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Abstract
Purpose  To investigate longitudinal changes in optic nerve head (ONH) superficial vessel density (VD), macular VD, cir-
cumpapillary retinal nerve fiber layer (RNFL) thickness, and macular ganglion cell-inner plexiform layer (GCIPL) thickness, 
and their associations with future VF defects in unaffected hemifields of primary open angle glaucoma (POAG) eyes with 
baseline VF defect confined to a single hemifield.
Methods  This retrospective observational study included 61 POAG eyes with VF defect confined to a single hemifield monitored over 
a mean follow-up time of 2.7 years. Development of VF defect in opposite hemifield was defined based the Early Manifest Glaucoma 
Trail criteria. Each eye was classified into either “conversion” or “no conversion” groups according to development of VF defect in the 
unaffected hemifield. The rates of longitudinal changes in VD and structure parameters in each hemiretina were compared between the 
two groups. A Cox proportional hazard model was used to identify potential risk factors for VF conversion in the unaffected hemifield.
Results  Among 61 eyes, 17 eyes (27.9%) were classified as “conversion” and 44 eyes (72.1%) were classified as “non-
conversion” groups. The conversion group exhibited significantly greater rates of both VD and structural changes in both 
hemiretinas. In Cox proportional hazard model, greater rate of change in GCIPL thickness, ONH superficial VD, and macular 
VD of both hemiretinas and greater rate of change in RNFL thickness of the unaffected hemiretina were identified as risk 
factors for VF conversion in the unaffected hemifield.
Conclusions  Monitoring progressive changes in VD and structural parameters effectively predict future VF defect in the 
opposite hemifields of POAG eyes with single-hemifield defects.
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Key messages

� Progressive vessel densities (VDs) and structural loss have been known to be associated with VF
progression.

� Serial measurements of VDs using optical coherence tomography (OCT) angiography and structural
changes assessed by OCT are useful for prediction of future glaucomatous conversion in the
perimetrically unaffected hemifields of glaucomatous eyes with single-hemifield defects. 

� Monitoring of both perimetrically affected and unaffected hemiretina to detect worsening of pre-existing
defects and development of new damage could be clinically useful in monitoring glaucomatous eyes
with a single-hemifield defect. 
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Methods

Study subjects

This retrospective observational study was approved by the 
Institutional Review Board (IRB) of Asan Medical Center, and 
all procedures were conducted in accordance with the tenets 
of the Declaration of Helsinki. The requirement for informed 
consent from study subjects was waived by the Asan Medical 
Center IRB due to the retrospective study design.

Medical records of patients that visited our glaucoma 
clinic at Asan Medical Center from November 2016 to 
December 2021 were consecutively reviewed. All included 
patients underwent an initial comprehensive ophthalmic 
work-up including a medical history review, measurement 
of best-corrected visual acuity (BCVA), measurement 
of intraocular pressure (IOP) using Goldmann applana-
tion tonometry, slit-lamp biomicroscopy, refractive error 
analyses using an autorefractor (KR-890; Topcon, Tokyo, 
Japan), axial length measurement (IOL Master version 5; 
Carl Zeiss Meditec, Dublin, CA, USA), central corneal 
thickness (CCT) measurement using ultrasound pachym-
etry (Tomey SP-3000, Nagoya, Japan), dilated color fun-
dus photography (Canon, Tokyo, Japan), optic disc stereo-
scopic photography, red-free RNFL photography (Canon), 
Humphrey field analyzer Swedish Interactive Threshold 
Algorithm -Standard 24–2 VF testing (Carl Zeiss Med-
itec), spectral-domain optical coherence tomography (SD-
OCT; Cirrus HD; Carl Zeiss Meditec), and imaging with 
a commercial OCT-A system (Angiovue; Optovue, Inc., 
Fremont, CA, USA).

The present study enrolled POAG cases that met the fol-
lowing pre-determined inclusion criteria: (1) age ≥ 18 years; 
(2) BCVA ≥ 20/30; (3) spherical equivalent between −6.0 
and + 3.0 diopters (D) and a cylinder correction within ± 
3D; (4) normal anterior and posterior chamber with open 
angles on slit lamp exam and gonioscopy; (5) at least five 
serial VF tests, excluding the first VF test, with a mean devi-
ation (MD) better than −20.00 dB at baseline and at least 
four serial SD-OCT and OCT-A scans every 6–12 months 
during a minimum 2-year follow-up period; to account for 
the learning effect in VF tests, a second VF test was con-
ducted within 1 week if the first VF result indicated glau-
comatous damage; (6) the presence of a glaucomatous optic 
disc change (i.e., focal or generalized neural rim loss and 
localized or diffuse RNFL atrophy) with compatible glau-
comatous VF defects [15]; and (6) glaucomatous VF defects 
confined to a single hemifield. Eyes with glaucomatous VF 
defects confined to a single-hemifield were defined by (1) a 

