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PURPOSE. To evaluate whether choroidal thickness (CT) using arm-mounted optical coher-
ence tomography (OCT) in infants screened for retinopathy of prematurity (ROP) corre-
lates with oxygen exposure in neonates.

METHODS. OCT images were obtained in infants screened for ROP in a single level IV
neonatal intensive care unit. CT was measured at three different locations: the subfoveal
center and 1.5 mm from the fovea center in each direction. Correlation and regression
analyses were performed to determine the relationship between clinical factors and CT.
Clinical factors included gestational age, birth weight, presence of bronchopulmonary
dysplasia (BPD), and fraction of inspired oxygen (FiO2) at defined time points: 30 weeks
postmenstrual age (PMA), 36 weeks PMA, and on day of imaging.

RESULTS. Mean subfoveal, nasal, and temporal choroidal thicknesses CT (SFCT, NCT, and
TCT, respectively) were 228.0 ± 51.4 μm, 179.7 ± 50.3 μm, and 186.4 ± 43.8 μm, respec-
tively. SFCT was found to be significantly thicker than NCT and TCT (P < 0.0001 and
P = 0.0002, respectively), but no significant difference was found between NCT and TCT
(P = 0.547). Compared with infants without BPD, infants with BPD had thinner SFCT and
NCT (P = 0.01 and P = 0.0008, respectively). Birth weight was positively correlated with
SFCT (r = 0.39, P = 0.01) and NCT (r = 0.33, P = 0.045) but not TCT. Gestational age and
ROP stage were not significantly associated with CT. SFCT was found to be significantly
thinner with higher average FiO2 supplementation levels at 30 weeks PMA (r = –0.51,
P = 0.01) but not at 36 weeks PMA. Regression analysis revealed that FiO2 at 30 weeks
PMA was an independent predictor of SFCT in infants screened for ROP (P = 0.01).

CONCLUSIONS. Early postnatal exposure (<32 weeks PMA) to higher oxygen supplemen-
tation in premature neonates statistically predicts choroidal thinning.

Keywords: retinopathy of prematurity, oxygen, choroidal thickness, bronchopulmonary
dysplasia

Retinopathy of prematurity (ROP) is a leading cause of
childhood blindness and has become more prevalent

worldwide.1 Advancements in neonatal care have increased
the survival rate of prematurely born neonates and have also
led to more ROP.1 In humans, ROP is thought to occur when
the immaturely developed retinal vasculature is exposed to
relative hyperoxia (relative to in utero oxygen concentra-
tions), leading to downregulation of growth factors such
as vascular endothelial growth factor (VEGF) which results
in early ROP, characterized by delayed retinal physiologic
vascular development; this generally occurs at <32 weeks
postmenstrual age (PMA). This vascular attenuation, gener-
ally seen as clinical stage 1 or 2 ROP, then leads to local
hypoxia, which results in local upregulation of VEGF and
subsequent aberrant neovascularization seen in the higher
stages of ROP. The mechanisms underlying ROP have been

studied using animal models of oxygen-induced retinopathy
(OIR), in which high oxygen exposure (75% oxygen) induces
a vaso-obliterative phase and then return of the animals to
room air (21% oxygen) results in a relative hypoxic phase,
fueling vasoproliferation.2,3

Lower birth weight and younger gestational age at birth
are the two best-described risk factors for the develop-
ment of ROP, and both of those risk factors are also well
known to play a significant role in the risk for develop-
ing bronchopulmonary dysplasia (BPD).4–7 BPD results from
an aberrant response to antenatal and postnatal injury to
the developing lungs of infants born extremely premature.8

The management of BPD postnatally includes measures
such as oxygen provision and mechanical ventilation, and
infants with BPD require these postnatal interventions to
varying degrees, as the spectrum of BPD can range from
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mild to extremely severe. As such, infants with BPD are
at increased risk for developing ROP and worse stages of
ROP.9–12 Oxygen supplementation (oxygen concentration,
duration, and fluctuation), which is life saving especially in
the weeks after birth, has been identified as a risk factor for
ROP, making continuous oxygen saturation monitoring with
pulse oximetry crucial to titrate oxygen supplementation.7

Importantly, hyperoxia exposure can also have significant
damaging effects on other vascular beds and organs in the
developing neonate such as the lungs.13 Infants with less
severe BPD typically have decreasing supplemental oxygen
requirements with appropriate nutrition and growth as they
get older.

