-8] and IOP-lowering is
the mainstay of treatment to prevent its progression [9].
However, it is not uncommon to see cases of glaucoma
progressing despite a strict control of IOPs within indivi-
dualised target ranges.
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microvasculature without injection of contrast into the
human body, thus improving the safety profile of such
investigations. OCT-A detects red blood cells (RBCs)
motion within the blood vessels and uses the differences
between B-scans acquired at same locations to generate
contrast associated with motion [15]. It produces high
resolution images of retinal microvasculature [15]. It is
possible to assess the vasculature of optic nerve head and
macula in detail as well as delineate the fovea avascular
zone (FAZ) using OCT-A in clinics now. Furthermore,
Spectral Domain OCT (SD-OCT) has been shown to
effectively assess peripapillary retinal fibre layer (RNFL)
thickness in glaucoma [16, 17].

Surgical IOP-lowering has been shown to cause changes
in ocular haemodynamics [18-22]. Studies have indicated
that ocular blood flow increases after significant drop of
IOP post glaucoma surgery [23]. However, to date, little is
still known about how this specifically affects ocular
microvasculature. In this study, we sought to determine the
nature and the extent of changes in peripapillary and
macular microvasculature, and in the FAZ post glaucoma
surgery. To the best of our knowledge, this is the first study
to describe the progression of microvascular changes over a
period of 1 year following glaucoma surgery.

Materials and methods

This was a prospective observational study performed at the
Glaucoma Research Centre, Montchoisi Clinic, Swiss Visio
Network, Lausanne. The study was approved by the local
institutional review board and adhered to the tenants of the
Declaration of Helsinki. Written informed consent was
obtained from each patient prior to their enrolment in the
study. (ClinicalTrials.gov identifier: NCT02757677)

Study population

All patients with open angle glaucoma (OAG) undergoing
glaucoma surgery at the investigation centre between
December 2015 and November 2016 were prospectively
enrolled when they matched the inclusion criteria. Inclusion
criteria were (1) clinically diagnosed glaucomatous optic
disc defined by the presence of neuroretinal rim (NRR)
thinning; (2) localised or diffuse RNFL defects typical for
glaucoma damage observed by slit lamp examination; (3)
elevated IOP over individual targets despite topical anti-
glaucoma medication requiring surgical intervention; and
(4) 2 consecutive reproducible and reliable abnormal stan-
dard automated visual field results (Octopus, Haag Streit,
Koeniz, Switzerland). Gonioscopy was performed on all
recruited patients to exclude angle closure. Eyes with pre-
vious ocular surgery (except uncomplicated cataract

surgery), high myopia, coexisting retinal pathologies and
other ocular pathologies were excluded. Patients were
recruited from the investigators’ glaucoma clinics. Patients'
demographics, best-corrected visual acuity (BCVA), IOP,
central corneal thickness (CCT), visual field mean deviation
(MD) and square of loss variance (sLV) were obtained at
baseline. For all included eyes, OCT-A of the optic disc and
macula were performed before glaucoma surgery, and
repeated 1 month, 3 months, 6 months and 12 months after
the procedure. One IOP measurement was performed at
each visit using Goldmann applanation tonometry. All
measurements were performed by ophthalmologists who
were not involved in the study design and data collection.

OCT-A image acquisition and processing

The Avanti SD-OCT device (RTVue XR Avanti System;
Optovue Inc, Fremont, CA, USA) with AngioVue
AngioAnalytic software was used for the study. It uses a
Split-spectrum  Amplitude Decorrelation Angiography
(SSADA) algorithm [24] to capture the dynamic motion of
RBCs and generate a high-resolution three-dimensional
(3D) image of perfused retinal vasculature [15]. OCT-A
scans were acquired by trained and experienced technicians.
AngioAnalytic scans in the current study consisted of 3D
Angio Disc 4.5x4.5mm, 3D Angio Retina 3.0 x 3.0 mm
and 3D Angio Retina 6.0 x 6.0 mm scans [25]. The software
(v2017.1) provides information on vessel density (VD),
peripapillary RNFL thickness and parameters of FAZ. VD
analysis computes the percentage of area occupied by OCT-
A-detected vasculature. The peripapillary region was divi-
ded into 12 sectors for RNFL thickness and 8 sectors for
VD, and measurements were made in each sector separately
(Fig. 1). The macular region was divided into 3 zones:
fovea, parafovea and perifovea. The parafoveal and peri-
foveal zones were further divided in 4 quadrants and
2 hemispheres (Fig. 1). The FAZ was automatically mapped
by the software. Its surface area was measured in mm? and
its perimeter in mm. The Acircularity Index (AI) was cal-
culated as the ratio of the FAZ perimeter to the perimeter of
a circle with an area equal to that of the FAZ. Two trained
and independent readers reviewed all the images. Images
with poor quality were excluded. In general, images were
excluded based on 1 or more of the following criteria: (1)
motions artefacts, (2) poor clarity obscuring view of vas-
culature, (3) low signal strength index (SSI less than 47)
[25], or (4) segmentation errors.

