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ABSTRACT
Background/Aims To evaluate quantitative changes in
the foveal avascular zone (FAZ) area after glaucoma
surgery using swept-source optical coherence
tomography angiography (SS-OCTA).
Methods Fifty-four consecutive patients with primary
open-angle glaucoma (POAG) who met the inclusion
criteria and underwent unilateral glaucoma surgery to
reduce intraocular pressure (IOP) between April 2018 and
July 2019.
Eyes underwent IOP-lowering glaucoma surgery and their
fellow (non-surgical) eyes were included. OCTA of the
macula was performed in both eyes before glaucoma
surgery and 3 months postoperatively. Two blinded
examiners reviewed the image quality. Within- and
between-group comparisons of the FAZ area and
correlation of the FAZ area with age, IOP, central
sensitivity and clinical variables.
Results The mean (±SD) age was 66.7±11.3 years.
After surgery, the IOP and FAZ area significantly
decreased from 22.1±9.5 mmHg to 10.3±3.5 mmHg and
from 0.485±0.193 mm2 to 0.446±0.174 mm2,
respectively (both p<0.001). Conversely, in the non-
surgery group, the preoperative and postoperative mean
FAZ areas (0.398±0.119 mm2 and 0.396±0.110 mm2,
respectively) did not significantly differ (p=0.469).
Change in the FAZ area significantly correlated with the
preoperative FAZ area, preoperative foveal sensitivity and
change in IOP (all p<0.05).
Conclusions The FAZ area is decreased with IOP-
lowering surgery in patients with POAG, and change in
the FAZ area was significantly correlated with both
preoperative foveal sensitivity and change in IOP.

INTRODUCTION
Primary open-angle glaucoma (POAG) is
a progressive optic neuropathy and a leading cause
of blindness worldwide. The role of impaired ocular
blood flow and alterations in retinal microvascula-
ture in patients with glaucoma is debatable.1 2

Previous studies used fluorescein angiography to
evaluate retinal microvasculature in vivo; however,
optical coherence tomography angiography
(OCTA) has recently been applied to a broad spec-
trum of diseases.3–5 OCTA allows non-invasive eva-
luation of retinal and choroidal vascular circulation
without dye injection.6

The foveal avascular zone (FAZ) area is sensitive
to ischaemic events and has been implicated in
pathological processes. Previous studies have
reported enlarged FAZ areas in retinal ischaemic

diseases, such as diabetic retinopathy,7 and retinal
vascular obstruction.8 The FAZ has also been eval-
uated in glaucoma.9 10

Several studies have demonstrated the reversibil-
ity of various ocular structures following intraocular
pressure (IOP)-lowering in patients with glaucoma.
Reversible optic disc cupping may occur following
acute IOP-lowering with medical or surgical ther-
apy, particularly in young individuals.11–13 Reversal
of glaucomatous morphological features such as
optic disc cupping,14 lamina cribrosa
displacement,15 ocular blood flow16 and vessel den-
sity using OCTA17 after IOP-lowering treatment has
been reported. OCTA has revealed increased peri-
papillary or optic nerve head (ONH) vessel density
in patients with glaucoma with lowered IOP.18

However, the effect of IOP reduction by glaucoma
surgery on the FAZ microcirculation in patients
with glaucoma is unclear.19 We hypothesised that
the structure of perifoveal vascular (corresponding
to the central visual field (VF)) changes due to
decrease in IOP. Here, we evaluated the size and
shape of the OCTA-derived FAZ area in glaucoma-
tous eyes before and after glaucoma surgery.

METHODS
Study population
This prospective study was approved by the Ethics
Committee of Saitama Medical University (No.
20 013.01) and conducted in accordance with the
tenets of the Declaration of Helsinki. We prospec-
tively enrolled patients with POAG aged >20 years
who fulfilled the eligibility requirements, signed
informed consent after being informed of all possi-
ble consequences of the study andwere scheduled to
undergo unilateral glaucoma surgery at the investi-
gation centre between April 2018 and July 2019.

