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Abstract

Purpose To describe the foveal avascular zone (FAZ) and vessel density (VD) in the superficial and deep capillary plexus in
children with a history of prematurity on optical coherence tomography angiography (OCTA) and their correlation with gesta-
tional age (GA) and birth weight (BW).

Methods We enrolled 81 preterm- and eight term-born children in this prospective observational study. The Optovue RTVue
AVANTI (Optovue Inc., Fremont, CA) was used to procure the OCTA images. The 3 X 3 mm scan protocol centered on the
fovea and the central | mm of the grid along with the FAZ of the superficial capillary plexus (SCP) and deep capillary plexus
(DCP) was acquired.

Results The mean SCP-VD was comparable between the preterms and term controls (p = 0.315) in the central fovea (1-mm grid).
However, the SCP-VD of the 3-mm grid was lower in the preterms born without ROP, with type 1 ROP, and with type 2 ROP
(47.61,47.90, and 48.82 respectively) compared to that in the term group (51.38; p = 0.031). The FAZ in the SCP (p = 0.003) and
DCP (p = 0.003) was significantly smaller in the preterms compared to that in the controls. Based on the GA sub-analysis, the
FAZ was significantly smaller in the SCP and DCP of preterms born < 31 weeks and > 31 weeks GA (p < 0.000, p < 0.035,
respectively). Based on the BW, the difference between the FAZ in the SCP (p = 0.002) and DCP (p = 0.003) was significant.
There was no association between the visual acuity and FAZ.

Conclusion Optical coherence tomography angiography findings in this study show an altered foveal morphology and vascu-
larity in preterms with and without ROP.

Key messages

@® Optical Coherence Tomography Angiography (OCTA) is a useful, non-invasive tool to evaluate the fovea of the
pediatric population. OCTA in preterm infants born > 31 weeks and > 1500 gram has not been reported. This cohort
had a less dense foveal capillary plexus compared to a younger cohort and OCTA of the superficial and deep
capillary plexus was altered despite having a normal visual acuity.

Keywords Superficial capillary plexus - Deep capillary plexus - Foveal avascular zone - Optical coherence tomography
angiography - Retinopathy of prematurity
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Optical coherence tomography angiography (OCTA) is a non-
invasive, dye less, and depth-resolved technique to study the
superficial and deep retinal capillary plexus as well as the
choroidal circulation. It overcomes the invasive nature of fun-
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vasculature and pathology of that particular layer in greater
detail [1]. On OCTA, the superficial capillary plexus (SCP)
includes vasculature from the nerve fiber layer and ganglion
cell layer, while the deep capillary plexus (DCP) includes both
the intermediate and deep inner retinal vasculature [2].

In adults, OCTA has been extensively used to study the
characteristics of retinal and choroidal circulation in various
vascular diseases. In diabetic retinopathy, it can delineate ret-
inal neovascularization, areas of capillary non-perfusion, and
the foveal avascular zone (FAZ), besides being able to quan-
tifying the flow index [3]. It is a useful non-invasive tool in
age-related macular degeneration to monitor functional and
morphologic characteristic and response to treatment [4]. In
retinal vein occlusion, OCTA helps in determining the perfu-
sion status of the macula and thus prognosticate [5].

Owing to its non-invasive procedure and shorter acquisi-
tion time, OCTA has contributed to our understanding of the
retinal and choroidal vasculature in the pediatric population
[6]. The main limitation is the requirement of a steady and
precise fixation for several seconds to acquire good-quality
images, which is a challenge in younger children. Our group
reported the first use of OCTA in an infant wherein we non-
invasively mapped the extent of neovascularization in a case
of aggressive posterior retinopathy of prematurity and docu-
mented its regression after treatment [7]. There have been
other reports in infants and children since then, evaluating
the FAZ, foveal pit characteristics, and the degree of macular
developmental arrest in preterm infants [8]. Retinopathy of
prematurity (ROP), a leading cause of childhood blindness
due to the abnormal development of retinal vessels, provides
an opportunity to correlate vascular development with foveal
topography and visual acuity in children. In the current study,
we evaluate the differences in vascular features on OCTA in
children with a history of preterm birth based on gestational
age (GA) and the severity of ROP.