Statistical Analysis
Statistical analysis was performed with a commercially
available software (Stata, version 13.1; StataCorp, College

Station, TX). P-value of <0.05 was considered statistically
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Fig. 1 Shows the delimitation of scan regions for peripapillary retinal nerve fibre layer (RNFL, top), peripapillary vessel density (VD, middle) and
macular vessel density (VD, bottom) scans

models were used to compare RNFL thickness, VD mea-
surement of peripapillary, macular regions and FAZ

significant. Quantitative data were described by mean and
standard deviation (SD). Analysis of variance (ANOVA)
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23 eyes 17 eyes

with bad quality images

40 eyes
with expoitable images

Fig. 2 A flowchart of the excluded eyes following study enrolment

withdrew consent

80 eyes

57 eyes

enrolled completed follow-up

measurements at various scheduled visits to evaluate the
changes following glaucoma surgery. Kruskal Wallis tests
were used to confirm the results for non-parametric data.
Posthoc tests were used for pairwise comparisons of mea-
surements between the visits.

Results

A total of 80 open-angle glaucoma eyes from 80 patients
were enrolled in the study. Seventeen eyes of 17 patients
were excluded due to low quality images (SSI<47 and
motion artefacts), and 23 withdrew their consent during the
follow-up. In total, 40 eyes with good quality OCT-A scans
and complete follow-up were included in the final analysis
(Fig. 2). All recruited eyes underwent glaucoma surgery to
achieve their desired target IOP. Mean IOP dropped at the
first postoperative visit and remained stable through to
12 months (Fig. 3a). The mean percentage reduction for the
cohort were 37.6+34.8% at 1 month, 27.0+30.6% at
3 months, 24.6 +31.2% at 6 months and 30.5 +22.8% at
12 months. At 1 year, an average of 0.4+0.8 topical
medications were required to sustain a mean IOP of 13.0 £
3.1 mmHg (Fig. 3b). Table 1 shows a full summary of the
demographic data and clinical characteristics.

RNFL thickness

There were significant changes in mean RNFL thickness
immediately following glaucoma surgery. We observed a
transient increase in peripapillary RNFL thickness at 1-
month postoperatively, which subsequently reverted to pre-
surgery levels at 3-month and remained stable through the
rest of the follow-up. This transient increase was statisti-
cally significant in both superior and inferior hemifields
(Fig. 3c, Table 2).

Vessels densities (VD)

Peripapillary VD

Peripapillary VD fluctuated widely throughout the follow-
up, remaining under the mean baseline value. The lowest

VD in the papillary area was reached at 1-month post-
operatively. Values subsequently fluctuated through the
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12-month follow-up. Inferior hemifield, specifically the
nasal-inferior and inferior-temporal sectors, were the only
areas showing statistically significant changes (Fig. 3d,
Table 2).

Superficial macular VD

Superficial macular VD showed minimal changes during
the first month post glaucoma surgery. After an initial

SPRINGER NATURE
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Fig. 3 a shows the mean intraocular pressures preoperatively and at
1 month, 3 months, 6 months and 12 months after surgery. b shows the
mean number of topical anti-glaucoma medications per patient, pre-
operatively and at 1 month, 3 months, 6 months, and 12 months after
surgery. ¢ shows mean retinal nerve fibre layer (RNFL) thickness
preoperatively and at 1 month, 3 months, 6 months, and 12 months
after surgery. d shows peripapillary vessel density (VD) preoperatively
and at 1 month, 3 months, 6 months, and 12 months after surgery.
e shows foveal VD preoperatively and at 1 month, 3 months,
6 months, and 12 months after surgery. f shows the parafoveal vessel
density (VD) preoperatively and at 1 month, 3 months, 6 months, and
12 months after surgery. g shows the perifoveal vessel density (VD)
preoperatively and at 1 month, 3 months, 6 months, and 12 months
after surgery. h shows the fovea avascular zone (FAZ) surface pre-
operatively and at 1 month, 3 months, 6 months, and 12 months after
surgery. Vertical dotted lines represent standard error of means.
Asterisks represent statistically significant inter-visit differences (p <
0.05). ANOVA showed no statistically significant variations of the
parameters where no asterisks are present

