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Abstract
Purpose To describe the foveal characteristics of children with a history of retinopathy of prematurity (ROP) using optical
coherence tomography angiography (OCTA).
Methods All eyes were examined by OCTA (RTVue AVANTI, Optovue Inc, Fremont, CA) with a scan of 3 × 3 mm
cantered on the fovea. The size of the foveal avascular zone (FAZ), central retinal thickness (CRT), and foveal bulge were
measured.
Results Forty-eight eyes of 26 children with a history of ROP and a mean age of 8.8 years with a range of 4–16 years (ROP
group) were studied. Sixty-six eyes of 36 children without any fundus abnormalities and with an average age of 10.5 years
and a range of 3–17 years (control group) were studied as controls. The mean FAZ area in the ROP group was 0.18 mm2

which was significantly smaller than the 0.32 mm2 in the control group (p < 0.01). The mean CRT was significantly thicker
in the ROP group (228 µm) compared to the control group (189 µm; p < 0.01). The size of FAZ was not measurable in 5 eyes
(10.4%) of 3 children in the ROP group. The correlation between the FAZ area and CRT was significant in both the ROP and
control groups (r=−0.53 in ROP; r=−0.57 in control; both p < 0.01). There was no significant difference in the height of
the foveal bulge between two groups (p= 0.64).
Conclusions The FAZ is smaller in ex-preterm children with a history of ROP (including laser treatment for ROP) than in
children who were not premature.

Introduction

Retinopathy of prematurity (ROP) is a disorder of early
childhood that is associated with reduced visual acuity and
possible blindness in severe cases of ROP [1, 2]. ROP is a
retinal disorder that is associated with a failure of blood
vessels to develop in the peripheral fundus and is associated
with an increased expression of vascular endothelial growth
factor (VEGF). Recent optical coherence tomographic
(OCT) studies have shown that the fovea was abnormal in
eyes with a history of ROP [3, 4].

OCT angiography (OCTA) is a non-invasive technique
for imaging the microvasculature of the retina and choroid
[5, 6]. Cross-sectional OCT images can also be obtained at
the same time by OCTA. OCTA is able to obtain high
resolution en face images of the vascular pattern around the
fovea which can then be used to quantify the dimensions of
the foveal avascular zone (FAZ) with greater detail than
fluorescein angiography [7, 8]. The clinical significance of
the FAZ has not been definitively determined [9]. For
example, the mechanism(s) causing the larger FAZ in
diabetic patients even before the onset of diabetic retino-
pathy has not been determined [10, 11]. Although there
have been some reports on the FAZ in children determined
by OCTA, there have been few studies on the FAZ
in children with ROP which is known to be associated
with vascular abnormalities during the early postpartum
period [12–14].

Thus, the purpose of this study was to determine the FAZ
area and the foveal structures in children with a history of
ROP using OCTA and to compare these to children of
normal gestation period and normal birth weight.
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Methods

This was a single-center, retrospective, observational,
comparative study of patients examined in the ROP clinic of
the Tokyo Women’s Medical University Hospital. Patients
examined between 1 October 2016 and 30 September 2017
were studied. All cases had a best-corrected visual acuity
(BCVA) of ≥20/20 and had good fixation. Cases with Zone
I ROP that affected the foveal vasculature and fixation were
excluded. Children with a history of ROP, the ROP group,
were recruited from the ROP clinic, and full-term birth
children with normal ocular examination were recruited
from the Strabismus and Amblyopia Clinic of our hospital
for the control group. All examinations were performed
after informed consent was obtained from the parents.

All eyes were examined by OCTA (RTVue AVANTI,
Optovue Inc, Fremont, CA) with a scan of 3 × 3 mm can-
tered on the fovea. Cross-sectional OCT images were also
obtained with this device. We examined both eyes but
excluded the eyes with poor image quality.