Introduction

Glaucomatous visual field (VF) defect often begins with the 
horizontal meridian, consistent with the classic retinal nerve 
fiber layer (RNFL) raphe pattern [1]. The progression pattern 
of VF defect is generally consistent with retinal nerve fiber 
bundle orientation, thereby leading to spread within a single 
(superior or inferior) hemifield until advanced stages of glau-
coma [1]. Because VF defect in both hemifields could threaten 
patients’ vision and fixations, expansion of VF defect to the 
opposite unaffected hemifield in eyes with single-hemifield 
defect at baseline could be a warning sign for disease progres-
sion, necessitating more aggressive treatments in these cases.

Measurement of RNFL thickness using optical coherence 
tomography (OCT) is known to be useful for detection of 
glaucoma, as structural changes are frequently detected prior 
to manifestation of overt VF defects [2]. Furthermore, initial 
RNFL thinning, as well as more rapid RNFL thinning, are 
known risk factors for future VF defects [3–6]. Thus, serial 
measurements of RNFL thickness are widely used to moni-
tor progression of glaucoma. This is used concurrently with 
serial OCT and OCT angiography (OCT-A) measurement 
of vessel density (VD) in the peripapillary area and macula, 
which in the case of OCT-A only recently became widely 
available in clinical practice [7, 8]. Prior studies reported 
that development of VD loss and more rapid progression of 
VD loss are independently associated with VF progression 
[9–11]. Therefore, OCT-A measurement of VD could be a 
useful biomarker to predict VF progression, in addition to 
standard structural parameters measured by OCT.

Previous case–control studies have reported that the 
perimetrically unaffected hemiretinas of primary open-
angle glaucoma (POAG) eyes with single-hemifield defect 
exhibit significantly reduced RNFL thicknesses and VD 
compared with normal eyes [12–14]. Nonetheless, little is 
known regarding the potential association between struc-
tural and/or vascular deterioration and future VF defects 
in unaffected hemifields. Because more rapid structural 
and vascular decline is associated with faster VF progres-
sion, we hypothesized that the rates of changes to struc-
tural and vascular parameters could be associated with 
development of VF defect in the unaffected hemifield of 
glaucomatous eyes with current single-hemifield defect. 
Hence, in the present study, we sought to investigate pro-
gressive changes of structural and vascular parameters in 
POAG eyes with single-hemifield VF defect and identify 
factors associated with future development of VF defect 
in the perimetrically unaffected hemifield using OCT and 
OCT-A.
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cluster of ≥ 3 points on a pattern deviation probability map 
with P < 0.05, or with ≥ 2 points with P < 0.02 on a pattern 
deviation probability map in a single-hemifield (superior 
or inferior); (2) no clusters of three points with P < 0.05 or 
two points with a P-value < 0.02 on both the total devia-
tion and pattern deviation probability maps in the opposite 
hemifield; and (3) a glaucomatous hemifield test result out-
side normal limits, which was confirmed on 2 consecutive 
reliable VF tests [16].

Subjects with one or more of the following conditions 
were excluded: (1) history of intraocular surgery, trauma, or 
laser treatment during follow-up; (2) severe media opacities 
such as dense cataract or vitreous opacity, which compro-
mise SD-OCT/OCT-A scan quality and validity of VF test 
results; (3) ocular/systemic diseases or severe myopic ONH/
macular changes, which could impair adequate ONH/VF/
SD-OCT/OCT-A evaluation; and (4) unreliable VF results 
or poor-quality SD-OCT/OCT-A scans.

SD‑OCT imaging

RNFL thickness and macular ganglion cell-inner plexiform 
layer (GCIPL) thickness were measured using Cirrus high-
definition (HD) SD-OCT software (version 10.0). RNFL 
data were obtained using an optic disc cube in 200 × 200 
scan mode, which scans a 6 × 6 mm square centered on the 

ONH. The average RNFL thickness was measured in a 3.2-
mm circle. The Cirrus HD SD-OCT software automatically 
provides RNFL thickness values globally and for each sec-
tor of four quadrants. The superior and inferior the RNFL 
thickness were used to represent the RNFL thickness of two 
hemiretinal regions; for example, the perimetrically affected 
and unaffected hemiretina (Fig. 1b).