All patients underwent a comprehensive ophthal-
mic examination, including slit-lamp biomicro-
scopy, IOP measurement with Goldmann
applanation tonometry and fundus photography
(CX-1, Canon, Tokyo, Japan). We measured the
axial length (AL) and central corneal thickness
(CCT) (Optical Biometer OA-2000, Tomey Corp.,
Nagoya, Japan). We performed an automated VF
assessment using the 24-2 pattern Swedish interac-
tive threshold algorithm standard strategy
(Humphrey field analyser (HFA); Carl Zeiss
Meditec, Dublin, CA, USA) to diagnose glaucoma
and assess its severity. All participants had experi-
ence with VF examinations; we excluded unreliable
VFs, defined as fixation losses greater than 25% or
false-positive responses greater than 15%.20 Foveal
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sensitivity and central-4-point mean sensitivity were calculated in
dB using individual test points, with each point converted to
a linear scale (1/Lambert =100.1×dB; linear sensitivity)21 and
averaged to obtain the mean sensitivity values.

We measured the retinal nerve fibre layer (RNFL) using spec-
tral-domain OCT (SD-OCT) (Spectralis OCT, Heidelberg
Engineering, Heidelberg, Germany).

Glaucoma was diagnosed from the following findings: (1) glau-
comatous changes in the ONH, according to fundus photography,
such as a vertical cup-to-disc ratio of 0.7, rimnotchwith a rimwidth
≤0.1 and/or an RNFL defect (with its edge at the ONH margin
greater than that at a major retinal vessel) diverging in an arcuate or
wedge shape; (2) glaucomatous VF defects that met at least one of
the Anderson-Patella’s criteria, that is, a cluster of≥3 points in the
pattern deviation plot in a single hemifield (superior/inferior) with
p<0.05, one of which must have been p<0.01; a glaucoma hemi-
field test result outside of normal limits; or an abnormal pattern SD
with p<0.05.22 Other inclusion criteria were best-corrected visual
acuity of at least 20/400, spherical refraction≥—8.0D and<+3.0
D and cylindrical correction of−3.0 D to 3.0 D.

We excluded participants with a history of intraocular surgery
(except for uncomplicated cataract or glaucoma surgery); coex-
isting retinal pathologies; non-glaucomatous optic neuropathy;
uveitis; ocular trauma; strabismus or fusion disorder; or history
of Parkinson’s disease, Alzheimer’s disease, dementia or stroke.
Ocular hypotensive medications were continued up to the time of
surgery. Preoperative IOP was defined as the average of two
measurements within 2 weeks before surgery. For all eyes, we
obtainedmacula scans byOCTA before the glaucoma surgery and
3 months postoperatively.

Optical coherence tomography angiography
A 3×3 mm (1024×1024 pixels) OCTA image centred on the
fovea was scanned using swept-source (SS)-OCTA (PlexElite
9000, Version 1.6.0.21130; Carl Zeiss Meditec). The SS-OCTA
has a central wavelength of 1060 nm, an A-scan rate of 100 000
scans per second, and axial and transverse tissue resolutions of
6 μm and 20 μm, respectively. The angiography image was pro-
cessed using both phase/Doppler shift and amplitude variation
(optical micro-angiography). The superficial retinal layer was
defined as the area between the internal limiting membrane and
inner plexiform layers. The device automatically segmented the
superficial capillary plexus.

Qualitative protocol
The qualitative protocol has been described.23 24 In brief, two
blinded investigators (YY and HI) reviewed all images indepen-
dently. Poor-quality scans were excluded if any of the following
criteria were met: (1) poor-clarity images, (2) weak local signal
caused by artefacts such as visual floaters, (3) residual motion
artefacts visible as irregular vessel patterns or disc boundaries on
enface angiography and (4) images with an off-centre fovea.25

Discrepancies were resolved by consensus or adjudication by
a third experienced investigator (TS). Images with poor quality
(image signal strength <8 due to signal noise; 1=minimum, 10=
maximum) were excluded from the analysis.