Methods

This cross-sectional, observational study was approved by the
Institutional Ethics Committee and the Institute Research
Board and adhered to the tenets of the Declaration of
Helsinki. We obtained a written informed consent from the
parents or a legal guardian. We conducted the study between
January 2016 and December 2017 and enrolled Asian Indian
children between the age of four and eight who were previously
enrolled in the Karnataka Internet Assisted Diagnosis of
Retinopathy of Prematurity (KIDROP) tele-ROP program
[9-11]. We collected demographic information such as GA,
birth weight (BW), and clinical history, including the corrected
distance visual acuity (CDVA) from the KIDROP medical re-
cords. Age-matched controls with a history of full-term birth
and a normal ocular examination were enrolled. All participants
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included in the study had a CDVA better than 20/30. Only one
eye of each study child, either with better vision or better image
quality, was included in the study. In participants with compa-
rable vision and image quality, the study eye was selected
randomly. Eyes with poor fixation due to either low vision or
poor cooperation were excluded from the study. We also ex-
cluded participants who had hereditary retinochoroidal disease,
media opacities that precluded imaging, vitreomacular interface
disorders, or previous intraocular surgery.

All participants underwent a detailed anterior segment ex-
amination and dilated fundus evaluation with an indirect oph-
thalmoscope. The OCTA images were acquired with the par-
ticipant in an upright position without any anesthesia using the
RTVue XR Avanti AngioVue OCTA (Optovue Inc., Fermont,
CA). The 3 x 3 mm scan protocol centered on the fovea was
acquired for each study eye. Automated OCTA segmentation
was done using the in-built AngioVue module. The segmenta-
tion of the SCP en face image was performed with an inner
offset of 3 mm from the internal limiting membrane to the outer
boundary set at 16 mm from the inner plexiform layer. The
module segmented the DCP en face image from an inner
boundary of 16 mm from the inner plexiform layer to an outer
boundary of 69 mm from the inner plexiform layer. The grid-
based vascular density (VD) of the SCP (SCP-VD) and DCP
(DCP-VD) of the 3 x 3 mm and central 1 x 1 mm of the grid
was evaluated using the automated quantification by the in-built
RTVue XR Avanti AngioVue software (Fig. 1). The VD was
quantified as a percentage. The FAZ was considered present if a
distinct avascular zone was present without any vessel crossing
the center. The FAZ was quantified both automatically by the
machine using the flow measure software module and manually
by an independent investigator.

For statistical analysis, study groups were divided based on
the history of prematurity and ROP: term as controls, cases as
preterm with no ROP, preterm with type 1, and preterm with type
2 ROP. They were divided based on gestational age into GA <
31 weeks, GA > 31 weeks, and GA > 37 weeks (controls). There
were three groups based on birth weight into BW < 1500 g, BW
> 1500 (less than 2800 g), and BW > 2800 g (controls).

Statistical analysis

All analyses were performed using the IBM SPSS ver 25
(IBM Corp, Chicago, USA) and JMP Pro 13.1 (SAS, Cary,
NC). The distribution of the data was assessed using the
Shapiro-Wilk test. The mean difference between the groups
with continuous variables was analyzed using one-way
ANOVA, and post hoc analysis was performed using the
Bonferroni correction, and p < 0.05 was considered signifi-
cant. Pearson’s chi-squared test was used to analyze categor-
ical variables. To test the agreement between the automatical-
ly quantified FAZ and the manual quantification, we used the
inter-class correlation coefficient and Bland-Altman plots.
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Fig. 1 Optical coherence tomography angiography scans of controls and
preterm children with historical type 1 and type 2 retinopathy of
prematurity. The top panel depicts the superficial capillary plexus with

Results

We included 81 eyes from 81 preterm children and eight eyes
from eight children born at term for this study. The demo-
graphic data for both cohorts are outlined in Table 1. The
mean GA and BW were significantly different between the
preterm and term age groups, as expected. There was no sig-
nificant difference in the age at imaging between the preterm

Table 1 Demographics data of the cohort

Preterm, N=81 Term, N=8 p value
Age at imaging (in years)
Mean (SD) 6.8 (1.5) 7.8 (1.5) 0.10
Range 4-12 5-9.1
Sex, n (%) 0.06
Male 48 (59) 2 (25)
Gestational age (weeks) <0.001
Mean (SD) 31 (2.3) 38 (1.1)
Birth weight (g)
Mean (SD) 1482 (315) 2837 (70) <0.001
ROP type, n (%)
No ROP 39 (48) -
Type 1 21 (26) -
Type II 21 (26) -

Type | ROP

Type Il ROP

IR,

the white star denoting the foveal avascular zone (FAZ) and the arrow
indicating the central FAZ vessel crossing. The lower panel depicts the
deep capillary plexus of the same eye

and term groups (6.8 + 1.5 versus 7.8 £ 1.5; p = 0.10). There
was a good agreement (ICC = 0.89, CI = 0.76-0.94) between
the automated and manual measurements performed by the
investigator (Fig. 2).