The FAZ area (mm2) was determined from the en face
OCTA images and the central retinal thickness (CRT, µm)
from the cross-sectional OCT images with the embedded
software. If a foveal bulge, a lengthening of the outer seg-
ments of the photoreceptors, was detected at the central
fovea, the images showing the foveal bulge were used for
the measurements of CRT. The length of foveal bulge was
also measured using ImageJ (developed by Wayne Ras-
band, National Institutes of Health, Bethesda, MD; avail-
able at http://rsb.info.nih.gov/ij/index.html). The area of the
FAZ was automatically calculated by the non-flow mode in
each image of the auto-segmented superficial capillary
plexus. (Supplementary Fig. 1A, B) We calculated the
correlation between the FAZ area and the CRT. In the eyes
with unmeasurable FAZ, the FAZ area was set to zero for
the statistical analyses.

The density of the vessels (%) of the auto-segmented
superficial capillary plexus was also measured by the vessel
density mode automatically (Supplementary Fig. 1C). The
measurements were made in the following areas; a 3 × 3 mm
circle as the whole image, a 1 × 1 mm circle as the fovea,
and a 3 × 3 mm annulus other than the fovea as the
parafovea.

The procedures used in this retrospective study con-
formed to the tenets of the Declaration of Helsinki. The
Institutional Review Board of the Tokyo Women’s Medical
University approved this study.

Statistical analyses

All tests to determine the significance of the differences
were two-tailed, and p-values < 0.05 were considered
statistically significant. Chi-square tests were used for

categorical analysis. The means were compared by Mann-
Whitney U tests. Spearman’s tests were used to determine
the significance of the correlations. Multiple regression
analysis was also performed to evaluate the contribution of
each initial factor. All statistical analyses were performed
with EZR free software (Saitama Medical Center, Jichi
Medical University, Saitama, Japan), which is a graphic
user interface for R (The R Foundation for Statistical
Computing, Vienna, Austria) [15].

Results

One-hundred and fourteen eyes of sixty-two children (28
boys, 34 girls) with a mean age of 9.8 ± 3.1 years and a
range of 3 to 17-years were studied. Forty-eight eyes of 26
children with a history of ROP (8 boys, 18 girls, mean age
8.8 ± 2.6 years, range 4–16 years) were in the ROP group,
and 66 eyes of 36 children (20 boys, 16 girls; mean age
10.5 ± 3.2 years with a range 3 to 17 years) without any
fundus abnormalities were in the control group. The mean
gestational age was 27.8 [23.3 to 34.0] weeks and the mean
birth weight was 954 (523 to 2035) grams in the ROP
group. The gestational age in the control group was
≥37 weeks that was obtained from the mothers’ medical
records, however there was no birth weight recorded in the
control group. The children in the ROP group were sig-
nificantly younger than in control group (p= 0.02). There
were fewer boys in the ROP group than in the control
group, but the difference was not significant (p= 0.07). All
inborn preterm infants in the ROP group underwent ROP
examinations at the neonatal intensive care unit of the
Tokyo Women’s Medical University and were diagnosed
according to the International Classification of Retinopathy
of Prematurity. Thirty-eight eyes (81.3%) of 21 children in
the ROP group had a history of laser therapy for severe
stage 3 ROP (35 eyes in Zone II, 13 eyes in Zone III),
however there was no child with stage 4 or 5 of ROP. There
were 3 children with a history of unilateral laser therapy and
only 5 children without laser therapy in both eyes. The 5
children without any laser therapy had relatively longer
gestational period and were heavier at birth than the other
cases (n= 21) with laser therapy for both eyes. These dif-
ferences were statistically significant (gestational age 31.3
vs 27.0 weeks, p= 0.02; and birth weight 1411 vs 845
grams, p= 0.03). Representative cases are shown in Fig. 1.

The mean area of the FAZ was 0.18 ± 0.15 mm2 in the
ROP group which was significantly smaller than the 0.32 ±
0.09 mm2 in the control group (p < 0.01). The FAZ area was
too small to measure in 5 eyes (10.4%) of 3 children in the
ROP group (Fig. 2), and the FAZ was measurable in all of
the control eyes. The mean FAZ area in the eyes with a
history of laser therapy was 0.182 ± 0.15 mm2 which was
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not significantly different from the ROP eyes without prior
laser therapy (0.174 ± 0.12 mm2, p= 0.79).

