Choroidal thickness
in regressed
retinopathy

of prematurity

Abstract

Purpose To compare choroidal thickness in
patients with regressed retinopathy of
prematurity (ROP) with healthy controls
using enhanced depth imaging optical
coherence tomography (EDI OCT)

Methods Twenty-four children and young
adults (41 eyes) with regressed ROP >stage 3
had undergone EDI OCT with Spectralis
FD-OCT as part of their clinical record.
Their refraction, best-corrected visual

acuity, and ophthalmoscopic findings were
recorded. Corresponding data was collected
prospectively from 33 healthy controls (58
eyes) who had been born at term. Choroidal
thickness was measured independently by
two observers subfoveally and at 1500 ym
nasal and temporal to the fovea using EDI
OCT.

Results Mean subfoveal choroidal
thickness, adjusted for refraction, was

271.1 um (95% CI, 247.8-294.5) in the ex-ROP
group, which was significantly thinner than
327.4 ym (95% CI, 293.8-360.9) in controls
(P =0.008). Similarly, mean adjusted
temporal choroidal thickness was 257.2 ym
(95% CI, 240.2-274.2) in ex-ROP’s vs 320.5 um
(95% CI, 288.6-352.3) in controls (P = 0.001).
There was no statistically significant
difference in the nasal measurement. In the
ex-ROP group, there was no significant
correlation between subfoveal choroidal
thickness and gestational age (r;=0.16,

P =0.46) or birthweight (r;=0.03, P =0.90).
In eyes without copathology in addition to
regressed ROP (29 eyes, 19 patients), there
was no significant correlation between
subfoveal choroidal thickness and visual
acuity.
Conclusions Our findings of thinner
subfoveal and temporal macular choroidal
thickness in regressed ROP support the case
for choroidal involvement in the
pathogenesis of this condition.
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Introduction

Retinopathy of prematurity (ROP) is a
proliferative retinopathy affecting premature
infants, which is characterized by abnormal
maturation of the retinal vasculature.

Long-term visual outcomes are variable in
patients with regressed ROP, even in the
absence of macular pathology on
ophthalmoscopy. Eyes in the Cryo-ROP study
with regressed threshold disease had poorer
visual acuity at 10 years than non-ROP preterm
controls, despite normal-appearing posterior
poles.! The authors suggested that one
explanation for the variability in vision might be
non-retinal visual system abnormalities.

Prematurity without ROP has also been
shown to affect vision. A study by Dowdeswell
et al® showed visual deficits in prematurely born
children without ocular or cerebral pathology.
Similarly, Larsson et al®> demonstrated poorer
visual acuity in 10-year-old premature children,
despite the exclusion of those who had ROP or
neurologic disorders. It could not be established
if the cause was retinal or posterior visual
pathway related. O’Connor et al* found poorer
vision in low birthweight children than controls
and found cases with reduced binocular acuity
with no apparent ocular pathology.

Functional sequelae of ROP, despite normal
macular appearance, have also been evidenced
by electroretinography. Multifocal ERG showed
abnormalities in the central maculae of eyes
with spontaneously regressed ROP.?

Optical coherence tomography (OCT) is an
imaging modality that has revealed new
insights into the effect of ROP and/or
prematurity on macular anatomy. Studies have
shown shallowing of the foveal depression,
thickening of the central macula, and a
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continuity of inner retinal layers across the fovea in those
born severely preterm, often despite normal macular
appearance on ophthalmoscopy.®* However, these
macular changes evident on OCT are still compatible
with good visual acuity.®”°~!! This has prompted authors
to suggest that other factors might be contributory to the
variation in vision seen in these patients.!?

Enhanced depth imaging (EDI) is an OCT technique
developed for improved imaging of the choroid,
whereby deeper ocular structures are placed closer to
zero delay. EDI yields reproducible choroidal thickness
(CT) measurements.'>20

Recent work on oxygen-induced retinopathy in an
animal model has implicated choroidal involvement in
the pathogenesis of ROP2! The authors demonstrated
sustained central choroidal involution in rats exposed to
postnatal hyperoxia. Possible corroboration of this
finding is offered by the work carried out by Park and
Oh,22 who showed thinner choroid at the temporal
macula in prematurely born children compared with
controls using EDI OCT.