reduction at 1 month, the foveal VD increased steadily
through 6 months, before dropping slightly at 12 months
(Fig. 3e—g, Table 2, p <0.05). VD in the parafoveal and the
perifoveal regions followed the same trend with a delayed
increase from 3 months, but none of the variations in these
regions were statistically significant. No statistically sig-
nificant association was found between any measured VD
and IOP reduction or SSI (p > 0.05).

Fovea Avascular Zone (FAZ)

Significant changes were noted in FAZ region. We
observed an increase in the size of the FAZ area and peri-
meter at 1-month, followed by a gradual reduction from the
3™ month reverting back to baseline sizes at 1 year. The Al
increased immediately in the post-operative period, and
maintained its elevated level through to 6-months. At one
year, the Al was close to baseline level. All the changes in
FAZ region were statistically significant (Fig. 3h, Table 2).

No statistically significant associations were found
between RNFL and VD measurement changes and the
changes in IOP or SSI values (p > 0.05).

Discussion

RNFL thickness

Post-operative inflammation might account for the noted
transient increase in RNFL thickness following glaucoma
surgery. It is well known that anterior chamber inflam-
mation last for at least 1 month after ocular surgery [26].
This has been confirmed at a molecular level, with
inflammatory mediators detected in the eye for up to
1 month after intraocular surgery [27]. Such mediators,
cytokines, cause blood-ocular barrier breakdown [28]. In

SPRINGER NATURE

Table 1 Demographic and Ocular Characteristics

Characteristic Mean = SD; No. (%)
Age (years) 73.1+8.1
Gender
Male 18 (45)
Female 22 (55)
Laterality
OD 21 (53)
(0N 19 (47)
Type of glaucoma surgery
Deep Sclerectomy 19 (47.5)
Combine Deep Sclerectomy-Phaco 5 (12.5)
Xen 12.5)
Combine Xen -Phaco 13 (32.5)
GDD 2 (5.0)
SSI 56.9
Type of glaucoma
POAG 25 (62.5)
PXG 12 (30.0)
PIG 2 (5.0)
Others 1(2.5)
Spherical equivalent (D) —0.24+£2.6
Mean IOP (mmHg)
Baseline 19.4+7.0
12 months 13.0£3.1
Mean number of anti-glaucoma medications
(n)
Baseline 22+1.2
12 months 0.4+0.8
Mean visual acuity (decimal)
Baseline 0.73+0.24
12 months 0.79+0.22
Mean deviation (dBs)
Baseline —10.1+6.9
12 months —10.8+7.2

OD Right eye, OS Left eye, POAG Primary Open Angle Glaucoma,
PXG Pseudoexfoliation Glaucoma, PIG Pigmentary Glaucoma, SSI
Signal Strength Index, GDD Glaucoma Drainage Device

their study, Zhao et al. reported a measurable increase in
macular thickness for up to 3 months after uncomplicated
cataract surgery [29]. Raghu et al. studied the changes in
RNFL thickness pre and post-trabeculectomy, and found a
transient increase in RNFL thickness 1-week post trabe-
culectomy, which reverted to preoperative values after
3 months [30]. The RNFL changes had no correlation with
IOP changes [30]. We observed a similar finding in our
longer 12-month follow-up study. RNFL thickness
increased during the first month post glaucoma surgery
and normalized to preoperative thickness at month 3,
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Table 2 Changes in retinal nerve fiber layer thickness, peripapillary and superficial macular vessel density and foveal avascular zone parameters
pre- and post-glaucoma surgery. (p-value represents the statistical significance of the differences in the mean measurements between the five visits

as calculated by analysis of variance)

RNFL thickness (um) (mean, 95% CI)