OCTA measurement of the FAZ area
The FAZ area was that within the locus of the connected points
along the borderline of the identifiable capillary network in the
parafoveal area. We calculated the FAZ area (mm2) using ImageJ
and an original macro language (Kanno-Saitama Macro (KSM)
program); detailedmethods have been published.24 In brief, KSM
is an automated analysis program that extracts the FAZ area. The

extracted FAZ area showed excellent reproducibility and was
comparable to manual measurement. We adjusted the magnifica-
tion effect due to AL according to the manufacturer’s correction
formula and confirmed that the correction was comparable to
that in a previous study.26

Statistical analysis
We assessed the distribution of numerical variables by inspecting
histograms and using the Shapiro-Wilk W test of normality.
Normally distributed variables are reported as mean±SD. Non-
normally distributed variables are reported as median (IQR). The
frequency of medication use between surgery and non-surgery
groups, both before and after surgery, was compared using
McNemar’s test. We used paired t-test to compare the FAZ area
between preoperative and postoperative measurements and
between eyes that underwent surgery and those that did not within
patients. The Kruskal-Wallis test and post hoc Steel-Dwass test was
used to independently compare changes in the FAZarea among the
three groups (non-surgery, glaucoma surgery alone and glaucoma
surgery combined with cataract surgery).We analysed the relation-
ship between the preoperative FAZ area and variables such as age,
AL, CCT, topical medication use, foveal sensitivity and central-
4-point sensitivity by HFA 24-2 using a linear mixed model,
whereby each participant was treated as a random effect.
Subsequently, the relationship between the change in the FAZ
area and various structural and functional parameters was evalu-
ated using a linear mixed model. Variables with p<0.10 in the
univariate analysis were used for multivariate analysis.
A p value <0.05 was considered to indicate a statistically sig-

nificant difference. We used the JMP version 10.1 software (SAS
Institute, Cary, NC, USA) and Stata software version 15
(StataCorp LP, College Station, TX, USA).

RESULTS
Seventy consecutive patients were enrolled. Of these, 3 and 13
eyes were excluded for off-centre images and poor image quality,
respectively. The data of 54 patients were divided into a surgery
group (eyes that underwent surgery) and a non-surgery group
(fellow eyes) and analysed. Table 1 summarises the participants’
demographics and ocular characteristics. The mean patient age
was 66.7±11.3 years; 29 patients (53.7%) were women. The
median mean deviation (MD) values in the surgery non-surgery
groups were −17.4 (−24.5, −11.0 (IQR)) dB and −8.5 (−16.1,
−1.7) dB, respectively (p<0.001). The mean IOP was 22.1
±9.5 mmHg preoperatively and 10.3±3.5 mmHg 3 months
postoperatively (p<0.001).
Table 2 shows the distribution of glaucoma medication use in

the two groups preoperatively and postoperatively. Use of glau-
coma medication in the surgery group was significantly lower
postoperatively (all p<0.001); in the non-surgery group (fellow
eyes), it tended to decrease, although this was not statistically
significant. Table 2 shows the number of eyes that either discon-
tinued or started topical medications after surgery.

Representative case
Figure 1 shows two eyes of representative cases from the surgery
group. Case 1 was a 55-year-old man. His left visual acuity was
−0.08 (logarithm of the minimum angle of resolution
(LogMAR)) and foveal sensitivity was 33 dB. Compared to pre-
operativeOCTA images, two inner plexus vessels were confirmed
at the superior FAZ area in the postoperative OCTA images.
Superimposing the preoperative and postoperative images
showed that the FAZ area had decreased.
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Case 2 was a 67-year-old man. His right visual acuity was 0.05
(LogMAR) and foveal sensitivity was 25 dB. An inner plexus vessel
was partially confirmed in the preoperative OCTA image but was
unclear. Postoperative OCTA revealed the vessels more clearly.