The foveal bulge was present in the cross-sectional OCT
images in all eyes. The mean length of the foveal bulge was
56.0 ± 12.0 µm in the ROP group which was not sig-
nificantly longer than the 54.8 ± 11.9 µm in the control
group (p= 0.64). The mean CRT was 228 ± 30 µm in the
ROP group which was significantly thicker than the 189 ±
13 µm in the control group (p < 0.01; Fig. 3). The mean CRT
in the eyes with a history of laser therapy was 237 ± 28 mm2

which was significantly thicker than that in the ROP eyes
without prior laser therapy (206 ± 25 mm2, p < 0.01).

There was a residual inner retinal layer in the cross-
sectional images through the fovea in 20 eyes (76.9%) of 12
children with a history of ROP including the eyes in which
the FAZ size could not be measured. There was no residual
inner retinal layer in any of the control eyes.

There were significantly correlations between the FAZ
area and the CRT in both the ROP and control groups (r=
−0.53 in ROP; r=−0.57 in control; both p < 0.01; Fig. 4).

Fig. 2 OCTA images of eyes
with unmeasurable size of foveal
avascular zone in the retinopathy
of prematurity group. All eyes
have a residual inner retinal
layer in the foveal region. a Both
eyes of a 9-year-old boy.
Gestational age was 26 weeks
and birth weight was 823 g.
b Right eye of a 7-year-old boy.
Gestational age was 24 weeks
and birth weight was 523 grams.
c Both eyes of a 9-year-old boy.
Gestational age was 25 weeks
and birth weight was 738 g. BW
birth weight, GA gestational age

Fig. 3 Comparisons of the area of the foveal avascular zone
(FAZ) and the central retinal thickness (CRT) between eyes of
the retinopathy of prematurity (ROP) group and control group.
a The mean FAZ area is 0.18 ± 0.15 mm2 in the ROP group and
0.32 ± 0.09 mm2 in the control group (P < 0.01). b The mean CRT is
228 ± 30 µm in the ROP group which is significantly thicker than the
189 ± 13 µm in the control group (P < 0.01). Long horizontal bars
indicate the mean values in each group

Fig. 1 Foveal avascular zone
(FAZ) and central retinal
thickness (CRT) in
representative optical coherence
tomography angiographic
(OCTA) images. FAZ is smaller
and CRT is thicker in the eyes
with a history of retinopathy of
prematurity than in the eye of a
full-term child. a and b Eyes of a
full-term child. c and d Eyes
with a history of retinopathy of
prematurity. BW birth weight,
GA gestational age
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The FAZ area in the ROP group was significantly cor-
related with the gestational age (r= 0.54, p < 0.01), how-
ever it was not significantly correlated with the birth weight
(r= 0.14, p= 0.36; Fig. 5a, b). On the other hand, the CRT
in the ROP group was significantly correlated with both the
gestational age (r=−0.67, p < 0.01) and birth weight (r=
−0.59, p < 0.01; Fig. 5c, d). Multiple regression analysis
showed the correlation of the FAZ area to a history of laser
therapy was not significant (p= 0.23) but not significantly

correlated with the gestational age, the birth weight, and the
CRT (all p < 0.01).

The vessel density of the superficial capillary plexus of
the whole image in the ROP group was significantly lower
than in the control group (52.6% vs 53.9%, p < 0.01; Sup-
plementary Fig. 2A). Five eyes in the ROP group and eight
eyes in the control group were excluded from the mea-
surements of the vessel density due to poor image quality of
the retinal capillaries. Although the vessel density at the

Fig. 4 The size of the foveal avascular zone (FAZ) is significantly correlated with the central retinal thickness (CRT) in both the retinopathy of
prematurity group (ROP) and the control group (r=−0.53 in ROP, r=−0.57 in control, both p < 0.01)

Fig. 5 Correlations between area of FAZ and central retinal thickness
and gestational age and birth weight. a and b Foveal avascular zone
(FAZ) area of an eye in the retinopathy of prematurity (ROP) group is
significantly correlated with the gestational age (r= 0.50, p < 0.01).
However, it is not significantly correlated with the birth weight

(r= 0.07, p= 0.65). c and d Central retinal thickness (CRT) in
ROP group is significantly correlated with both the gestational
age (r=−0.67, p < 0.01) and birth weight (r=−0.59, p < 0.01).
GA gestational age, BW birth weight
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fovea in the ROP group was significantly higher than in the
control group (35.7 vs 30.1%, p < 0.01; Supplementary
Fig. 2B), the vessel density at the parafovea was sig-
nificantly lower in the ROP group than in the control group
(54.1 vs 56.4%, p < 0.01; Supplementary Fig. 2C). The
vessel density in the ROP group was not significantly cor-
related with the gestational age (r= 0.15, p= 0.35; Sup-
plementary Fig. 3A), however it was significantly correlated
with the birth weight (r= 0.47, p < 0.01; Supplementary
Fig. 3B).