To investigate choroidal involvement in ROP and its
sequelae, we used EDI OCT to measure CT in subjects
with regressed ROP and compare this with controls.

Materials and methods

Children and young adults followed up in our
department since infancy, after treatment for ROP, were
invited to participate in this comparative case series.
These patients were born with gestational age <32
weeks and/or birthweight <1500 g. Their retinopathy
had been staged according to the International
Classification of Retinopathy of Prematurity, and they
had received treatment with laser (blue-green argon or
810 nm diode) and/or cryotherapy for ROP >stage 3
with plus disease.?® Patients had been treated between
February 1990 and July 1998.

The medical records of these patients were reviewed to
obtain relevant demographic data and birth data.
Information on staging and treatment of ROP was
recorded, and any other ophthalmic pathology during
their follow-up was noted. These patients had undergone
OCT scanning, including EDI imaging, as part of their
clinical record. Their spectacle refraction, best-corrected
Snellen visual acuity, and the ophthalmoscopic findings
at the time of the OCT imaging were recorded.

Eyes were excluded if there was pathology evident on
ophthalmoscopy that might alter macular anatomy,
such as dragging of the macula or vessels. Eyes with
ocular copathology not affecting macular structure, such
as strabismic amblyopia, were included only for analyses
that did not involve visual acuity. In addition, eyes for
which EDI images could not be obtained, or for which
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images were of insufficient quality to determine the
choroidal boundaries (due to poor cooperation,
inadequate fixation), were excluded.

A control group of children and young adults, who
had been born at term (>37 weeks), was recruited
prospectively from student volunteers and relatives of
staff at our hospital. Participants underwent spectacle
refraction and best-corrected Snellen acuity was
recorded. Fundoscopy was performed, followed by OCT
imaging in which EDI images were acquired. Control
eyes had healthy maculae on ophthalmoscopy.
Amblyopic eyes were included for analyses that did not
involve visual acuity. Eyes for which the choroidal
boundaries could not be determined on EDI images were
excluded from the control group.

Spectral domain OCT was performed using the
Spectralis FD-OCT (Spectralis HRA-OCT; Heidelberg
Engineering, Heidelberg, Germany). The technique of
EDI OCT has been described previously.2? For the
majority of cases, EDI images were generated by
advancing the OCT device closer to the subject to obtain
an inverted image, bringing deeper structures closer to
zero delay. During the study, a software update, which
automatically inverts the capturing screen and positions
zero delay inferiorly instead of superiorly, allowed EDI
images to be generated without performing the above
manoeuvre. Images were acquired by experienced
technicians in a dim room without pupil dilatation, using
high-resolution mode. The eye tracking feature was used
and multiple B scan averaging was used to increase
signal-to-noise ratio and yield higher quality images. An
internal fixation target was used, with the location of the
scan on the retina monitored using the scanning laser
ophthalmoscope image, which is available
simultaneously. Scans were performed using the default
axial length and refractive error settings.

CT was measured independently by two observers.
Measurements were made manually using calipers
provided by the proprietary software (Heidelberg
Eye Explorer software version 5.3.3.0, Heidelberg
Engineering), and were taken from the outer aspect of the
hyperreflective band corresponding to the base of the
retinal pigment epithelium (RPE), to the sclerochoroidal
interface, as shown in Figure 1. Measurements were
made perpendicular to the RPE, subfoveally and at two
eccentric points, 1500 yum nasal and temporal to the fovea.
Magnification was set at 200%. The fovea was located by
the foveal depression, thickening of the outer nuclear
layer, and elevation in the hyperreflective line commonly
reported to represent the inner segment/outer segment
(IS/0S) junction. The observers’ measurements differed
by >15% of their mean at seven locations, which were
resolved by consensus. Measurements for both groups
were made over the same time period.
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Figure 1 EDI OCT images showing measurement of CT subfoveally, and at 1500 yum nasal and temporal to the fovea. (a) Left eye of a

patient with regressed ROP. (b) Right eye of a control.