Quantitative assessment
Table 3 and figure 2 show the comparison between the preo-
perative and postoperative FAZ areas in the surgery and non-
surgery groups. Figure 3 shows the distribution of change in the
FAZ area in the surgery group and the non-surgery group. The
FAZ area was significantly larger in the surgery group than in the
non-surgery group both preopeative- and postoperatively (all
p<0.05). In the surgery group, the postoperative FAZ area was
significantly smaller than the preoperative measurement
(p<0.001); preoperative and postoperative measurements
were similar in the non-surgery group (p=0.469). Box plots
comparing the change in the FAZ area of eyes in the three
groups are shown in figure 4. There was a significant difference
between eyes in the non-surgery and both glaucoma surgery
groups; there was no difference between those in the glaucoma
surgery–alone and glaucoma surgery combined with cataract
surgery groups.

Table 4 shows the results of univariate and multivariate models
investigating putative factors for the preoperative FAZ area in all
eyes (n=108) using the mixed model. Only CCT (p=0.002),
HFA 24-2 (p=0.008), foveal sensitivity (p<0.001), the central-
4-point mean measurement (p<0.001) and prostaglandin (PG)
analogue use (p=0.025) were significantly associated with FAZ
area in the univariate models. Neither baseline age (p=0.254) nor
IOP (p=0.496) were related to FAZ area. We separately exam-
ined foveal sensitivity and central-4-point sensitivity in two dif-
ferent multivariable models, adjusted for age, HFA 24-2, CCT
and PG analogue use, because there was a statistically significant
correlation between them (r =0.794, p<0.001); the result
showed multicollinearity, CCT, foveal sensitivity and central-
4-point sensitivity correlated significantly with the preoperative
FAZ area after adjusting for these factors.
Table 5 shows the results from the univariate and multivariate

models investigating putative factors, change in the FAZ area and
related factors in all eyes (n=108) using the mixed model. CCT
(p=0.004), preoperative foveal sensitivity (p<0.001), preopera-
tive FAZ area (p<0.001), change in IOP (p<0.001) and glau-
coma surgery (glaucoma surgery alone and glaucoma surgery
combined with cataract surgery; p=0.001 and p<0.001, respec-
tively) were significantly associated with change in the FAZ area
in the univariate models. We separately examined change in IOP
and glaucoma surgery in two different multivariable models. In
multivariate analysis, foveal sensitivity, preoperative FAZ area,
change in IOP and glaucoma surgery were significantly correlated
with change in the FAZ area (all p<0.05).

DISCUSSION
Following IOP-lowering surgery, we demonstrated that the FAZ
areawas significantly smaller and perifoveal microcirculation was
enhanced. In contrast, it did not change in the fellow eye during
the follow-up period. Moreover, the preoperative FAZ area sig-
nificantly correlated with preoperative foveal sensitivity, and
change in the FAZ area significantly correlated with both preo-
perative foveal sensitivity and change in IOP after adjusting
for age.
Recent studies have reported that FAZ area is related to central

visual-function status in patients with glaucoma.9 10 27 28 Kwon
et al reported an enlarged FAZ area in the perifoveal region,

Table 1 Demographics and ocular characteristics of the study
population

Surgery group
Non-surgery
group P value

Patients (n) 54

Age (years) 66.7±11.3

Gender (male/female) 25/29

Eyes (n) 54 54

BCVA (LogMAR) 0.09 (−0.08, 0.24) 0.00 (−0.08, 0.09) 0.047

CCT (μm) 506±35 512±32 0.061

Axial length (mm) 24.9±1.7 24.9±1.7 0.932

Preoperative IOP (mmHg) 22.1±9.5 16.9±4.4 <0.001

Postoperative IOP (mmHg) 10.3±3.5 16.5±3.5 <0.001

HFA 24-2 MD (dB) −17.4 (−24.5,
−11.0)

−8.5 (−16.1, −1.7) <0.001

Central-4-point mean sensitivity (dB)24.2 (18.2, 27.0) 30.8 (27.2, 33.7) <0.001

Foveal sensitivity (dB) 32.0 (29.0, 35.0) 35.0 (30.0, 36.25) 0.072

Preoperative image score 9.1±0.7 9.1±0.7 0.727

Postoperative image score 9.0±0.7 9.2±0.6 0.077

Preoperative vessel density (%) 41.4±5.0 42.3±5.8 0.157

Combined cataract surgery, n (%) 31 (57.4) n.a.