Studies have shown the choroid to be thinner in eyes of
premature infants, including those with ROP, and this may
affect visual acuity.14 Given how prematurity affects both
BPD and ROP risk, the purpose of this study was to explore
the relationship between these clinical factors and choroidal
thickness (CT). We hypothesized that decreased CT is corre-
lated with clinical factors that proxy hyperoxia exposure.

METHODS

Subjects

A prospective cohort study was performed at the Mattel Chil-
dren’s Hospital, University of California–Los Angeles, with
institutional review board approval and parental consent.
Infants were eligible for the study if undergoing ROP
screening (i.e., <30 weeks gestational age, birth weight
<1500 g, per 2013 AAPOS (American Association for Pedi-
atric Ophthalmology and Strabismus)/American Academy of
Ophthalmology guidelines,15 or if deemed as having clini-
cal instability per the clinical care team) or if undergoing a
sedated procedure in the neonatal intensive care unit. Exclu-
sion criteria included genetic abnormalities or congenital
infections known to affect eye structure or development.
Infants who received ROP treatment before imaging were
excluded.

Clinical Characteristics of the Study Infants

Demographic and clinical data were prospectively collected
for each subject, including gestational age (GA) at birth, birth
weight (BW), sex, race, PMA at the time of imaging, and
the fraction of inspired oxygen (FiO2) at 30 weeks PMA, at
36 weeks PMA, and on the day of imaging. FiO2 was deter-
mined as the average supplemental oxygen needed over
the 24-hour period on the day when the infant was 30 +
0 weeks PMA, 36 + 0 weeks PMA, and on the day of optical
coherence tomography (OCT) imaging. Effective FiO2 was
calculated for infants receiving non-invasive modes of respi-
ratory support, as per published studies.16,17 Briefly, effec-
tive FiO2 is calculated based on weight and effective flow of
non-invasive (non-intubated patients) respiratory support in
liters per minute, as was defined in the Supplemental Ther-
apeutic Oxygen for Prethreshold Retinopathy of Prematu-
rity (STOP-ROP) trial.16,17 At higher flow rates, effectively
received FiO2 is closer to the oxygen delivered (less oxygen
lost to the ambient environment), and as weight increases
effective FiO2 decreases (more oxygen lost to the ambient
environment). FiO2 supplementation was adjusted (between
21% and 100% oxygen) by the clinical care team to maintain
oxygen saturations, as measured by continuous pulse oxime-
try, between 90% and 95% per unit guidelines. Infants on

room air were categorized as being on 21% oxygen. Neona-
tal outcomes included the presence of bronchopulmonary
dysplasia, defined as the need for supplemental oxygen at
36 weeks PMA in preterm infants.18 Although newer
proposed guidelines suggest incorporating both oxygen and
need for respiratory support, as well as further development
and utilization of severity scales, the traditional diagnosis
of BPD as a yes-or-no need for supplemental oxygen at 36
weeks PMA was utilized in this study.8 We also collected
each infant’s stage of ROP. Indirect ophthalmoscopy for ROP
screening was performed. ROP zone, stage, and presence or
absence of plus disease were documented according to the
International Classification of Retinopathy of Prematurity.15

Infants were divided into two groups by ROP stage (stage 0
vs. stage 1, 2, or 3) for data analysis.

Optical Coherence Tomography Imaging

Pupillary dilation was achieved with administration of
cyclopentolate 0.1% and phenylephrine 2.5% ophthalmic
solution 1 hour prior to examination. Oral feeds were held
for 4 hours prior to dilation to prevent reflux from gastro-
paresis. Infants in the neonatal intensive care unit (NICU)
were imaged without sedation. Subjects were placed in a
supine position, immobilized using a blanket wrapped in
a standard swaddle, and given 10% sucrose with a paci-
fier. Vital signs (heart rate and oxygen saturations) were
continuously monitored using pulse oximetry. Tetracaine
eye drops were administered for topical anesthesia. Infants
who had been discharged from the NICU were imaged
under general anesthesia prior to undergoing a laser proce-
dure/examination for clinical care indications.

A disposable eyelid speculum was used to keep the
eyelids retracted. Ocular lubrication was applied throughout
the procedure to maintain a clear cornea. An arm-mounted
Spectralis Flex Module (Heidelberg Engineering, Heidelberg,
Germany) was used to obtain OCT images. The images were
taken under the supervision of I.T. (ophthalmologist). At
least two people were required to take images—one person
to position the infant and camera in line with each other, and
a second person to run the computer to capture the images
(Fig. 1A). A seven-line scan 60 to 120 μm apart was taken
through the macula to capture the fovea, defined as the most
shallow point captured. A single foveal scan averaging up
to 100 B-scans was obtained for better visualization of the
subfoveal choroidal thickness (SFCT) in select patients who
were able to tolerate further imaging.