We compared CT measurements between cases and
controls, and investigated the relationships between CT
and gestational age, birthweight, refraction, and extent of
ROP. When exploring the relationship between CT and
visual acuity, we excluded those eyes with ocular
copathology that could affect vision in the ex-ROP eyes
(eg strabismic amblyopia, optic disc hypoplasia) and
control eyes (eg strabismic amblyopia). Snellen visual
acuity was converted to equivalent logMAR units for
statistical analysis.

We certify that all applicable institutional and
governmental regulations concerning the ethical use of
human volunteers were followed during this research.

Statistical methods

The data in this study have a complex hierarchical
structure with two observers making measurements,
generally two eyes included per participant, and three
measurement locations for each eye. As a result, standard
independent sample statistical methods are generally not
appropriate, as they are based on the assumption that
observations are independent. Throughout the analysis,
the data structure was appropriately accounted for using
sophisticated statistical methods and/or the data
structure was simplified. In simplifying we did the
following: (1) used an average or consensus value instead
of measurements from both observers; (2) in some parts

of the analysis we averaged measurements across eyes.
Pertaining to averaging across eyes, this is justified on the
same grounds as Bland and Altman, that is, we were
interested in between patient comparisons and used
averaged values to represent each patient.”* We
conducted sensitivity analyses (not shown) where we
analysed each location separately, effectively removing
the problem of correlation between locations but
retaining both eyes, and found negligible differences
from the analyses used.

For demographic characteristics where there was a
single observation per patient, standard independent
sample t-tests and y*-tests were used for continuous and
categorical variables, respectively. Where there were two
observations per patient (eg one per eye for visual acuity
and refraction), linear regression with clustered robust
standard errors was used to account for the inclusion of
multiple observations per patient.

Spearman’s rank correlation coefficients (r;) were
estimated using the method described by Bland and
Altman on ranked data since multiple observations per
patient were common.?* These correlation coefficients
were compared using the method described by Cohen
and Cohen.??

To compare subfoveal, nasal and temporal CTs both
between and within groups, a covariance pattern linear
mixed model was used. To simplify this analysis, CTs
were averaged across eyes for those patients contributing
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more than one observation. The suitability of refraction
as a covariate was assessed by including relevant two-
way interaction terms.

Statistical analyses were undertaken using Stata
version 12 (StataCorp. 2011. Stata Statistical Software:
Release 12; StataCorp LP, College Station, TX, USA) and
SAS/STAT 9.3 (SAS Institute Inc., Cary, NC, USA).

Results

In the regressed ROP group, 30 patients were recruited.
Four patients were excluded because EDI OCT images
had not been obtained because of logistical
considerations. Two patients were excluded because of
macular dragging complicating the ROP. In the
remaining 24 patients, six eyes were excluded because of
an inability to acquire satisfactory quality EDI images,
and one eye was excluded because of an epiretinal
membrane causing macular traction. Therefore, the
cohort comprised 41 eyes, of which 20 eyes (12 patients)
were from female patients. All eyes had been treated for
stage 3 ROP in zone 2 with plus disease, except for: one
eye without plus disease, which was not treated; one eye
with stage 4A ROP in zone 2; one eye with stage 3 and
plus disease that was not treated. Twenty-eight eyes were
treated with laser, 10 eyes with cryotherapy, and 1 eye
with both modalities.

Thirty-four participants were recruited for the control
group. One participant was excluded because the
sclerochoroidal interface could not be identified on the
EDI scans for either eye. In the remaining 33 participants,
3 eyes were excluded because it was not possible to

Table 1 Demographic data of the patient and control groups

discern the sclerochoroidal interface and 3 eyes were
excluded because of technical scan errors (decentration,
boundary errors). The cohort therefore comprised 60
eyes, of which 30 eyes (16 participants) were from female
participants.