Type of glaucoma surgery, n (%) n.a.

Ab interno trabeculotomy 12 (22.2)

Filtering surgery 40 (74.1)

Tube shunt (Ahmed glaucoma
valve)

2 (3.7)

Medications

Preoperative β-blocker, n (%) 44 (81.5) 35 (64.8) <0.001

Preoperative PG analogue, n (%) 51 (94.4) 39 (72.2) <0.001

Postoperative β-blocker, n (%) 8 (14.8) 28 (51.8) <0.001

Postoperative PG analogue, n (%) 9 (16.7) 30 (55.6) <0.001

For normally distributed variables, results are shown as mean±SD; for non-normally
distributed variables, results are shown as median (IQR). Data expressed as mean±SD were
compared with paired t-test. Data expressed as the median (IQR) were compared using the
non-parametric Wilcoxon signed-rank test. McNemar’s test was used to compare the
frequencies of medication use between surgery group and non-surgery group.
BCVA, best correlated visual acuity; CCT, central corneal thickness; HFA, Humphrey field
analyser; IOL, intraocular lens; IOP, intraocular pressure; LogMAR, logarithm of the minimum
angle of resolution; MD, mean deviation; n.a, not applicable; PG, prostaglandin; SE, spherical
equivalent.

Table 2 Glaucoma medication use in the surgery and non-surgery
groups between the preoperative and postoperative status

Medications
Preoperative
use

Postoperative
use P value*

Discontinued/
Started

Surgery group

β-Blocker, n (%) 44 (81.4) 8 (14.8) <0.001 37 (68.5)/1 (1.9)

PG analogue, n (%) 51 (94.4) 9 (16.7) <0.001 42 (77.8)/0 (0)

CAI, n (%) 47 (87.0) 12 (22.2) <0.001 37 (68.5)/2 (3.7)

α-Agonists, n (%) 42 (77.8) 1 (1.9) <0.001 42 (77.8)/1 (1.9)

ROCK inhibitor, n (%) 30 (55.6) 3 (5.6) <0.001 29 (53.7)/2 (3.7)

Non-surgery group

β-Blocker, n (%) 35 (64.8) 28 (51.8) 0.065 9 (16.7)/2 (3.7)

PG analogue, n (%) 39 (72.2) 30 (55.6) 0.023 11 (20.4)/2 (3.7)

CAI, n (%) 37 (68.5) 30 (55.6) 0.065 9 (16.7)/2 (3.7)

α-Agonists, n (%) 27 (50.0) 21 (38.9) 0.146 9 (16.7)/3 (5.6)

ROCK inhibitor, n (%) 16 (29.6) 14 (25.9) 0.727 4 (7.4)/2 (3.7)

*McNemar’s test was used to compare the frequencies of medication use between surgery
and non-surgery groups and between preoperative and postoperative status.
CAI, carbonic anhydrase inhibitors; PG, prostaglandin; ROCK, Rho-associated
coiled-coil-containing protein kinase.
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which was spatially correlated with central VF loss in patients
with glaucoma.27 They subsequently demonstrated that the FAZ
area has significant diagnostic value in discriminating glaucoma-
tous eyes with central VF defects from normal eyes.10 However,

another study reported that subjectively measured FAZ area did
not differ between normal controls and patients with glaucoma.9

We measured FAZ area objectively using an automated
program24 and confirmed an inverse association between FAZ
area and degree of preoperative foveal sensitivity, suggesting that
FAZ area enlargement in patients with POAG is associated with
central VF loss.
We demonstrated that perifoveal microcirculation was

enhanced after glaucoma surgery. Possibly because they were
below the detection threshold, some inner capillary blood vessels
not observed on the preoperative OCTA images were seen post-
operatively as shown in figure 1. The FAZ border comprises
a single-layered capillary arcade that lies within the ganglion
cell layer,29 and retinal ganglion cells (RGCs) depend on regional
capillary networks to meet their high metabolic requirements.
Moreover, deriving its oxygen supply frommultiple retinal capil-
lary plexuses,30 31 the macula is one of the most metabolically
active human tissues. Thus, we speculate that the observed
enhancement of the microvasculature could lead to
a reversibility of macula RGC function after glaucoma surgery
and IOP reduction.
We found that glaucoma surgery with IOP reduction improved