For assessment of macular structural change, we measured 
GCIPL thickness because Cirrus HD SD-OCT automatically 
provides GCIPL thickness for macular structural parameter. 
GCIPL thickness was measured in the macular region, cen-
tered on the fovea. GCIPL thickness was measured within 
an annulus with inner vertical and horizontal diameters of 1 
and 1.2 mm, and outer vertical and horizontal diameters of 
4 and 4.8 mm, respectively. Superior GCIPL thickness was 
estimated for the superior hemiretina by averaging superior 
temporal, superior center, and superior nasal measurements. 
Accordingly, inferior hemiretina GCIPL thickness were esti-
mated by averaging measurements of the inferior nasal, infe-
rior center, and inferior temporal sectors (Fig. 1c).

Only images with a signal strength > 7 were included 
in analysis. SD-OCT images were excluded if one or 
more of the following defects was present: (1) motion 
artifacts, (2) poor centering on the fovea, or (3) segmen-
tation errors.

Fig. 1   Determination of the perimetrically affected and unaffected 
hemifields. Schematic illustration of the a visual field, b retinal nerve 
fiber layer thickness map, (c) macular ganglion cell-inner plexiform 
layer thickness map, d  optic nerve head (ONH) superficial vessel 
density map, and e macular vessel density map. The yellow and gray 
colors represent perimetrically affected and unaffected hemifields, 
respectively. f En face choroidal layer vessel density maps represent 
the presence of choroidal microvasculature dropout (CMvD) within �

-zone parapapillary atrophy ( �-PPA) which is demarcated by red out-
line. Yellow and blue outlines indicate the margin of the ONH and 
�-PPA, respectively. �-PPA, �-zone parapapillary atrophy; CMvD, 
choroidal microvasculature dropout; I, inferior; IC, inferior center; 
IN, inferior nasal; IT, inferior temporal; N, nasal; ONH, optic nerve 
head; S, superior; SC, superior center; SN, superior nasal; ST, supe-
rior temporal; T, temporal
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OCT‑A imaging

OCT-A imaging of the ONH and macular regions was per-
formed using an AngioVue OCT-A system (Optovue Inc). 
ONH superficial VD measurements were taken using images 
of 4.5 × 4.5 mm2 scans centered on the optic disc within the 
radial peripapillary capillary slab from the internal limiting 
membrane to the nerve fiber layer after automated removal 
of large retinal vessels. Macular VD measurements were 
calculated from whole en face image VD derived from the 
entire 6 × 6 mm2 region centered on the fovea within slabs 
ranging from the internal limiting membrane to the pos-
terior boundary of the inner plexiform layer. The OCT-A 
software automatically provided peripapillary and macular 
region VD, which were divided into the superior and inferior 
hemiretina (Fig. 1d, e).

Assessment of choroidal microvasculature dropout 
(CMvD) within β-parapapillary atrophy ( β-PPA) was evalu-
ated on en face images derived from 4.5 × 4.5 mm choroi-
dal layer vessel density maps generated by ONH OCT-A 
(Fig. 1f) [17]. These slabs contained layers from the retinal 
pigment epithelium to 390 μm below the Bruch’s mem-
brane, which includes the full thickness of the choroid and 
the inner scleral border [18]. The presence of CMvD was 
defined according to the method described by Suh et al. [17] 
Briefly, CMvD within the β-PPA was defined ad a complete 
loss of the choriocapillaris or the microvasculature on enface 
choroidal layer vessel density maps [17, 19–21]. β-PPA was 
defined as an area between the optic disc margin as the inner 
margin of the peripapillary scleral ring on the scanning 
laser ophthalmoscopy images of OCT-A [22]. Dropout was 
required minimum width of 200 mμ based on the approxi-
mated width of the central retinal vein in glaucomatous eyes 
via a previously validated method [23]. All en face choroidal 
layer images were evaluated independently by two glaucoma 
specialists (A.L. and K.R.S.), who identified the margins of 
the optic disc, β-PPA, and CMvD.

OCT-A images were excluded if one or more of the fol-
lowing defects was present: (1) poor image quality with sig-
nal strength index < 7; (2) motion artifacts such as signifi-
cant residual motion line; (3) localized weak signal intensity 
caused by vitreous floaters or poor clarity such as that caused 
by media opacity; (4) images not centered on the fovea (fixa-
tion error); or (5) segmentation failure.

Development of visual field defect in unaffected 
hemifields

Development of VF defect in perimetrically unaffected 
hemifield was defined when three consecutive VF tests 
showed ≥ 3 points with P < 0.05 or ≥ 2 points with P < 0.02 
on a pattern deviation probability map in an initial unaf-
fected hemifield [24]. Patients with VF loss detected in 

perimetrically unaffected hemifields during the follow-up 
period were classified into the “conversion” group. Con-
versely, patients without VF loss in perimetrically unaffected 
hemifields during the follow-up period were classified into 
the “no conversion” group.