The characteristics of the study and control groups are
summarized in Table 1.

Best-corrected visual acuity was significantly poorer in
the ex-ROP group (mean logMar 0.06, SD 0.17) than in
controls (mean logMar —0.07, SD 0.11) (P <0.0005). This
included eyes with ocular copathology, such as
amblyopia or nystagmus, which would affect visual
acuity. When excluding eyes with such copathology,
mean visual acuity was still poorer in cases (mean
logMar —0.02, SD 0.12) than in controls (mean logMar
—0.09, SD 0.06) (P =0.02).

Pertaining to agreement of CT measurements between
observers, the mean of the absolute difference between
observers was 9.21 um (SD 13.27). The median EDI OCT
scan quality was 36 (range 14-46, mean 34.10 £ 8.09).

Figure 2 and Table 2 show that mean subfoveal and
temporal CTs, adjusted for refraction, were significantly
thinner in ex-ROP patients than in controls. The nasal
measurement was thinner in ex-ROP patients, but this
was not statistically significant. Refraction was found to
be a valid covariate as two-way interactions between
the factor variables group and choroid were not found
to be statistically significant.

Figure 2 shows that mean subfoveal CT > temporal
CT>nasal CT in both groups. In the control group, the
nasal CT was significantly thinner than both subfoveal
CT (P<0.0001) and temporal CT (P <0.0001), whereas in

Cases Controls P-value
(41 eyes, 24 patients) (60 eyes, 33 patients)
Age (years) 152+2.84 17.3+£3.21 0.015
Median 16 17
Range 11-19 12-24
M:F 12:12 16:17 0.91
Gestational age (weeks) 26+1.75 40+1.54 <0.00005
Range 23-30 37-42.14
Birthweight (g) 854+ 191 3598 + 496 <0.00005
Range 512-1190 22964678
Spherical equivalent (D) —2.73%£4.19 —0.35£2.80 0.02
Visual acuity All eyes: 0.06+0.17 —0.07£0.11 <0.0005
Subgroup® —0.02+0.12 —0.09 £0.06° 0.02

Treatment (eyes)

Laser 28
Cryotherapy 10
Both 1
Untreated 2

“Subgroup refers to regressed ROP eyes without ocular copathology that could affect visual acuity (11 =29 eyes).

PRefers to control eyes without amblyopia (1 =>58).
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the ex-ROP group the nasal CT was thinner than
subfoveal CT (P =0.0002) but not temporal CT (P =0.2).

For the subset of ex-ROP eyes without ocular
copathology expected to affect vision (29 eyes, 19
patients), there was no significant correlation between
subfoveal CT and best-corrected visual acuity
(rg= —0.09, P=0.73). There was similarly no correlation
for controls without amblyopia (rs= —0.18, P =0.33)
(58 eyes, 33 participants).

In the ex-ROP cohort, a positive correlation was found
between spherical equivalent and subfoveal CT (r;=0.57,
P =0.003), such that more myopic eyes tended to have
thinner choroids. This relationship was also
demonstrated for nasal (r;=0.44, P=0.03) and temporal
(r¢=0.65, P=0.0006) locations. However, in the control
group, no such correlation was found at any location
(r¢=0.13, P=0.48) for the subfoveal location).

In the ex-ROP group, there was no significant
correlation between subfoveal CT and gestational age
(rs=0.16, P =0.46). There was also no significant
correlation between subfoveal CT and birthweight in the
ex-ROP (r,=0.03, P =0.90) or the control group (r;=0.34,
P=0.053).

There was a negative correlation between the extent of
ROP, measured in clock hours, and unadjusted subfoveal
CT (ry= —0.52, P=0.009). A similar relationship was
apparent at the nasal (r;= —0.44, P =0.03) and temporal

Control
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Figure 2 Choroidal thickness, adjusted for refractive error, in
the regressed ROP and control groups.

locations, although at the latter the correlation was not
statistically significant (rs= —0.39. P =0.06). This
analysis excluded the two untreated eyes, and the eye
with stage 4A, so that n =238 eyes (23 patients).