perifoveal microcirculation and the corresponding FAZ area up
to 3 months postoperatively. Conversely, Ch’ng et al reported an
increase in the mean size of the FAZ area followed by a gradual
reduction and return to the baseline sizes after 1 year.19 They
speculated that surgical inflammation contributed to the enlarge-
ment of the FAZ in the immediate postoperative phase. We
excluded poor-quality scans that were possibly due to surgical
inflammation. Moreover, the repeatability of the intra-OCTA
device was high, whereas reproducibility among other devices
has been shown to be unfavourable.32 This discrepancy may be
attributed to a difference in instruments (RTVue vs PLEX Elite),
OCT type (SD-OCT in RTVue vs SS-OCTA in PLEX Elite),
algorithm (split-spectrum amplitude decorrelation angiography
in RTVue6 vs optical micro-angiography in PLEXElite33) and
glaucoma severity (−10.1 dB of MD in Ch’ng et al19 and
−17.4 dB of MD in this study).
It is noteworthy that changes in the FAZ area before and after

surgery correlated independently with both the preoperative FAZ
area and preoperative foveal sensitivity. To our knowledge, cor-
relation between changes in OCTA-derived FAZ area and
a functional index has not been previously reported. Lesk et al
suggested that improved blood flow in response to therapy might
be a good prognostic sign in glaucoma.34 A recent study showed
that photopic negative response amplitude increased after IOP
reduction in eyes with glaucoma.35 Another electrophysiological
study reported reversal of RGC dysfunction with surgical IOP
reduction.36 Further, recent cross-sectional and longitudinal stu-
dies have shown that macular vessel density correlated more
strongly with visual function than OCT-derived inner macular
thickness.25 37 38 Our results support the hypothesis of RGC-
function reversibility with IOP reduction,36 andwe speculate that

Figure 1 Representative cases from the surgery group of preoperative,
postoperative and superimposition OCTA images. The preoperative OCTA
images are shown in the first row. (upper right) Magnified view and
extracted red-coloured FAZ boundary using the KSM program. The
postoperative OCTA images are shown in the second row. (middle right)
Magnified view and extracted pink-coloured FAZ boundary using the KSM
program. The superimposition OCTA images are shown in the third row.
These images comprise the comparison between the preoperative and
postoperative OCTA images. (bottom centre) Inner plexus
microvasculature could be confirmed in postoperative images (yellow
arrow) even though this plexus microvasculature was not observable on
the preoperative OCTA images. (bottom right) Superimposed images after
extracting the FAZ boundary using an automated macro language. The
postoperative FAZ area (blue-coloured extracted) was significantly
smaller than the preoperative FAZ area (pink-coloured extracted). FAZ,
foveal avascular zone; KSM, Kanno-Saitama Macro; OCTA, optical
coherence tomography angiography.

Table 3 FAZ area in the surgery group and non-surgery group
between the preoperative and postoperative status

FAZ area (mm2) Preoperative Postoperative P value**

Surgery group 0.485±0.193 0.446±0.174 <0.001

Non-surgery group 0.398±0.119 0.396±0.110 0.469

P value* <0.001 0.019

* and **, paired t-test was used for both analysis.
FAZ, foveal avascular zone.
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OCTA-derived FAZ metrics have a role as biomarkers for RGC
activity and visual function.

Unexpectedly,CCTwas significantly associatedwith preoperative
FAZ area. Although CCTmay be a true independent risk factor for
progression due to the relationship between scleral thickness and
structural properties of the posterior globe,39 how corneal proper-
ties are related to susceptibility to glaucomatous damage remains
unclear. Corneal properties, including a thin CCT, might have
a greater risk of progression despite apparently well-controlled
IOP.39 Asian populations, including the Japanese population, have
higher prevalence of normal-tension glaucoma (NTG),40 and CCT
was found to be associated with the MD of VF defects in patients
with NTG.41 Therefore, enlargement of the FAZ area may be
partially related to corneal thickness, scleral thickness and structural
properties of the posterior globe, as well as glaucoma progression.
Further study is needed to clarify these associations.