Discussion

Our results showed that the area of the FAZ was sig-
nificantly smaller and the CRT was significantly thicker in
the OCTA images of eyes with a history of ROP than in
eyes of full-term children. In addition, there were 5 eyes
(10.4%) of 3 children in the ROP group whose FAZ was not
measurable. Interestingly, the FAZ area in the ROP group
was not significantly correlated with the birth weight but
was with the gestational age. This suggests that the gesta-
tional age was more important for the normal development
of the foveal vasculature. Moreover, there was no difference
in foveal bulge between two groups. This suggests that the
development of the outer retinal layer is not associated with
a history of prematurity. However, the majority of the cases
in the current study had had laser therapy for the ROP, and
we cannot state that our results were not affected by the
ROP alone.

The development of the fovea begins with all retinal
layers being present. Then, the cells of the inner retinal
layers including the retinal ganglion cells migrate away
from the fovea and undergo apoptosis at around 25 weeks
of gestation as the second step. The foveal depression
finally forms with an absence of the inner retinal layers
[16, 17]. During these processes, the retinal vessels do not
invade the foveal region which remains avascular. There
have been several OCT studies that reported abnormalities
in the development of the fovea in preterm birth infants and
ROP eyes [3, 4]. Villegas et al. [4] reported that patients
with a history of ROP had a higher incidence of macular
morphological abnormalities including retention of the
inner retinal layers and an absence of a foveal depression in
the spectral domain OCT images. Our results also showed a
residual inner retinal layer in 76.9% of the eyes. A small or
absent FAZ has also been found in fluorescein angiograms
[18–21]. Mintz-Hittner et al. [18] measured the area of the
FAZ in the eyes with a history of ROP using digital
fluorescein angiography. Their mean FAZ area was 0.044
mm2 in preterm infants (average gestational age 27.8 weeks
and birth weight 993.5 g), which is much smaller than the
FAZ area in our cohort. Interestingly, they had excluded

eyes with severe ROP to avoid the influences of treatment
such as laser therapy. In contrast, Lepore et al. [19, 20]
reported the macular abnormalities including absence of
FAZ in the fluorescein angiograms improved 9 months after
the laser treatment (64.6%) compared to intravitreal injec-
tion of bevacizumab (25%). They also reported that there
were fewer macular abnormalities even at 4-years-of-age in
the same laser treatment groups [20]. These reports suggest
that a local suppression of the VEGF level by the laser
treatment had a better effect on the foveal development than
complete suppression of VEGF by a bevacizumab injection.

An absence of a FAZ and a foveal depression are often
observed in the eyes with foveal hypoplasia [22, 23]. Some
of these eyes with low grade foveal hypoplasia and without
a FAZ have been reported to have good visual acuity
[24, 25]. We have also reported an unmeasurable small size
of FAZ without visual impairment in 1.5% of the 267
normal adult eyes [26]. We also evaluated the foveal bulge
which might suggest that the integrity of the retinal outer
layer including the cone density in the eyes with a history of
ROP. The foveal bulge was seen in all ROP eyes, and the
mean length of the outer segments in the foveal bulge was
not significantly different from that in the eyes of control
group. These results suggest that the development of the
retinal outer layer was not associated with the inner retinal
layer even in those with a history of ROP. Cone packing at
the fovea is thought to gradually form after birth [22]. Thus,
a history of ROP might have little influence on retinal outer
layer development unless there were genetic factors. How-
ever, further studies are needed in the eyes with poor vision
and/or the history of the severe ROP because the current
study only included eyes with good vision and fixation for
the OCTA examinations.