The preterm cohort included 48% without ROP, 26% with
type 2 ROP, and 26% with type 1 ROP. There was no asso-
ciation between the visual acuity and SCP, DCP, and the FAZ.
The mean SCP-VD was comparable between the preterms and
controls (p = 0.315) in the central fovea (I-mm grid).
However, in the 3-mm grid, the mean SCP-VD was lower in
the preterm without ROP, preterm with type 1 ROP, and pre-
term with type 2 ROP (47.61, 47.90, and 48.82, respectively)
compared to that in the term cohort (51.38; p = 0.031). A post
hoc analysis showed that this difference was significant be-
tween preterm with no ROP and term infants (p = 0.03). The
DCP-VD was higher in preterm without ROP, preterm with
type 1 ROP, and preterm with type 2 ROP (33.39, 35.28,
37.41, respectively) compared to that in the term group
(30.12; p = 0.045) in the central fovea (1-mm grid) but a post
hoc analysis revealed no significant difference between the
subgroups. The mean DCP-VD was comparable between the
preterms and term cohorts (p = 0.534) in the 3-mm grid.

The FAZ was significantly smaller in the preterms com-
pared to that in the controls at both SCP and DCP levels (p =
0.003; Table 2). Post hoc analysis showed that the difference
between preterms with treated ROP and term children (p =
0.014) and preterms with untreated and term children (p =
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Fig. 2 Bland-Altman plot 03}
showing the machine versus
manual measurements of the deep
capillary plexus
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0.002) at the SCP level was significant. Post hoc analysis at
the DCP level showed that the difference between controls
and preterms with no ROP (p = 0.035), preterms with untreat-
ed ROP (p = 0.001), and preterms with treated ROP (p =
0.031), respectively, was significant.

Correlation with the GA

The VD in the SCP (R* = 0.1; p = 0.001) and DCP (R*
= 0.15; p = 0.002) was significantly higher in the 1-mm
grid in preterms compared to that in those born at term
(Table 3). For the 3 mm zone, it was significantly lower
(p = 0.009) at the level of the SCP and comparable (p
= 0.967) at the DCP. The FAZ was significantly smaller
at the level of SCP and DCP in preterms, when com-
pared to that in those born at term (p < 0.001 for both
comparisons). Post hoc analysis of the preterms divided
into GA < 31 weeks and GA > 31 weeks and compared
to term (> 37 weeks) showed that the difference was
consistent for SCP-VD at both 1 and 3 mm, DCP-VD at
1 mm, and FAZ at SCP and DCP.

Mean of DCP_Machine and DCP_Mechanical

Correlation with the BW

We noted a significant difference between the BW and FAZ at
SCP (R* = 0.10; p = 0.002) and DCP (R* = 0.12; p = 0.003).
We further analyzed the difference in the BW groups < 1500
g,> 1500 g, and > 2800 g and found a significant difference in
SCP-VD at 3 mm and FAZ at SCP and DCP, as shown in
Table 4. The SCP-VD at 3 mm was found to be significantly
different among the BW groups < 1500 g, > 1500 g, and >
2800 g (48.1, 47.8, and 51.4, respectively; p = 0.001). The
SCP-VD at 1 mm and DCP-VD at 3 mm and at 1| mm were
found to be comparable among the different groups. We also
found a significant difference between the BW and FAZ at the
SCP (p = 0.002) and DCP (p = 0.003).

Discussion

Prematurity has been reported to affect the development of the
individual retinal layers and vasculature. A non-invasive
method to study foveal vasculature parameters, including the