Outpatient follow‑up

After the initial comprehensive work-up, POAG eyes were 
managed with (97.4%) or without (2.6%) topical antiglau-
coma medications based on patients’ age, risk factors for 
disease progression, disease severity, level of IOP, and 
confirmation of disease progression. At the last follow-up, 
topical antiglaucoma medications were applied including 
prostaglandin analogues (83.4% of the patients), a com-
bination of beta-blockers and carbonic anhydrase inhibi-
tors (56.2%), and brimonidine (21.4%). Acceptable patient 
compliance with glaucoma medication was shown based on 
patient-reported adherence to antiglaucoma medication (tak-
ing > 80% of prescribed dose). The mean and peak follow-up 
IOP of the patients was 13.61 ± 1.96 mmHg and 15.42 ± 
2.47 mmHg, respectively.

Study endpoint definition

The endpoint for this study was evidence of VF progression 
defined as development of glaucomatous VF defect in three 
or more consecutive tests. For subjects with conversion, the 
study endpoint was defined as the first of three abnormal VF 
test dates. Conversely, subjects with no conversion did not 
reach the study endpoint.

Statistical analysis

All statistical analyses were performed using SPSS version 
21.0 (IBM Corp, Chicago, IL). P-values < 0.05 were con-
sidered statistically significant, and results are presented as 
either mean values with standard deviation or as frequen-
cies and percentages. The extent of interobserver agreement 
(A.L. and K.R.S) for the presence of CMvD was evaluated 
by the calculation of kappa ( κ ) coefficients. The normality 
of distribution was assessed using a Kolmogorov–Smirnov 
test. Normally distributed data were compared using an inde-
pendent Student’s t-test; otherwise, Mann–Whitney U tests 
were used. Categorical variables were compared using chi-
square tests between groups. The total rate of change during 
a follow-up period on average in each eye was determined 
by linear regression analysis against patient age using serial 
OCT and OCT-A measurements. The change rates of each 
parameter were compared between the “conversion” and 
“no conversion” groups. Univariable and multivariable Cox 
proportional hazard models were performed to determine 
the risk factors for developing VF defects in perimetrically 
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unaffected hemifields. Variables with P < 0.20 in univariable 
analyses were included in multivariable analyses. For the 
final multivariable analysis, a backward elimination process 
was used.

Results

After an initial review, 77 eyes of 77 patients that met the 
initial inclusion criteria were included. Of these, six eyes 
with unreliable VF tests and ten eyes with poor OCT/OCT-A 
scan quality were excluded. A total of 61 eyes were included 
in the final cohort. Mean follow-up duration was 2.7 years 
and mean visit number was 5.1 visits. We found excellent 
interobserver agreements in CMvD measurement with κ = 
0.907.

Table 1 summarizes baseline clinical characteristics of the 
participants. Among the 61 eyes, 17 eyes (27.9%) developed 

glaucomatous VF conversion in the unaffected hemifield 
(conversion group) and 44 eyes (72.1%) did not (no conver-
sion group). The conversion group exhibited significantly 
higher prevalence of CMvD (no conversion group = 52.3% 
vs. conversion group = 82.3%, P = 0.031) and lower base-
line GCIPL thickness (average 76.0 vs. 69.9 μm; affected 
hemifield 67.6 vs. 62.4 μm; unaffected hemifield 85.4 vs. 
78.2 μm, all P < 0.05). Average/regional RNFL thickness, 
ONH superficial VD, and macular VD values were generally 
lower in the conversion group, but the differences did not 
reach the statistical significance (P > 0.05).

Table 2 summarizes the total rates of change in OCT/
OCT-A parameters over the following period on aver-
age between the two groups. Both affected and unaffected 
hemifields, the conversion group showed significantly 
greater rates of change in structural (RNFL thickness at 
affected hemiretina −0.06 vs. −1.31 μm/year; RNFL thick-
ness at unaffected hemiretina −0.01 vs. −2.86 μm/year; 

Table 1   Comparison of 
demographics and baseline 
clinical characteristics 
between eyes with and without 
glaucomatous visual field 
conversion in perimetrically 
unaffected hemifields

Boldface values indicate statistical significance
Continuous variables were compared by independent Student’s t-test or Mann–Whitney U test
Categorical variables were compared by chi-square test
CMvD, choroidal microvasculature dropout; GCIPL, ganglion cell-inner plexiform layer; I, inferior; ONH, 
optic nerve head; RNFL, retinal nerve fiber layers; S, superior; VD, vessel density