Discussion

Although the ophthalmoscopic vascular changes in ROP
are most evident in the retinal periphery, the visual
deficits associated with regressed ROP or premature
birth point to central retinal dysfunction.!#12-14
Electroretinography also suggests that central retinal
dysfunction is greater than peripheral dysfunction.> OCT
has revealed changes not evident on ophthalmoscopy, but
these can be compatible with good visual acuity.®”*-11
Authors have questioned the possibility of a non-retinal
aetiology for visual deficits, so examination of the choroid
is warranted.!

The choroid serves functions including metabolic
support for the RPE and retina, acting as a heat sink,
and absorbing excess light.?>?” Abnormalities of the
choroid or CT have been demonstrated in a number
of disease states, including exudative age-related
macular degeneration, idiopathic polypoidal
choroidal vasculopathy, central serous retinopathy,
Vogt-Koyanagi-Harada disease, and high myopia.?5-32
Previous work using OCT has established that CT is
positively correlated with refraction, negatively
correlated with axial length, and that CT declines
with age.16-1933-35

Evidence of prematurity affecting central, and not only
peripheral, vasculature was reported by Mintz-Hittner
et al 3 who showed a reduced foveal avascular zone in
prematurely born children. This finding was compatible
with normal vision.

Choroidal involvement has been implicated in the
pathogenesis of ROP using a rat model of oxygen-
induced retinopathy.?! Shao et al?! demonstrated
sustained choroidal involution, predominantly in the
central fundus, in rats exposed to postnatal hyperoxia.
The authors found that elevated levels of 15d-PG]J, in the
central fundus induced apoptosis of ocular endothelial
cells through the induction of oxidant stress. They
suggested that this choroidal degeneration could explain
the central functional deficits associated with ROP.

Table 2 Mean choroidal thickness values, adjusted for refractive error, in the regressed ROP and control groups

Cases (95% CI) Controls (95% CI) Differences P-value
controls — cases (95% CI)
Subfoveal CT 271.1 (247.8; 294.5) 327.4 (293.8; 360.9) 56.3 (15.2; 97.3) 0.008
Temporal CT 257.2 (240.2; 274.2) 320.5 (288.6; 352.3) 63.3 (27.1; 99.5) 0.001
Nasal CT 236.0 (208.0; 263.9) 259.3 (228.6; 290.0) 23.3 (—18.6; 65.3) 0.27
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Recently, Park and Oh?? found CT, adjusted for age
and axial length, to be significantly thinner at a
location 3 mm temporal to the fovea in prematurely
born children compared with controls. A marginal
negative correlation between stage of ROP and CT at
this site was found. No correlation between visual
acuity and CT was demonstrated, and there was no
significant difference in CT between the groups at
other sites.

Our results show that subfoveal and temporal CT in
patients with regressed ROP is significantly thinner
than in term controls. We found subfoveal CT, adjusted
for refraction, to be on average 56.3 um (95% CI,
15.2-97.3) thinner in the ex-ROP cohort. This finding
supports the case for choroidal involvement in the
pathogenesis of ROP as proposed by Shao et al,>! and
could be in keeping with choroidal involution as
reported by them.

It is possible that the choroidal thinning we observed is
a consequence of the treatment for ROP rather than the
condition itself, or because of an unmeasured factor.
We could not recruit an untreated cohort with ROP of
this severity, given that cases meet the criteria for
treatment. It is noted, however, that the choroidal
thinning observed by Park and Oh?? did not correlate
with laser treatment in their study.

The mean unadjusted subfoveal CT measurement for
the control group in our study (338.0 um) was in
agreement with other reported studies.!>18-20.223335

While mean subfoveal and temporal CT was
statistically significantly thinner in ex-ROP patients
than controls, the clinical significance of this finding
needs to be interpreted in the context of a wide
reported range of CT in normals. The subfoveal CT in
our control group, for example, ranged from 145 to
549 ym. Indeed, the mean CT as measured by OCT in
normals in other studies has ranged from 203.6 to
448 um.1737 Chen et al'® showed the absolute
interocular subfoveal CT difference can be as high as
135 um within individuals.