Image Analysis

Images were reviewed by two masked, independent graders
(Y.H. and M.G.N.). A single B-scan through the foveal center,
as defined by the foveal pit, was selected for analysis. When
a foveal pit was absent, the foveal bouquet was used to
determine the foveal center. CT was measured from Bruch’s
membrane to the inner part of the hyperreflective choroi-
doscleral interface. CT was measured at the subfoveal center
(SFCT) and 1.5 mm from the fovea center in both directions
to determine the nasal choroidal thickness (NCT) and tempo-
ral choroidal thickness (TCT) (Figs. 1C, 1D). Images in which
the choroidoscleral interface could not be visualized were
excluded from further analysis. Scan quality for all images
was >15 dB.
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FIGURE 1. (A) OCT imaging was performed in supine pediatric patients during examination under anesthesia using the Heidelberg Spectralis
Flex Module. (B) Mean choroidal thickness at the nasal (NCT), subfoveal (SFCT), and temporal (TCT) locations by BPD status. Infants with
BPD had thinner SFCT and NCT when compared with infants without BPD (*P < 0.05 and ***P < 0.001, respectively). (C, D) Representative
foveal B-scans of infants with and without BPD.

Statistical Analyses

Statistical analyses were performed using SPSS Statistics
(IBM, Armonk, NY, USA). Descriptive statistics are reported
as mean ± SD. We randomly chose 20 cases to evalu-
ate the intergrader reproducibility of CT measurements via
Bland–Altman plots and intraclass correlation coefficients.
Student’s t-test was performed to compare SFCT in infants
with BPD compared with those without BPD. To determine
clinical predictors of CT, Pearson’s or Spearman’s correlation
analysis was used to assess relationships between the risk
factors of ROP and CT. The risk factors of ROP included
GA, BW, and FiO2 at the defined time points. We then
performed univariate regression of SFCT with the presence
of BPD and significant factors in correlation analysis. Finally,
we included parameters that were significantly associated
with SFCT in univariate analysis in the multivariate regres-
sion analysis by stepwise selection to identify independent
factors correlating with SFCT. The variance inflation factor
(VIF) was used to assess the existence of collinearity among
the variables in the multivariate regression model. VIF < 5
was defined as an acceptable degree of collinearity. Data
were considered significant when P < 0.05.

RESULTS

Infants’ Characteristics

Of the 25 infants initially enrolled, two eyes of two subjects
were excluded due to images being captured after anti-VEGF
intravitreal injection or laser treatment for ROP. Six eyes of

five infants were excluded due to motion artifact, inability
to find the foveal center, or inability to visualize the choroi-
doscleral junction at the nasal, subfoveal, and temporal loca-
tions. One baby only had one eye imaged. In total, 41 eyes
of 22 infants were of sufficient quality to analyze CT. Of
the 41 eyes included in analysis, three eyes were excluded
from TCT analysis and two eyes were excluded from NCT
analysis due to an inability to visualize the choroidoscleral
junction.

The demographic and clinical characteristics of the
included infants are shown in Table 1. The mean gestational
age at birth was 28 weeks (range, 22–39), mean birth weight
was 1281 g (range, 360–3501), and mean PMA at the time
of imaging was 43 weeks (range, 32–79). Three infants did
not meet ROP screening criteria. Of the 22 infants, 11 infants
were diagnosed with BPD based on their need for supple-
mental oxygen at 36 weeks corrected GA. Eleven infants
were diagnosed with ROP. Thirteen infants were receiv-
ing respiratory support at 30 weeks PMA, Eleven infants
at 36 weeks PMA, and twelve infants on the day of imag-
ing. Oxygen data were not available at all time points for 10
infants who were transferred to or from a different hospital
before or after imaging. The range of supplemental oxygen
required by infants in our cohort ranged from 21% to 81%
(FiO2, 0.21–0.81). Infants with BPD were more likely to have
stage 2 or 3 ROP than infants without BPD.