All subjects No conversion Conversion P-value

Number of eyes (%) 61 (100) 44 (72.1) 17 (27.9)
Age, year 50.5 ± 13.5 49.9 ± 12.7 52.2 ± 16.0 0.597
Sex, male:female 36:25 29:15 7:10 0.078
Follow-up duration, year 2.7 ± 0.8 2.6 ± 0.8 3.0 ± 0.8 0.060
Axial length, mm 25.48 ± 1.78 25.56 ± 1.59 25.29 ± 2.20 0.654
Central corneal thickness, μm 527.05 ± 41.78 529.38 ± 42.03 520.94 ± 41.82 0.498
Intraocular pressure, mmHg 14.8 ± 3.1 14.9 ± 2.9 14.3 ± 3.9 0.581
Number of topical antiglaucoma 

medications, n
1.5 ± 1.0 1.5 ± 1.1 1.5 ± 0.7 0.962

CMvD, n (%) 37 (60.6) 23 (52.3) 14 (82.3) 0.031
Affected hemifield, S:I 53:8 38:6 15:2 0.786
Visual field mean deviation, dB −7.11 ± 4.51 −6.91 ± 4.64 −7.62 ± 4.25 0.575
Global
  RNFL thickness, μm 70.6 ± 12.1 71.5 ± 10.4 68.1 ± 16.0 0.424
  GCIPL thickness, μm 74.3 ± 9.6 76.0 ± 9.7 69.9 ± 8.0 0.018
  ONH superficial VD,% 42.5 ± 4.9 43.2 ± 4.4 40.8 ± 5.7 0.129
  Macular VD,% 41.7 ± 4.6 42.2 ± 4.4 40.3 ± 4.9 0.185

Perimetrically affected hemifields
  RNFL thickness, μm 63.5 ± 17.6 62.9 ± 13.7 65.0 ± 25.6 0.744
  GCIPL thickness, μm 66.1 ± 9.1 67.6 ± 9.5 62.4 ± 7.3 0.031
  ONH superficial VD, % 38.3 ± 5.0 38.6 ± 4.7 37.2 ± 5.6 0.380
  Macular VD,% 39.0 ± 4.9 39.2 ± 4.3 38.4 ± 6.3 0.640

Perimetrically unaffected hemifields
  RNFL thickness, μm 101.5 ± 24.8 103.8 ± 24.8 95.6 ± 24.5 0.255
  GCIPL thickness, μm 83.4 ± 11.1 85.4 ± 10.9 78.2 ± 10.1 0.021
  ONH superficial VD, % 46.1 ± 6.0 46.9 ± 5.7 44.0 ± 6.4 0.117
  Macular VD, % 44.1 ± 4.9 44.5 ± 4.9 42.9 ± 5.0 0.259
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GCIPL thickness at affected hemiretina −0.56 vs. −2.29 μm/
year; GCIPL thickness at unaffected hemiretina −0.55 
vs. −3.85 μm/year) and vascular parameters (ONH super-
ficial VD at affected hemiretina −0.64 vs. −1.66%/year; 
ONH superficial VD at unaffected hemiretina −0.55 
vs. −1.48%/year; macular VD at affected hemiretina −0.54 
vs. −1.57%/year; macular VD at unaffected hemiretina −0.68 
vs. −1.61 μm/year, all P < 0.05) compared to the no conver-
sion group in both the affected and unaffected hemiretinas 
for all parameters.

Table 3 summarizes the Cox proportional hazard model 
for risk factors of development of VF defects in unaffected 
hemifields. To avoid multicollinearity between OCT and 
OCT-A parameters, two multivariable models were per-
formed separately. Within the affected hemiretina, thinner 
baseline GCIPL thickness values (hazard ratio [HR], 1.090; 
95% confidence interval [CI], 1.023 to 1.161; P = 0.007), a 
greater rate change in GCIPL thickness (HR, 1.283; 95% 
CI, 1.027 to 1.603; P = 0.028), a greater rate of change in 
ONH superficial VD (HR, 1.636; 95% CI, 1.074 to 2.494; 
P = 0.022), and a greater rate of change in macular VD (HR, 
2.059; 95% CI, 1.354 to 3.131; P = 0.001) were significantly 
associated with the risk of developing VF defects in the 
perimetrically unaffected hemifield. Within the unaffected 
hemiretina, a greater rate of change in RNFL thickness (HR, 
1.367; 95% CI, 1.130 to 1.655; P = 0.001), a greater rate of 
change in GCIPL thickness (HR, 1.432; 95% CI, 1.184 to 
1.732; P < 0.001), a greater rate of change in ONH super-
ficial VD (HR, 1.455; 95% CI, 1.001 to 2.115; P = 0.049), 
and a greater rate of change in macular VD (HR, 1.495; 
95% CI, 1.123 to 1.990; P = 0.006) were associated with 
the future glaucomatous VF conversion in the perimetrically 
unaffected hemifield.