We did not demonstrate a correlation between CT and
gestational age or birthweight. However, our finding of
negative correlations between subfoveal and nasal CT
and clock hours of ROP suggests that choroidal thinning
is more marked in more severe ROP, in keeping with the
finding of Park and Oh.?? Almost all eyes in our
series received treatment for stage 3 ROP in zone 2
associated with plus disease. If ROP were to be treated
earlier, as currently may occur with treatment of type 1
prethreshold ROP, as defined in the Early Treatment for
Retinopathy of Prematurity (ETROP) study, this might
feasibly limit the reduction in CT observed.?® Treating
earlier disease might attenuate any effect of ROP on CT,
and therefore on any sequelae.
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Our finding of subfoveal CT >temporal CT>nasal CT
was in keeping with other studies.!®17:3* Interestingly,
the nasal CT was significantly thinner than temporal CT
in the control group, but not in cases, suggesting that the
typical nasal thinning of the choroid is less marked in
regressed ROP.

In the ex-ROP group, the positive correlation that we
demonstrated between spherical equivalent and CT is in
keeping with reports in the literature.'”3% We did not
demonstrate the same relationship in the controls, which
may be because of our sample size and/or the narrower
range of refractive error in this group compared with the
cases.

Fujiwara et al®> demonstrated a negative correlation
between CT and visual acuity in high myopia, and
suggested a role for choroidal atrophy in the
pathogenesis of visual dysfunction in this condition.
Similarly, in a study investigating the cause of poor
visual acuity in high myopia, Nishida et al* found
subfoveal CT to be negatively correlated with visual
acuity. It was the only significant predictor of visual
acuity in this group, and they suggested that a very thin
choroid might deliver decreased metabolic support to the
outer retina, which could affect photoreceptor function or
cause photoreceptor loss.

We noted poorer visual acuity in the ex-ROP
subgroup of eyes without associated ocular
copathology than in controls. However, we did not
demonstrate any correlation between visual acuity and
subfoveal CT in either this ex-ROP subgroup or
controls. Further work is needed to elucidate whether
the thinner choroid in regressed ROP is a benign
consequence of ROP or prematurity, or if it is
contributory to the associated visual function deficits.

The limitations of our study include the
retrospective method of data collection for the ex-ROP
cohort. CT measurements were made manually and
therefore may be susceptible to error, although good
interobserver agreement was observed. Measurements
at discrete sampling points may be influenced by focal
thickening or thinning of the choroid, or irregularity of
the chorioscleral border, thus it is possible that these
points may not always be representative of the CT.3
We recorded refractive error, but it would be useful to
investigate the effect of axial length in this setting in
future work, particularly as high myopia in regressed
ROP is associated with altered anterior segment
development, a more globular lens, and increased
corneal power, and not solely axial length.404!
Furthermore, it would be beneficial for future studies
to include a premature cohort without ROP to
determine whether choroidal thinning is associated
with ROP only or whether prematurity per se has an
effect on CT.



Summary

What was known before

® Long-term visual outcomes are variable in regressed ROP,
even in the absence of macular pathology on
ophthalmoscopy.

® OCT has demonstrated central macular abnormalities in
those born severely preterm, although these are
compatible with good visual acuity. EDI OCT allows
reproducible measurements of the choroid.

® Work on oxygen-induced retinopathy in an animal model
has implicated choroidal involvement in the pathogenesis
of ROP. Thinner choroid at the temporal macula in
prematurely born children has been demonstrated with
EDI OCT.

What this study adds

® This study has shown subfoveal CT, adjusted for
refraction, to be significantly thinner in patients with
regressed severe ROP than in controls.

® The extent of choroidal thinning appears to be related to
the extent of ROP.

® These findings support the case for choroidal
involvement in the pathogenesis of ROP, and possibly in
the associated visual deficits.
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