Pre-op

Post-op

Imonth

3month

6month

12month

p-value

Peripapillary
Superior Hemifields
Inferior Hemifields
Temporal
Superior
Nasal
Inferior
Temporal Superior
Superior Temporal
Superior Nasal
Nasal Superior
Nasal Inferior
Inferior Nasal
Inferior Temporal
Temporal Inferior

VD, % (mean, 95% CI)

Peripapillary
Nasal-Superior
Nasal-Inferior
Inferior-Nasal
Inferior-Temporal
Temporal-Inferior
Temporal-Superior
Superior-Temporal
Superior-Nasal

Fovea

Parafovea
Superior-Hemisphere
Inferior-Hemisphere
Temporal
Superior
Nasal
Inferior

Perifovea
Superior-Hemisphere
Inferior-Hemisphere
Temporal
Superior
Nasal
Inferior

FAZ (mean, 95% CI)

Area, mm?
Perimeter, mm
Al

72.4 (71.0,73.7)
72.2 (70.7,73.8)
72.5 (71.1,74.0)
59.2 (57.3,61.2)
78.9 (77.0,80.7)
69.2 (67.0,71.5)
83.1 (81.5,84.7)
59.6 (56.8,62.4)
79.2 (77.1,81.3)
78.6 (76.6,80.5)
72.6 (70.4,74.8)
65.1 (62.2,67.9)
82.1 (80.1,84.1)
84.5 (82.8,86.1)
58.8 (57.0,60.7)
Pre-op

39.4 (38.5,40.3)
36.4 (35.5,37.4)
36.9 (35.7,38.1)
34.9 (33.3,36.5)
42.5 (41.0,43.9)
45.3 (43.8,46.7)
46.7 (45.5,47.9)
39.1 (37.9,40.2)
35.1 (33.9,36.2)
25.6 (23.2,27.9)
46.4 (44.7,48.0)
46.7 (44.9,48.4)
46.0 (44.2,47.9)
46.4 (44.5,48.4)
47.2 (45.5,49.0)
45.6 (43.2,48.1)
46.0 (44.0,48.1)
43.7 (42.4,45.0)
44.5 (43.1,45.9)
43.3 (42.0,44.6)
42.2 (40.6,43.8)
43.8 (42.3,45.3)
47.8 (46.4,49.1)
42.1 (40.7,43.4)
Pre-op

0.27 (0.18,0.36)
1.97 (1.70,2.24)
1.09 (1.07,1.12)

75.3 (73.4,77.2)
75.0 (72.9,77.1)
75.6 (73.6,77.6)
60.5 (57.7,63.2)
82.5 (80.0,85.1)
73.2 (70.0,76.4)
85.3 (83.1,87.5)
60.7 (56.8,64.6)
82.2 (79.2,85.1)
82.8 (80.0,85.6)
75.0 (71.9,78.2)
71.0 (67.0,75.0)
84.8 (82.1,87.6)
85.9 (83.6,88.2)
60.1 (57,0,60.7)
Post-op

1 month

37.6 (36.3,38.9)
34.1 (32.8,35.4)
36.0 (34.4,37.6)
32.5 (30.3,34.7)
38.8 (36.7,40.8)
43.1 (41.1,45.1)
45.7 (43.9,47.4)
37.7 (36.1,39.3)
34.7 (33.1,36.3)
24.9 (21.2,28.5)
46.0 (43.3,48.6)
45.5 (42.7,48.2)
46.4 (43.5,49.3)
47.2 (44.1,50.2)
48.2 (45.4,51.1)
42.2 (38.3,46.1)
46.2 (43.0,49.4)
43.9 (41.8,46.0)
44.1 (41.9,46.2)
43.7 (41.5,46.0)
41.8 (39.3,44.4)
42.0 (39.7,44.4)
48.1 (45.8,50.4)
42.5 (40.0,44.9)
Post-op

1 month

0.56 (0.38,0.74)
2.89 (2.36,3.42)
1.13 (1.08,1.18)

71.9 (70.0,73.8)
71.0 (68.9,73.1)
73.0 (71.0,74.9)
58.1 (55.4,60.8)
77.3 (74.8,79.8)
69.9 (66.7,73.0)
83.1 (80.9,85.3)
59.2 (55.4,63.1)
78.2 (75.3,81.1)
76.6 (73.9,79.3)
71.2 (68.1,74.3)
68.2 (64.3,72.2)
82.3 (79.6,85.0)
84.2 (82.0,86.5)
56.8 (54.2,59.3)