Figure 2 shows a representative case demonstrating pro-
gressive OCT/OCT-A parameter loss in a POAG eye with 
VF progression detected in the initial perimetrically unaf-
fected hemifield during the follow-up. A 46-year-old woman 
with VF defect confined to the superior hemifield at baseline 
experienced expansion of VF defect across the horizontal 
meridian over a 3.8-year follow-up. Rates of ONH superficial 

VD and macular VD changes exhibited progressive dec-
rement in both the perimetrically affected (inferior ONH 
superficial VD −0.96%/year, inferior macular VD −0.81%/
year) and unaffected hemiretinas (superior ONH superfi-
cial VD −1.23%/year, superior macular VD −0.77%/year). 
Additionally, GCIPL thickness also decreased in both the 
perimetrically affected (inferior GCIPL thickness −0.90 μm/
year) and unaffected hemiretina (superior GCIPL thick-
ness −0.67 μm/year) during the follow-up period. With 
regard to RNFL thickness, RNFL thickness of unaffected 
hemiretina showed progressive decrement over time (supe-
rior RNFL thickness −0.88 μm/year), but RNFL thickness 
of affected hemiretina did not show apparent change due 
to a floor effect (inferior RNFL thickness −0.12 μm/year).

Discussion

In the present study, the POAG eyes that developed a VF 
defect in the perimetrically unaffected hemifield exhibited 
significantly greater rates of change in OCT/OCT-A param-
eters in both the affected and unaffected hemiretina. Further-
more, greater structural and VD changes were significantly 
associated with future VF conversion in perimetrically unaf-
fected hemifields. Our findings suggest that longitudinal 
assessment of vascular and structural changes is useful for 
clinical management of POAG eyes with single-hemifield 
VF defects and could predict risk of future VF conversion 
in perimetrically unaffected hemifields. In addition, progres-
sive structure and vasculature deterioration could warrant 
more aggressive treatment to decrease the risk of VF conver-
sion in the perimetrically unaffected hemifield.

Previous studies reported that eyes with glaucomatous 
progression showed more severe RNFL and GCIPL damage 
at baseline compared with those without [25, 26]. Lalezary 
et al. [25] reported that eyes with glaucomatous progres-
sion showed significantly thinner baseline RNFL thickness 
than those without. Zhang et al. [27] reported the utility of 
baseline focal macular thinning in predicting VF progres-
sion. The present findings are consistent with those of prior 

Table 2   Comparisons of rates of change in OCT/OCT-A parameters between eyes with and without glaucomatous conversion in each hemifield

Boldface values indicate statistical significance. Each P-value was estimated by Student’s t-test
GCIPL ganglion cell-inner plexiform layer, OCT optical coherence tomography, OCT-A optical coherence tomography angiography, ONH optic 
nerve head, RNFL retinal nerve fiber layer, VD vessel density

Affected hemifield Unaffected hemifield

No conversion conversion P-value No conversion Conversion P-value

Rate of change in RNFL thickness, μm/year −0.06 ± 2.03 −1.31 ± 1.34 0.008 −0.01 ± 4.19 −2.8 ± 2.79 < 0.001
Rate of change in GCIPL thickness, μm/year −0.56 ± 1.49 −2.29 ± 1.73 0.002 −0.55 ± 1.12 −3.82 ± 3.04 < 0.001
Rate of change in ONH superficial VD, % ∕ year −0.64 ± 1.06 −1.66 ± 1.23 0.006 −0.55 ± 1.19 −1.48 ± 1.42 0.024
Rate of change in macular VD, % ∕ year −0.54 ± 1.60 −1.57 ± 1.46 0.022 −0.68 ± 2.01 −1.61 ± 1.06 0.023
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studies [25–28] in that conversion eyes exhibited significantly 
lower baseline GCIPL thickness in both affected and unaf-
fected hemiretina than no conversion eyes (Table 1). These 
findings indicate that structural changes could already have 
been present in the macular region of the unaffected hemiret-
ina before apparent VF conversion was detected. However, 
there was no significant difference in baseline RNFL thick-
ness values in the affected hemiretina of both conversion and 
non-conversion groups. One possible explanation for these 
findings could be related to a “floor effect” of RNFL thick-
ness in affected hemiretina. Although participants enrolled 
in the study had moderate severity of glaucoma with a mean 
MD of −7.10 dB, perimetrically affected hemifields were 
more severe than the mean VF MD. Because RNFL thick-
ness is  less sensitive than GCIPL thickness in advanced 
glaucoma [29–33], it is plausible that RNFL thickness of 
the affected hemiretina had already reached the measure-
ment floor, and significant differences were not detectable 
between the two groups. There was no significant difference 
between the two groups in RNFL thickness at perimetrically 
unaffected hemiretina as well. One potential explanation is 
that loss of retinal ganglion cell counts in the macular region 
may be easier to detect than RNFL loss when evaluating early 
glaucomatous damage considering the high density of retinal 
ganglion cells in the macular region [34, 35]. A prior study 
[36] of 151 early-stage glaucoma eyes with a mean follow-up 
of 3 years demonstrated that GCIPL change was frequently 
detected prior to the corresponding RNFL change. Another 
explanation for the finding could be related to the study popu-
lation, which consisted primarily of normal tension glaucoma 
cases (44 eyes, 72.1%). Because normal tension glaucoma is 
more closely associated with initial paracentral scotomas [37], 
VF conversion in the unaffected hemifield could begin in the 
paracentral area. Indeed, 70.6% of VF defects in the present 
study’s conversion group began within the paracentral area. 
Therefore, initial RNFL thickness in the unaffected hemiretina 
could be a poor predictor of glaucomatous conversion due to 
topographic disparities [38].