In this study, various eye drops were discontinued after surgery.
In addition, eye drops administered to the non-operative eye

could have also affected the ocular haemodynamics in the surgical
eye (table 2). It is known that topical ocular hypotensive medica-
tions can influence blood flow.42 43 We observed that the FAZ
area improved in many of the operated eyes despite discontinua-
tion of eye drops after surgery, and the effects of topical medica-
tions on the FAZ area were less significant than other factors such
as central visual sensitivity or CCT (table 3).
This study had several limitations. First, the follow-up period

was only 3 months. It is possible that reversal of the FAZ would
not persist if the IOP remained well controlled after this time.
Second, all participants were Asian (ie, Japanese). Previous stu-
dies have revealed different foveal pit morphologies across ethni-
cities. The FAZ area correlated significantly with foveal pit
morphology44; therefore, its utility may not be generalisable.
Third, combined cataract surgery may influence quantitative
measurements on OCTA imaging. Yu et al reported that lens
opacities significantly influenced retinal blood flow measure-
ments on SS-OCTA.45 In this study, more than half of the patients

Figure 2 Scatter plots showing the comparison between the preoperative and postoperative FAZ area in the surgery group and the non-surgery group,
respectively. FAZ, foveal avascular zone.

Figure 3 Distribution of change in the FAZ area in the surgery group
and the non-surgery group. FAZ, foveal avascular zone.

Figure 4 Box plots showing the comparison of the change in the FAZ
area among non-surgery, glaucoma surgery–alone and glaucoma surgery
combined with cataract surgery groups. FAZ, foveal avascular zone.
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(57%) underwent glaucoma surgery combined with cataract sur-
gery. Thus, improved image quality due to cataract extraction
may have affected the decreased FAZ area that was observed
postoperatively. We found that both glaucoma surgery alone
and glaucoma surgery combined with cataract surgery were cor-
related with change in the FAZ area (table 5). Additionally,
change in image signal strength was not correlated with change
in the FAZ area. Thus, although several factors are implicated in
the change in the FAZ area, this study showed that change in the
FAZ area was significantly correlated with glaucoma surgery and
the change in IOP. Fourth, we measured the FAZ area using an

automated programe. Recent reports have found perfect intra-
scan variability, but good inter-session variability, of FAZmeasure-
ments in healthy and glaucomatous eyes using automated
programs.24 27 Thus, we excluded poor-quality scans and images
with low signal strength. Last, there was a difference in the pre-
operative and postoperative medical regimen in eyes that under-
went surgery that may have influenced macula blood flow and
OCT-derived FAZ area. IOP-lowering medications administered
to the contralateral eye also could have affected the operated eye.
Further study is needed to understand better the effect of topical
medications on macular haemodynamics.

Table 4 Association between the preoperative FAZ area and ocular variables: univariate and multivariable analyses (n=108 eyes)

Preoperative FAZ area, mm2

Univariate model Multivariate model 1 Multivariate model 2

Variables
Coefficients

P value
Coefficients

P value
Coefficients

P value(95% CI) (95% CI) (95% CI)

Age (years) per 10 years 0.020 (−0.014 to 0.053) 0.254 −0.006 (−0.038 to 0.026) 0.751 −0.003 (−0.036 to 0.03) 0.860

Sex (male/female) 0.058 (−0.017 to 0.133) 0.129

CCT (μm) per 100 μm −0.152 (−0.25 to −0.054) 0.002* −0.113 (−0.214 to −0.013) 0.036** −0.12 (−0.22 to −0.019) 0.019**