In the total cohort, mean SFCT was significantly thicker
than NCT (228.0 ± 51.35 μm vs. 179.71 ± 50.27 μm; P <

0.0001) and TCT (228.0 ± 51.35 μm vs. 186.4 ± 43.77 μm;
P = 0.0002). NCT and TCT were not significantly different
from one another (P = 0.620) (Fig. 1B).
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TABLE 1. Demographic and Clinical Data (N = 22 Infants)

Characteristic

Male patients, n (%) 12 (54.5)
Race, n (%)
White 10 (45.5)
Hispanic 6 (27.3)
Other 6 (27.3)

Gestational age (wk), mean ±
SD (range)

28.8 ± 5.2 (22–39)

Birth weight (g), mean ± SD
(range)

1281.5 ± 945.5 (360–3501)

PMA on day of imaging (wk),
mean ± SD (range)

43.1 ± 13.0 (32–79)

ROP stage (eyes), n
Stage 0/vascularized 21
Stage 1 5
Stage 2 7
Stage 3 8

Oxygen data
Diagnosis of BPD, n (%) 11 (50)
FiO2 at 30 wk (%), mean ±
SD

34.6 ± 12.8

FiO2 at 36 wk (%), mean ±
SD

30.5 ± 18.3

FiO2 at imaging (%), mean
± SD

28.5 ± 14.6

Intergrader Reproducibility

Overall, we found excellent intergrader reproducibility of CT.
The mean SFCT, NCT, and TCT had mean absolute differ-
ences of 9.88 μm, 15.29 μm, and 9.35 μm, respectively. The
interclass correlations of SFCT, NCT, and TCT were 0.96 (95%
confidence interval [CI], 0.88–0.99), 0.95 (95% CI, 0.85–0.98),
and 0.94 (95% CI, 0.83–0.98), respectively.

Clinical Factors Associated With CT

Birth weight was positively correlated with SFCT (r = 0.39,
P = 0.01) and NCT (r = 0.33, P = 0.045) but not TCT
(P = 0.86) (Table 2, Fig. 2A). No significant relationship was
found between gestational age at birth and ROP stage for
SFCT, NCT, or TCT. Supplemental FiO2 at 30 weeks PMA
was inversely correlated with SFCT (r = –0.51, P = 0.01)
but not NCT and TCT (Table 2, Fig. 2B). However, neither
FiO2 at 36 weeks postmenstrual age nor FiO2 at the day of
imaging was correlated with SFCT, NCT, or TCT. Compared
with infants without BPD, infants with BPD had significantly
thinner SFCT (247.7 ± 51.62 μm vs. 207.5 ± 43.29 μm;
P = 0.01) and NCT (206.8 ± 44.24 μm vs. 155.3 ± 42.96 μm;

TABLE 2. Correlation Analysis for Clinical Features and Choroidal
Thicknesses

Variable SFCT (r; P) NCT (r; P) TCT (r; P)

Gestational age* 0.29; 0.07 0.29; 0.08 –0.10; 0.57
Birth weight* 0.39; 0.01 0.33; 0.045 –0.03; 0.86
ROP stage* –0.25; 0.12 –0.25; 0.14 0.22; 0.19
FiO2 (%) at 30 wk* –0.51; 0.01 –0.23; 0.30 0.18; 0.43
FiO2 (%) at 36 wk† –0.19; 0.31 –0.09; 0.65 0.06; 0.77
FiO2 (%) at imaging† –0.19; 0.26 –0.18; 0.32 –0.09; 0.63

* Pearson’s correlation analysis was performed.
† Spearman’s correlation analysis was performed.

FIGURE 2. Clinical factors associated with SFCT. (A) Scatterplot
shows correlation of SFCT thickness with birth weight and frac-
tion of inspired oxygen (FiO2) at 30 weeks PMA. The curved dotted
lines represent the 95% CIs for the trend line. SFCT was positively
correlated with birth weight. (B) SFCT was inversely correlated with
FiO2 at 30 weeks PMA. (C) Infants with BPD had thinner SFCT when
compared with infants without BPD.

P = 0.0008) (Figs. 1B, 2C). Representative foveal B-scans
of infants with and without BPD are shown in Figures 1C
and 1D and in Supplementary Figure S1. FiO2 variability at
30 and 36 weeks PMA for all infants, infants with BPD, and
infants without BPD is shown in Supplementary Figure S2.

Regression Analysis for the Factors Associated
With SFCT

Regression analysis was performed using the presence
of BPD and the significant factors obtained from the
correlation analysis to identify associated factors in SFCT
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TABLE 3. Univariate and Multivariate Analysis of SFCT

Univariate Analysis Multivariate Analysis*

β 95% CI P β 95% CI P

Birth weight 0.02 0.01 to 0.04 0.01 — — 0.08
BPD –40.22 (–70.39 to –10.04) 0.01 — — 0.71
FiO2 (%) –2.02 –3.54 to –0.50 0.01 –2.02 –3.534 to –0.50) 0.01

* By stepwise regression model.