The rates of change in OCT/OCT-A parameters were 
significantly greater in the conversion group than in the no 
conversion group at both affected and unaffected hemiretina 
(Table 2). These findings suggest that eyes with glaucoma-
tous progression spreading across the horizontal meridian 
exhibited significant progressive structural and vascular 
deterioration, not only in the apparently normal hemiretina, 
but also in the hemiretina corresponding to the pre-existing 
VF damage. Thereby, it is necessary to monitoring progres-
sive structural and VD loss in the already-defective area 
as well as the intact area to detect potential glaucomatous 
progression in the unaffected hemiretina. Our findings are 
consistent with the findings of prior studies suggesting that 
glaucomatous progression occurs most frequently in areas 
with pre-existing abnormalities [39–42]. Boden et al. [41] Ta
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reported that majority of progressed glaucoma eyes exhib-
ited a combination of expansion and deepening of existing 
scotomas. Additionally, when the global MD rate of progres-
sion was compared with the progression rate of initial abnor-
mal points, analyses suggested that most global progression 
is driven by the initially abnormal region [42].

In the Cox proportional hazard model (Table 3), greater 
rates of change in ONH superficial and macular VDs in 
both affected and unaffected hemiretina were the risk fac-
tors for future glaucomatous VF conversion of initial peri-
metrically unaffected hemifields. These results are consistent 
with recent findings that the rates of longitudinal changes in 
ONH superficial and macular VD are significantly associ-
ated with VF progression [10, 43]. Notably, the progressive 
VD changes in both affected and unaffected hemiretina were 
significantly associated with VF conversion. This supports 
our notion that VF conversion is associated  not only with 
development of glaucomatous damage in an unaffected 
area, but also with worsening of pre-existing damage in an 
affected area. In our Cox proportional hazard model, the 
rates of change in GCIPL thickness in both affected and 

unaffected hemiretina as well as the rate of in RNFL thick-
ness in unaffected hemiretina were also the risk factors for 
VF conversion. These results are comparable to the previ-
ous studies that progressive structural loss had significantly 
higher risk for the glaucomatous progression [3, 44, 45]. 
However, the rate of change in RNFL thickness in affected 
hemiretina had no impact on VF conversion after control-
ling other covariates including the rate of change in GCIPL, 
despite having statistically significance in univariable analy-
ses. One possible explanation for this finding is that RNFL 
exhibits a floor effect, below which no more change occurs. 
By contrast, GCIPL and VD have relatively larger dynamic 
range than RNFL [29, 46]. Thus, GCIPL and VD may be 
less susceptible to the floor effect even in affected hemiret-
ina. That is why we think that the rates of change in GCIPL 
thickness and VD at affected hemiretina, not RNFL thick-
ness, were better predictors of VF conversion.

There was no significant difference in baseline VD 
parameters between the conversion and no conversion 
groups (Table 1), and the baseline VD parameters of the 
perimetrically affected and unaffected hemiretina did not 

Fig. 2   A 46-year-old woman with visual field (VF) defect confined to 
the superior hemifield at baseline experienced expansion of VF defect 
across the horizontal meridian over a 3.8-year follow-up. Rates of 
optic nerve head (ONH) superficial vessel density (VD) and macu-
lar VD changes exhibited progressive decrement in both the peri-
metrically affected (inferior ONH superficial VD −0.96%/year, infe-
rior macular VD −0.81%/year) and unaffected hemiretinas (superior 
ONH superficial VD −1.23%/year, superior macular VD −0.77%/
year). Additionally, ganglion cell-inner plexiform layer (GCIPL) 
thickness also decreased in both the perimetrically affected (inferior 