3 months

39.2 (38.0,40.5)
35.9 (34.7,37.2)
38.4 (36.8,40.1)
34.9 (32.7,37.0)
40.8 (38.7,42.8)
44.0 (42.1,46.0)
46.0 (44.3,47.7)
40.2 (38.5,41.8)
34.5 (32.9,36.1)
30.4 (27.1,33.8)
47.5 (45.1,49.8)
47.3 (44.8,49.7)
47.6 (45.0,50.3)
49.2 (46.5,51.9)
48.2 (45.6,50.8)
44.2 (40.7,47.7)
48.3 (45.4,51.2)
45.9 (43.8,47.9)
45.7 (43.5,47.8)
45.4 (43.3,47.5)
44.4 (41.9,46.8)
44.8 (42.6,47.0)
48.9 (46.7,51.0)
44.7 (42.7,46.6)

3 month

0.46 (0.32,0.61)
2.55(2.13,2.97)
1.15 (1.11,1.19)

73.6 (71.8,75.3)
73.7 (71.8,75.7)
73.4 (71.5,75.2)
62.0 (59.5,64.5)
80.3 (77.9,82.6)
69.9 (67.0,72.8)
83.3 (81.3,85.3)
64.3 (60.8,67.9)
81.4 (78.7,84.0)
79.3 (76.8,81.9)
71.9 (69.0,74.7)
67.4 (63.7,71.1)
82.2 (80.0,84.8)
84.6 (82.6,86.7)
59.3 (57.0,61.6)

6 months

37.8 (36.7,39.0)
35.1 (34.0,36.3)
35.0 (33.5,36.4)
32.2 (30.2,34.2)
39.6 (37.7,41.5)
44.4 (42.6,46.2)
46.4 (44.8,48.0)
38.3 (36.8,39.8)
33.2 (31.7,34.7)
31.8 (29.2,34.4)
49.0 (47.2,50.9)
49.0 (47.1,50.9)
49.1 (47.0,51.1)
49.6 (47.5,51.7)
49.2 (47.2,51.2)
48.4 (45.7,51.1)
48.9 (46.7,51.2)
45.5 (43.947.1)
46.0 (44.5,47.6)
45.1 (43.6,46.7)
45.3 (43.5,47.2)
45.2 (43.5,46.8)
49.2 (47.7,50.8)
44.0 (42.4,45.5)

6 month

0.30 (0.19,0.41)
2.12 (1.80,2.44)
1.14 (1.11,1.16)

71.3 (69.5,73.0)
71.5 (69.5,73.4)
71.0 (69.2,72.8)
60.1 (57.6,62.5)
78.4 (76.1,80.7)
67.0 (64.1,69.9)
81.1 (79.1,83.1)
61.6 (58.1,65.2)
80.3 (77.7,82.9)
76.9 (74.4,79.4)
69.3 (66.5,72.2)
64.0 (60.4,67.6)
79.5 (77.0,82.0)
83.1 (81.1,85.2)
58.3 (55.9,60.6)

12 months

38.2 (37.1,39.4)
35.7 (34.5,36.9)
35.4 (34.0,37.0)
33.9 (31.9,35.9)
39.9 (38.1,41.8)
43.7 (41.9,45.5)
46.8 (45.2,48.3)
38.0 (36.4,39.4)
33.6 (32.1,35.0)
27.6 (24.83,30.4)
47.2 (45.3,49.3)
47.5 (45.4,49.6)
47.1 (44.9,49.3)
47.2 (44.9,49.5)
47.8 (45.6,50.0)
47.4 (44.4,50.3)
46.9 (44.5,49.3)
43.7 (42.1,45.2)
44.1 (42.5,45.7)
43.4 (41.8,45.0)
41.7 (39.8,43.7)
43.2 (41.545.1)
47.6 (46.0,49.2)
42.1 (40.4,43.7)

12 month

0.27 (0.16,0.38)
1.98 (1.66,2.30)
1.10 (1.07,1.12)

0.03
0.05
0.02
0.29
0.05
0.08
0.10
0.25
0.29
0.02
0.11
0.07
0.08
0.51
0.45
p-value

0.09
0.06
0.02
0.15
0.04
0.50
0.84
0.19
0.26
<0.01
0.21
0.25
0.26
0.19
0.70
0.09
0.32
0.17
0.32
0.23
0.03
0.22
0.53
0.12
p-value