(Table 3). The univariate regression analysis showed
that birth weight was positively correlated with SFCT
(β = 0.02, P = 0.01). In addition, infants diagnosed
with BPD (β = –40.22, P = 0.01) and higher FiO2

requirement at 30 weeks postmenstrual age (β = –2.02,
P = 0.01) were correlated with thinner SFCT. Multivariate
regression analysis revealed that only FiO2 at 30 weeks post-
menstrual age was an independent predictor of SFCT in
infants screened for ROP (β = –2.02, P = 0.01). The VIFs of
the multivariate regression model were less than 5, indicat-
ing an acceptable degree of collinearity between variables.

DISCUSSION

OCT imaging can be performed non-invasively in neonates,
sometimes without the need for sedation. Moreno et al.19

demonstrated that the choroidoscleral junction can be visu-
alized in 96% of premature infants imaged from 30 to 36
weeks PMA, and, in the same study, in 78% of premature
infants imaged from 37 to 42 weeks PMA without the need
for enhanced-depth imaging or swept-source OCT because
immature retinal pigment epithelial cells allow improved
visibility of the choroidoscleral junction. Although our study
used spectral-domain OCT images obtained from an arm-
mounted Spectralis Flex Module (Heidelberg Engineering),
we were also able to successfully grade CT in 88% of infants
from 32 to 79 weeks PMA.

The major finding in our study was the correlation of
lower birth weight, presence of BPD (defined by exoge-
nous oxygen use at 36 weeks), and higher FiO2 need at 30
weeks PMA with CT thinning. Multivariate regression analy-
sis revealed that only FiO2 at 30 weeks PMA remained signif-
icant, implying that SFCT is most affected by early postna-
tal oxygen supplementation during the vascular attenuation
phase, which generally occurs at <32 weeks PMA. Impor-
tantly, we separately considered the diagnosis of BPD and
the discrete FiO2 need at 30 and 36 weeks PMA. The diagno-
sis of BPD implies a long-standing exposure to supplemental
oxygen in preterm infants. In the context of our study, the
diagnosis of BPD is associated with choroidal thinning. By
considering FiO2 at discrete time points, we found that this
relationship to CT thinning exists only at the earlier time
point of 30 weeks PMA. We hypothesize that, just as reti-
nal vessel growth is inhibited during this time of hyperoxia-
induced vascular attenuation, a similar process is occur-
ring in the choroid, causing thinner SFCT. This time period
may also represent an important developmental window
during which the choroid is sensitive to abnormal expo-
sures. Animal studies in an OIR model of ROP have also
demonstrated choroidal dysregulation and choroidal invo-
lution or thinning in young mice.20,21 However, there are
important differences in animal models of OIR compared
with human disease—notably, the levels of oxygen exposure

(much higher oxygen levels are used in OIR models than in
the typical preterm infant) and the timing and duration of
oxygen exposure are different, which makes extrapolation
from animal studies difficult.

Our study correlated birth weight to NCT and SFCT. Two
other neonatal studies reported that SFCT was positively
correlated with birth weight in infants screened for ROP
imaged from 36 to 42 weeks PMA,22,23 whereas another
demonstrated that in preterm infants imaged from 30 to
42 weeks PMA, CT was not correlated with birth weight.19

None of the prior studies reported on oxygen use or the
potential association with oxygen exposure. The discrepan-
cies among study findings may be due to variations in study
populations, the use of different OCT devices, and/or the
lack of oxygen consideration. Based on our findings, we
recommend that oxygen exposure be considered as a vari-
able that is associated with CT in infants; however, the mech-
anisms underlying the relationship between oxygen and CT
remain unknown, as our study demonstrates an association,
not causality. Oxygen-mediated effects on choroidal thinning
may occur via the release of inflammatory factors such as
interleukins, which have been shown to mediate neuroin-
flammation in neonates.24,25

Limitations of our study include a relatively small number
of subjects and a wide range of PMAs at the time of imaging.
However, strengths of the study include standardized NICU
protocols on oxygen use, carefully acquired oxygen data
across a range of PMAs spanning early and later stages of
ROP, and high-quality images on an arm-mounted spectral-
domain OCT device. Another limitation is that we did not
have ocular biometry to standardize image size, so the nasal
and temporal measurements may not be exactly at the same
point.26

In summary, the current study demonstrated that SFCT is
positively correlated with birth weight and inversely corre-
lated with BPD and FiO2 need at early postnatal ages (30
weeks PMA) in premature infants. Most significantly, higher
FiO2 exposure during early postnatal ages is a statistically
independent predictor of thinner CT. Future work should
consider the long-term implications of oxygen-related SFCT
thinning on refractive error, visual function, and preven-
tive measures to improve visual outcomes in premature
infants.
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