GCIPL thickness −0.90 μm/year) and unaffected hemiretina (superior 
GCIPL thickness −0.67 μm/year) during the follow-up period. RNFL 
thickness of unaffected hemiretina also showed progressive decre-
ment over time (superior RNFL thickness −0.88 μm/year), but RNFL 
thickness of affected hemiretina did not show apparent change due to 
a floor effect (inferior RNFL thickness −0.12 μm/year). GCIPL thick-
ness, macular ganglion-inner plexiform layer thickness; ONH, optic 
nerve head; RNFL, retinal nerve fiber layer; VD, vessel density; VF, 
visual field
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affect subsequent development of VF damage in the peri-
metrically unaffected hemifield (Table 3). One possible 
explanation for this finding is that disruption of the super-
ficial microvasculature could be secondary to axonal loss, 
such as RNFL thinning [17, 43], suggesting that significant 
differences in VD loss between the two groups were not 
detectable at baseline.

There are some inherent limitations in the study that 
should be considered. First, the findings should be cautiously 
interpreted due to the smaller sample size of the conversion 
group (17 eyes, 27.9%) than that of the no conversion group 
(44 eyes, 72.1%). Second, because the OCT-A device is 
newly adapted compared with the conventional OCT device, 
the study is limited by a relatively short follow-up period 
(2.7 years) and small number of OCT-A tests (5.1 tests). 
Third, RNFL thickness quadrants were used for analysis of 
perimetrically affected and unaffected hemiretina, which 
were topographically different each other, as explained in 
Fig. 1. Nevertheless, these regions are topographically close 
to each other, and no automatic reports for RNFL thickness 
hemiretina are currently provided by the Cirrus OCT device. 
Fourth, temporal region of RNFL was not considered in our 
study. RNFL thickness hemiretina may be insufficient to rep-
resent subtle change which begins within a localized region. 
Moreover, our cohort consisted of mainly NTG patients who 
may present paracentral scotoma. Because temporal region 
of ONH is topographically close to the macular vulnerabil-
ity zone which was described by Hood et al. [47], temporal 
RNFL damage may be prior to hemiretinal RNFL change 
especially in patients with paracentral VF defect [47, 48]. 
Fifth, projection artifacts (i.e., overlying superficial retinal 
vessels) could make it difficult to precisely measure CMvD. 
Nonetheless, we excluded poor quality images from analy-
sis to minimize any projection artifacts. In addition, two 
examiners independently evaluated CMvD with previously 
validated method [17, 19–21] and excellent interobserver 
agreements (k = 0.907) were found. Sixth, we did not con-
sider the potential confounding effects of ocular and sys-
temic pressure-lowering medications on the rates of changes 
in OCT/OCT-A parameters. Alteration of ocular blood flow 
by systemic hypotensive medications could potentially affect 
OCT/OCT-A measurements. The use of topical IOP-low-
ering agents may also influence on OCT-A measured ves-
sel densities. Martinez et al. [49] reported that intraocular 
blood flow increased after application of topical dorzolamide 
in both normal and glaucomatous eyes. Although topical 
combination IOP-lowering agents which including carbonic 
anhydrase inhibitor were applied 56.2% of our participants at 
the last follow-up, we did not consider the effect of carbonic 
anhydrase inhibitor on vessel density parameters. Seventh, 
as we evaluated a homogeneous Korean population that vis-
ited our tertiary clinic, our findings could potentially not be 
applicable to the general population. Moreover, inclusion 

criteria regarding spherical equivalent (spherical equiva-
lent −6.0 to + 3.0 D; cylinder correction ± 3D) and BCVA ( ≥ 
20/30) could also limit the generalizability of our findings. 
Further large-scale studies with various ethnicities which can 
reflect real-world population will be necessary to exclude 
this possibility. Lastly, topographical disparities between 
the acquired horizontal axis of OCT/OCT-A images and the 
anatomic horizontal axis were not considered in the current 
study. He et al. [50] found that there were significant differ-
ences between acquired horizontal axis of SD-OCT images 
and the anatomic horizontal axis which connecting the fovea 
and Bruch’s membrane opening. Therefore, these disparities 
may induce spurious functional loss in the wrong hemifield.

  In conclusion, serial measurements of VD using 
OCT-A and structural changes assessed by OCT are use-
ful for prediction of future glaucomatous conversion in 
the perimetrically unaffected hemifields of POAG eyes 
with single-hemifield defects. Progressive structural and 
vascular changes were detected in both perimetrically 
affected and unaffected hemiretina of eyes that presented 
VF conversion. Therefore, monitoring of both areas to 
detect worsening of pre-existing defects and development 
of new damage could be clinically useful in monitoring 
POAG eyes with a single-hemifield defect.
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