Axial length (mm) per 1 mm 0.033 (−0.194 to 0.259) 0.777

Preoperative IOP (mmHg) per 10 mmHg 0.013 (−0.024 to 0.049) 0.496

HFA 24-2 MD (dB) per 10 dB −0.040 (−0.069 to −0.01) 0.008 −0.006 (−0.039 to 0.026) 0.701 0.015 (−0.029 to 0.058) 0.512

Foveal Sensitivity
(1/Lambert) per 1000 unit

−0.032 (−0.047 to −0.017) <0.001* −0.022 (−0.039 to −0.005) 0.012**

Central-4point mean sensitivity
(1/Lambert) per 1000 unit

−0.057 (−0.085 to −0.029) <0.001* −0.057 (−0.101 to −0.012) 0.013**

Topical glaucoma medications (yes/no)

β-Blocker 0.049 (−0.017 to 0.115) 0.144

PG analogue 0.084 (0.011 to 0.158) 0.025* 0.039 (−0.04 to 0.118) 0.337 0.019 (−0.057 to 0.096) 0.619

CAI 0.041 (−0.024 to 0.107) 0.218

α-Agonists 0.011 (−0.051 to 0.073) 0.729

ROCK inhibitor 0.024 (−0.036 to 0.084) 0.436

*p<0.10, univariate analysis.
**p<0.05, multivariate analysis.
CAI, carbonic anhydrase inhibitors; CCT, central corneal thickness; FAZ, foveal avascular zone; HFA, Humphrey field analyser; IOP, intraocular pressure; MD, mean deviation; PG, prostaglandin;
ROCK, Rho-associated coiled-coil-containing protein kinase.

Table 5 Association between change in the FAZ area and ocular variables: univariate and multivariable analyses (n=108 eyes)

Change in the FAZ area, mm2

Univariate model Multivariate model 1 Multivariate model 2

Variables
Coefficients

P value
Coefficients

P value
Coefficients

P value(95% CI) (95% CI) (95% CI)

Age (years) per 10 years −0.002 (−0.010 to 0.007) 0.667 0.006 (−0.026 to 0.038) 0.154 −0.005 (−0.013 to 0.003) 0.244

Gender (male/female) 0.000 (−0.019 to 0.020) 0.855

CCT (μm) per 100 μm 0.043 (0.015 to 0.071) 0.004* 0.113 (−0.013 to 0.214) 0.103 −0.021 (−0.005 to 0.047) 0.108

Axial length (mm) per 1 mm −0.002 (−0.008 to 0.004) 0.523

Foveal sensitivity
(1/Lumbert) per 1000 units

−0.011 (0.015 to −0.007) <0.001* −0.022 (−0039 to −0.005) 0.010** −0.005 (−0.010 to −0.001) 0.018**

Preoperative FAZ area (mm2) per mm2 −0.158 (−0.207 to −0.109) <0.001* −0.111 (−0.166 to −0.055) <0.001** −0.137 (−0.192 to −0.083) <0.001**

Change in IOP (mmHg) per 10 mmHg −0.017 (−0.026 to −0.007) 0.001* −0.010 (−0.019 to −0.002) 0.013**

Surgery

Glaucoma surgery alone (yes/no) −0.033 (−0.052 to −0.014) 0.001* −0.022 (−0.039 to −0.004) 0.016**

Glaucoma surgery combined with cataract
surgery (yes/no)

−0.046 (−0.063 to −0.029) <0.001* −0.031 (−0.047 to −0.014) <0.001**

*p<0.10, univariate analysis.
**p<0.05, multivariate analysis.
IOP, intraocular pressure; CCT, central corneal thickness; FAZ, foveal avascular zone; OCTA, optical coherence tomography angiography; PG, prostaglandin.
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In conclusion, we showed that FAZ area is decreased and
perifoveal microcirculation is enhanced with IOP-lowering sur-
gery in patients with open-angle glaucoma. Further, it is shown
that change in the FAZ area was significantly correlated with
foveal sensitivity, preoperative FAZ area, change in IOP and
glaucoma surgery. Longitudinal studies are warranted to eluci-
date further the relationship between visual function and altera-
tions in OCTA-derived FAZ metrics.
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