Table 2 Variation of OCTA

characteristics across the preterm Parameters No ROP Type 2 ROP Type 1 ROP Controls p value
birth groups with a history of
ROP and term-born controls SCP-VD 3 mm 47.61£2.96 48.82+3.54 4790 £3.17 51.38 +£2.99 0.031
1 mm 33.28 £4.65 34.95 +5.62 33.92+5.82 30.78 +5.48 0.315
DCP-VD 3 mm 55.73 +2.86 56.65 +1.82 55.58 £3.41 55.70 £2.24 0.534
I mm 33.39+5.53 3741 +6.35 35.28 +8.56 30.12 +6.20 0.045
FAZ SCP 0.26+0.12 0.18+0.13 0.21+0.15 0.39+0.10 0.003
DCP 0.34+0.12 0.27 +0.11 0.32+0.15 0.49+0.12 0.003
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Table 3 Variation in the OCTA
characteristics across gestational Parameters GA <31 weeks GA > 31 weeks GA > 37 weeks p value
ages
SCP-VD 3 mm 49.1+£34 478+29 514+3.0 0.009
1 mm 37.0+3.8 32.6+53 30.8+5.5 0.001
DCP-VD 3 mm 559+3.1 56.0+2.7 55.7+£2.2 0.967
1 mm 384+6.1 33.5+6.6 30.1+6.2 0.002
FAZ SCP 0.1 +0.1 03+0.1 04+0.1 <0.001
DCP 02+0.1 03+0.1 0.5+0.1 <0.001

FAZ, SCP-VD, and DCP-VD, is the OCTA. Hitherto, it was
unknown if the central 1 mm versus the 3 mm zone behave
differently in preterm infants with no ROP, any stage ROP, or
treated ROP. Superficial and deep capillary plexus in the 1 and
3 mm may demonstrate different characteristics since
fovealization occurs postnatally in premature infants. It may,
therefore, be intuitive to expect that the vascular insults of
ROP or laser therapy or both could impact the vascular pa-
rameters in the foveal region. In the current study, we found
that the VD was “less” in the 3 mm zone in the SCP of pre-
terms without ROP (47.61) compared to that of term infants
(51.38) and was “more” in the 1 mm zone of the DCP of
preterms (with and without ROP) compared to that of term
infants. The FAZ was “smaller” in preterms compared to that
in term infants at both the SCP and DCP levels and was sig-
nificantly smaller in those with ROP compared to that in term
infants in the SCP. At the DCP level in all preterms and term
infants, the FAZ was significantly smaller.

Balasubramanian et al. [12] in a cross-sectional study of 32
eyes of former preterm children observed that lower visual
acuity was associated with a smaller FAZ and that preterm
babies had a smaller FAZ compared to term controls. They
reported that the VD at the SCP and DCP in the “central
fovea,” i.e., central 1 mm of the grid, was increased in the
preterm group compared to that in term controls. The varia-
tion, if any, between the VD of ROP treated and untreated
eyes outside the central fovea was not analyzed. There is no
agreement in literature on the foveal VD in preterms or its
impact. Falavarjani et al. [13] reported “persistent foveal vas-
culature” in the central FAZ in three adults aged between 26
and 65 years who were born premature. Nonobe et al. [14] in

ten patients who had undergone cryotherapy for ROP showed
no difference in the VD in the central fovea (compared to
controls), but significantly lower in the paracentral regions.
However, their smaller number of cases did not allow sub-
group analysis.

Our study aimed to compare the vascular characteristics in
the central 1-mm and the paracentral 3-mm grids and investi-
gate its correlation with the presence or absence of ROP. To
study structural changes without its influence on visual acuity,
our cases and controls were chosen to be comparable in visual
acuity with both groups recording a CDVA of 20/30 or better.
Our results point to an interesting observation that a smaller
FAZ in preterms (with and without ROP), compared to terms,
did not influence the visual acuity as the study cohort had a
comparable and normal vision of 20/30 or better. Clinically
they also had “normal” looking maculae. It is possible that the
visual acuity is determined by multiple factors, only one of
which may be the size of the FAZ. Our subgroup analysis of
the GA showed a denser VD in the SCP and DCP in the
central 1 mm zone in children who were born < 31 weeks of
gestation but not in the 3 mm zone. Mean foveal VD was
found to have a significant negative correlation with the GA
in a study by Falavarjani et al. [15] In another study, the GA
had a significant negative correlation with the deep foveal VD
[16]. In both these studies, the GA of preterm children was
between 24 and 31 weeks, and thus, analysis for preterm with
GA more than 31 weeks is not available. Ganglion cell layer
(GCL), inner nuclear layer, and inner plexiform layers (IPL)
have been reported to be “thicker” in infants born between 30
and 32 weeks PMA compared to those between 33 and 36
weeks PMA on OCT [17]. The central 400 microns (but not