Earlier studies have reported on the area of the FAZ in
the eyes with a history of ROP using OCTA [12–14]. For
example, Falavarjani et al. [13] reported that the mean FAZ
area was 0.06 mm2 in 28 eyes of preterm infants which was
much smaller than our findings. They also reported that an
absence of FAZ was observed in 12 eyes (42.8%) which is
much higher than that in our cohort. Their cohort consisted
of patients whose mean gestational age was 27.1 weeks and
a mean birth weight was 990 grams. In addition, 10 eyes
(35.7%) had been treated with laser for ROP. In their study,
the FAZ area in the eyes with a history of laser therapy was
significantly smaller than the eyes without laser therapy.
However, the difference might not be due to the laser
therapy itself because of the significant lower birth weight
in the patients with laser therapy. The mean gestational age
and birth weight were comparable to that of our cohort, and
the differences in the mean FAZ area and the rates of
absence FAZ might be due to other more complex factors,
e.g., there was no difference of FAZ area between the eyes
with and without a history of laser therapy in the current
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study. Although this is a small number, it is also supported
from the results of multiple regression analysis. The higher
proportion of previous laser treatments of similar gestational
ages and birth weights might lead to the relative larger FAZ
areas. Nonobe et al. [14] reported that the FAZ area was
0.103 mm2 in ten eyes with a history of laser or cryopexy
for stage 3 ROP. Although it is not possible to simply
compare their results with that of others because of the
small number of cases, their FAZ area was relatively
smaller than our FAZ area but larger than the FAZ area of
Falavarjani et al. [13] Their results did not provide evidence
for adverse effects of laser on FAZ formation.

Nonobe et al. [14] also reported that there was no sig-
nificant difference between the median vessel densities at
the fovea (1 mm circle) in the eyes with ROP and the
normal control group, and the vessel density at the paraf-
ovea (1–3 mm annulus) in the ROP group was significantly
lower than that in the normal control group. Their results
were comparable to our vessel density data. In our study,
the vessel density at the fovea in the ROP group was sig-
nificantly higher than in the control group. However, this
might be due to the vascular invasion into the foveal area in
the eyes with a history of ROP, and it might not indicate the
maturity of foveal capillaries.

On the other hand, the mean CRT in the eyes with a
history of laser therapy was significantly thicker than in the
ROP eyes without prior laser therapy despite there being no
difference in the FAZ area. Falavarjani et al. [13] also
reported on the CRT and their results showed that the eyes
with a history of laser therapy for ROP had thicker CRT
than without laser therapy. These results might also be
associated with not only the laser therapy but also the
gestational ages and birth weights.

There are several limitations in this study including the
low numbers of cases, the older age of the control group
than the ROP group, and the absence of eyes with poorer
vision because of the difficulty in maintaining fixation for
the OCTA examinations. In addition, there were fewer boys
in the ROP group than in the control group although the
difference was not significant. This difference might suggest
some bias in our selection of our cohort because severe
ROP had been associated more frequently with boys in
earlier studies [27, 28]. Because this was a retrospective
study, we did not have enough cases without laser therapy,
and we could not include the preterm and premature cases
without develop ROP. In addition, we used the data of both
eyes of an individual which might have affected the results.
Also, the birth weight of the full-term children in the control
group was not recorded. Thus, further studies of a larger
number of ROP cases that includes some with poor visual
acuity are needed. In addition, more data are needed to
determine whether the laser treatment affected the devel-
opment of the FAZ and/or vessel density around the fovea.

In conclusion, the area of the FAZ and vessel density
around the fovea might be associated with the abnormal
formation of the fovea excluding the foveal bulge during
development in eyes with a history of ROP. OCTA is useful
method to evaluate the foveal retinal vasculature and
structure noninvasively even in children.

Summary

What was known before

● A smaller foveal avascular zone was observed in eyes
with a history of retinopathy of prematurity than in
normal eyes using optical coherence tomography
angiography.

What this study adds

● In eyes with a history of retinopathy of prematurity the
foveal avascular zone was smaller than in normal control
group and could not be measured in 5 eyes (10.4%)
because the it was too small or indistinguishable. There
was no difference in the size of the foveal bulge due to
cone packing between retinopathy of prematurity and
normal control groups.
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