0.03
0.02
0.04

RNFL Retinal nerve fibre layer, VD Vessel densities, FAZ Foveal Avascular Zone, Al Acircularity index, FD FAZ Vessel Density within 300 um

surrounding FAZ

which was sustained through the rest of the 1-year follow-
up. In the literature, both post cataract and glaucoma
surgery series showed similar patterns of transient

increase in RNFL thickness [29, 30], strongly suggesting
that the increase in RNFL thickness following surgery is
independent of IOP changes.
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Vessels densities (VD)
Peripapillary region

During the follow-up period, no association between
changes in peripapillary VD and changes in IOP were found
in our cohort. This suggests an independence of these two
factors, which is consistent with recent studies. Zeboulan
et al. did not find any significant changes of peripapillary
VD in their cases, with a mean baseline IOP of 23.7+9.5
mmHg and a mean first month post-surgery IOP of 12.2 +
3.5 mmHg (240% reduction) [23]. These values are similar
to those of our study, with a mean baseline IOP of 19.4 +
7.0 mmHg and a 35% IOP reduction post-surgery. On the
other hand, Holld reported an increase in peripapillary
perfusion after reducing the IOP medically. His study,
however, differs from the others by a significantly higher
baseline IOP (35-42mmHg) and more marked post-
treatment IOP reduction (>50%) [31]. It is still unclear
whether this observation was due to the amplitude of IOP
reduction or to a potential effect of anti-glaucoma medica-
tions on VD measurements, the use of which was very
limited through the post-operative period in the present
study. It is, however, plausible that through an adaptative
mechanism, peripapillary VD would only be affected by
extremely high IOPs and wide pressure gradients. It can
also be theorized that the association between IOP and VD
observed by Hollo [32] and Alnawaiseh et al. [33] could be
only temporary and no longer be observable 12 months after
surgery or could be more significant in early glaucoma
before vascular damage becomes permanent.

Superficial macular region

IOP reduction generally improves ocular blood flow [34—
36]. However, little is known about the long-term effect of
surgically induced IOP reduction on macular VD. In OCT-
A imaging, the superficial inner retinal segment contains
projections of the RNFL and Ganglion Cells Layers (GCL)
vasculatures [24]. Normal VD in superficial fovea is 31.1 +
5.5% [37]. In our cohort, the pre-surgery superficial foveal
VD was abnormally low, with a mean baseline foveal VD
of 25.6% (Table 2). Considering that Ghassemi et al. cal-
culated their mean VD value from cohort of healthy
volunteers with a mean age of 36.4 years, both the age
difference (4-36.7 years) and the chronic glaucoma changes
intrinsically inherent to our study might explain the differ-
ence in baseline VD in our cohort. Zéboulon et al. studied
the mean change of vessel density 1 month post filtering
surgery and found a slight reduction of vessel density after
1 month, which was not statistically significant [23]. In our
longer follow-up study, we initially observed a similar
reduction of VD during the first month post-operatively,
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especially in central foveal region. However, we then noted
a “delayed effect”, in which VD increased significantly
from the 3™ month post-operatively and through to the 6%
month, reaching the healthy values described by Ghassemi
et al. in their study. It then reduced gradually towards
12" month.

Three hypotheses could explain this “delayed effect”.
First, it might be caused by the way glaucoma affects the
auto-regulatory mechanisms of macular vasculature, as
glaucoma appears to be associated with abnormal perfusion
pressure and auto-regulation mechanisms [6, 38]. Further-
more, surgery-induced inflammation and transient increase
in RNFL thickness could affect reperfusion.

The second postulated reason is that none of the studied
eyes had exceeded their autoregulation capacities at base-
line. Within the autoregulatory plateau, blood flow remains
constant as well as perfusion pressures still within the
autoregulatory reserve [32]. As the perfusion improves
following surgery and IOP stabilization, the perfusion
pressure could exceed the autoregulatory reserve and lead to
an increase in blood flow. Thus, this finding might not apply
to severe glaucoma, in which the autoregulatory plateau was
already overcome, but further study is needed to verify this.

Finally, it is also possible that RBC flow within some
foveal vessels was present but below detection threshold of
the SSADA software during the initial post-operative days.
This could account for the initially low VD measured by
OCT-A, since a minimal flow is required by the device to
detect circulating vessels [23]. This detection might also be
complicated by the initial increase in RNFL thickness
observed in our cases, and VD could naturally increase as
the detection ability of the SSADA software improves while
surgically-induced inflammation subsides.