Table 4 Variation in the OCTA

characteristics across birth Parameters BW <1500 g BW > 1500 g BW <2800 g p value
weights
SCP-VD 3 mm 48.1+32 478 +32 51.4+3.0 0.026
1 mm 33.8+5.6 33.9+5.0 30.8+5.5 0.347
DCP-VD 3 mm 56.0 +3.0 55.7+2.6 55.7+22 0.832
1 mm 343+6.3 354+74 30.1+£6.2 0.177
FAZ SCP 0.2+0.1 02+0.1 04+0.1 0.009
DCP 0.3+0.1 03+0.1 0.5+0.1 0.006
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beyond) have been reported to have thicker GCL and IPL in
preterms compared to those in terms [18]. We postulate that,
since the SCP is located in the GCL, whereas the DCP is in the
INL, it could explain the difference between the SCP and DCP
in children born < 31 weeks of GA that we found.

Conventional FFA in preterms has shown a small or absent
FAZ [19]. It has variably been reported to be absent in 30% of
preterm infants [13], 60% of the preterm infants who
underwent laser therapy [15], and 10.4% of the preterms with
ROP [20]. The ability to visualize deeper vascular layers on
OCTA allows better visualization of the FAZ. We were able
to delineate the FAZ in all our cases (type 1 and type 2 ROP).
The mean size of the FAZ in our cohort was larger than that
recorded in the Caucasian population [12, 15]. A possible
reason is that larger and more mature infants are screened
and treated in India compared to the West. We did not, how-
ever, find any difference in the size of FAZ between type 1
and type 2 ROP or preterms without ROP which is consistent
with a Caucasian study [20].

Not much has been reported on the correlation between the
SCP and DCP and the outcome of ROP. In 25 preterm chil-
dren, Bowl et al. observed on OCTA that the foveal area was
significantly reduced in both treated and spontaneously
regressed ROP, but the foveal diameter was comparable
[21]. They also observed a narrower superficial FAZ in eyes
with treated and spontaneously regressed ROP, but the deep
FAZ was comparable in all groups. While most studies have
not analyzed FAZ at the DCP level [12, 15, 20, 22], we found
that the FAZ at the level of the SCP and DCP was larger in
type 1 ROP compared to that in type 2 ROP. While we are
unsure at this time why this happens, we hypothesize that
successful laser treatment (type 1 ROP cohort in our study)
may, in fact, have a FAZ more normal akin to their term
counterparts than those who had spontaneously regressed
ROP (type 2) which causes remodeling. “Subclinical” SD-
OCT findings [23] in the type 2 ROP foveae and its long-
term effect on vision [24] suggest that even spontaneously
regressed ROP can have central foveal changes that may in-
fluence structure and vision.

Studying the VD can help to non-invasively understand
and monitor foveal development perinatally. Humans show
foveal dip development between 30 and 32 weeks [17].
Henkind proposed from a work on the Rhesus monkey that
the foveal center is fully vascularized and then remodels to
form the capillary free zone of the FAZ [25]. In contrast,
Engerman postulated that the capillaries arrest before reaching
the foveal center in the Rhesus monkey [26]. Mintz-Hittner
et al. suggested that the vascular meshwork at the FAZ un-
dergoes remodeling by apoptosis and that preterm birth may
alter these factors causing continued vascularization of the
fovea [19]. Our GA subgroup analysis showed that children
born at a lower GA (< 31) had a denser capillary plexus and a
smaller FAZ than the older group born > 31 weeks or controls
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born > 37 weeks of age. Serial prospective OCTA imaging of
GA cohorts will help to better understand the FAZ develop-
ment in these children.

The exploratory, cross-sectional nature of this study has
some limitations. We included children who had a visual acu-
ity better than 20/30. Whereas this normal range of vision
helps us study the influence of demographic factors and retinal
layers with OCTA, it does not help correlate structure with
visual acuity. Future research on correlation between vision
and OCTA must consider systemic parameters like hypogly-
cemia, which can influence visual acuity. Other than visual
acuity, one of the exciting future directions includes evaluat-
ing the association between functional outcomes such as con-
trast sensitivity threshold and anatomical and vascular differ-
ences at the fovea in preterm infants [27].

The study highlights the influence of ROP and GA on
foveal vessel density, and the FAZ in preterm infants with
and without ROP. As we improve our understanding of foveal
maturation in preterm infants [20, 21, 24], the availability of
hand-held OCTA in the future holds exciting prospects of
helping us understand the effect of angiogenesis in prematu-
rity, disease, and treatment of ROP.
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