Fovea Avascular Zone (FAZ)

The FAZ is the round capillary-free zone within the macula.
It is a specialized area of the human eye for sharp and
accurate central vision [39, 40]. The normal surface area of
FAZ is 0.22-0.31 mm [2, 41, 42]. Recent studies found that
FAZ area is enlarged in glaucoma [42, 43]. In fact, FAZ
area was found to be larger in glaucoma eyes with central
visual field defect compared with eyes with only peripheral
visual field defect [43]. Kwon et al. observed significant
correlation between FAZ area and mean visual field MD
[43]. In our study, FAZ area was within the physiological
range. This can be explained by the fact that all observed
cases were mild-to-moderate in severity, with a mean MD
of —10.2dB. FAZ area and FAZ perimeter in our study
significantly enlarged 1 month after glaucoma surgery and
were associated with a significant increase in Al over the
first 6 months post-operatively. All FAZ-associated mea-
sures normalized to baseline values at 1-year (Table 2). We
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postulate that surgical inflammation might contribute to the
enlargement of FAZ in the immediate postoperative phase,
as it was independent of the IOP lowering effect observed
post-surgery.

Limitations

There were several limitations in our study. First, 50% of
enrolled eyes could not be included in the final analysis.
This is predominantly due to consent withdrawal (28.7%),
mostly explained by the high rate patients referred from
distant regions or countries who did not wish to return to the
investigation centre solely for research appointments. This
could potentially introduce a selection bias as the remaining
patients constitute a more homogenous sample with milder
disease stages. Secondly, inter-visit blood pressure (BP)
was not measured. BP is known to influence ocular perfu-
sion pressure [44]. Furthermore, it is possible that anti-
hypertensive medication in some of our hypertensive
patients might have influenced retinal perfusion. Thirdly, it
would have been interesting to compare these observations
with a subgroup of healthy patients following routine pha-
coemulsification, as this would have allowed for an
assessment of the retinal and peripapillary perfusion fol-
lowing cataract surgery to confirm which changes were
specifically related to glaucoma and further assess the effect
of surgery-induced ocular inflammation.

In the present study, we did not observe the same
amplitude of vascular changes as other studies targeted at
more advanced glaucoma patients, as the baseline IOP in
our cases was still medically controlled. However, this
factor is beyond our control as late presentations of
advanced glaucoma are rare in our healthcare system.
Analysing the relationship between the visual field defects
and VD changes could potentially confirm the origin of
these discrepancies. Finally, some limitations are intrinsi-
cally related to OCT-A technology: some smaller vascular
changes may remain undetected as SSADA has a resolution
of 18 um, as compare to 5 um in full bandwidth algorithm
[45]. These limitations should be taken into account when
designing future studies.

Conclusion

In conclusion, peripapillary and macular microcirculations
appear to respond differently to surgically induced IOP
lowering. Within the physiological IOP ranges of treated
glaucoma, peripapillary microcirculation fluctuates but seems
to be completely IOP independent. Macular microcirculation,
however, exhibits a “delayed response” of reperfusion after
glaucoma surgery, allowing glaucoma patients with sub-
normal foveal vascularization to regain near-normal VD.

FAZ area was found to be sensitive to surgically-induced
IOP changes, and significant measurement changes were
observed throughout the post-operative follow-up. Thus,
OCT-A measurement of VD, especially in the foveal region,
could be used as a potential modality to assess vascular
reperfusion and as a follow-up parameter following glau-
coma surgery. Further research will be needed to determine if
measurements of FAZ area and Al could potentially develop
as modalities to stratify the risk of wipe-out syndrome post
glaucoma surgery especially in advanced glaucoma.

Summary
What was known before:

e Glaucoma impairs macular and more generally ocular
microvascular circulation.

e Macular vessel density remains reduced one month after
surgical IOP reduction.

e Foveal Avascular Zone area is enlarged in glaucoma and
has been correlated to visual field MD.

What this study adds:

e Macular vessel density shows a "delayed response” to
surgical IOP reduction.

o Filtering surgery can restore near-normal macular vessel
densities.

o Filtering surgery causes a significant transient increase
in Foveal Avascular Zone area, which subsequently
decreases to normal values within 12 months after
surgery.
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