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ABSTRACT
Background Vascularisation of the macula takes place
between 24 and 27 weeks post-conception. Preterm
birth may affect the formation of the foveal avascular
zone (FAZ) and foveal depression, and displacement of
inner retinal layers away from the incipient fovea.
Objective To examine whether vascular abnormalities
accompany an inner retinal abnormality, and whether
they are coincident.
Methods High-density spectral domain optical
coherence tomography volume scans were obtained
from 24 preterm children and 34 full-term controls
(5e16 years). Matlab programs were used to quantify
total retinal thickness, thickness of individual retinal
layers and metrics of foveal morphology. Summed voxel
projections for the ganglion cell layereinner nuclear layer
were used to identify the FAZ.
Results Preterm children had significantly smaller FAZ
diameters than controls (p<0.0001). The foveal pits of
preterm children were significantly shallower and less
steep (p<0.0001) and total retinal thickness at the fovea
was significantly increased (p<0.0001) compared to
controls. The ganglion cell layereinner plexiform layer
and outer nuclear layer were significantly (p#0.0001)
thicker in preterm children than in controls.
Conclusions Preterm birth results in abnormal foveal
vascularisation, a failure of the inner retinal neurons to
migrate away from the fovea, and an elevated outer
nuclear layer ratio. The spatial coincidence of inner retinal
and vascular abnormalities in preterm children supports
the hypothesis that aspects of foveal development are
interdependent.

INTRODUCTION
The retina is one of the last tissues of the devel-
oping fetus to undergo vascularisation, beginning
14e16 weeks post-conception.1e3 Vasculogenesis
begins in the posterior superficial retina and
proceeds in a wave-like manner to the periphery. At
25 weeks post-conception, the deep vascular
network grows from the optic disc towards the
retinal periphery, skirting around the incipient
fovea.4e6 Blood vessels migrate and proliferate
across the retina, at a pace consistent with the
increasing oxygen demands of developing retinal
cells.7 Anti-proliferative and/or anti-angiogenic
factors expressed within the foveal region prevent
the growth of capillaries into the incipient fovea,
resulting in a foveal avascular zone (FAZ).8e10

The foveal pit begins to develop at 24e27 weeks
post-conception.11 Creation of the foveal pit
involves centrifugal migration of inner retinal
neurons away from the fovea and a continuation of

the centripetal migration of cone cell nuclei
towards the foveal center.12 The absence of blood
vessels at the fovea has been suggested to be
involved in the formation of the foveal pit.13 14

Taken together, these data suggest that
24e27 weeks post-conception is a critical period for
development of the fovea, including development
of the perifoveal vascular plexus and formation of
the foveal pit. Foveal cone packing, which begins
earlier than foveal pit formation, proceeds
throughout this critical period and thereafter.15

Preterm birth and the accompanying change in
retinal pO2 may suspend the development of the
perifoveal vascular plexus and alter the expression
of factors that guide the vessels around the FAZ.
Therefore, preterm birth may disrupt the develop-
mental interactions between the formation of the
perifoveal vascular plexus around the FAZ, the
initial formation of the foveal depression,
the displacement of inner retinal layers away from
the incipient fovea, and foveal cone packing. Any of
these abnormalities, alone or in combination, may
affect visual acuity.
Early optical coherence tomography (OCT)

studies in preterm children and adults with
regressed retinopathy of prematurity (ROP)
reported blunted or absent foveal depressions and
increased retinal thickness at the fovea.16e20

Studies that utilised high resolution spectral
domain OCT (SD-OCT) in small cohorts of
preterm children and adults with regressed ROP
described a wide, shallow foveal pit, small or absent
FAZ, thick outer nuclear layer (ONL), and inner
retinal layers overlaying the fovea.21e24 Here we
used novel computer-assisted analysis techniques to
non-invasively assess FAZ diameter and the archi-
tecture of the fovea in preterm children, and
examined whether foveal vascular abnormalities
accompany the inner retinal abnormalities, and
for the first time, whether they are spatially
coincident.

METHODS
This study was approved by the Institutional
Review Board of the University of Texas South-
western Medical Center (Dallas, Texas, USA).
Informed consent was obtained from a parent and
assent was obtained from children $12 years of
age.

Subjects
Two groups of children aged 5e16 years participated:
24 preterm children (mean age 10.163.0 years) born
at 23e27 weeks post-conception, and 34 full-term
controls (mean age 9.262.8 years), born at
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38e41 weeks post-conception. Preterm children had a history of
no ROP (n¼4) or regressed ROP, with stage 1 to stage 3 acute
phase and either spontaneous regression (n¼5) or regression
following treatment with peripheral ablative surgery (n¼15). All
had normal-appearing posterior poles on ophthalmoscopy. For
both groups, children with coexisting ocular or systemic disease or
developmental delay were excluded.

Demographics, gestational age at birth, birth weight, acute
and cicatricial stages of ROP, and treatment for ROP were
obtained from medical records (table 1).

Visual acuity
Visual acuity was assessed using E-ETDRS, a method that
has become the standard for clinical trials in paediatric
ophthalmology.25

SD-OCT imaging
Images were acquired by Spectralis SD-OCT (Heidelberg Engi-
neering, Vista, California, USA), using the automatic real time
(ART) eye tracker to eliminate motion artefacts. For each
patient, a high resolution horizontal line scan (9 mm; average
ART¼82) and high speed, high density volume scans
(4.431.5 mm or 6.931.7 mm, comprised of 49 B-scans; average
ART¼9) were obtained from the foveal region. Images from
right eyes were used in this study, except for four patients in the
preterm group who were amblyopic in the right eye. In these
four cases, the left eye was imaged and analysed so that
amblyopia did not confound the correlation between visual
acuity and foveal characteristics.

Foveal pit metrics (depth, diameter, slope)
The 9 mm horizontal line scan was used to determine foveal pit
metrics with a customised Matlab program.26 A difference-of-
Gaussians (DoG) model is fit to the retinal thickness profile to
allow measurement of the foveal pit contour and objective
determination of foveal pit metrics (diameter, depth and slope).
The centre of the foveal pit is a location where the DoG slope is
zero. The rim of the foveal pit is also a location of zero slope.
The diameter of the foveal pit was defined as the rim-to-rim
distance in millimetres. The depth of the foveal pit was defined
as the difference between the retinal thickness at the rim and at
the pit centre in microns. The slope of the foveal pit was
calculated as the maximum value of the slope between the
foveal centre and the foveal rim in degrees.

Retinal segmentation
The 9 mm horizontal line scan was also used to segment the
retina into individual layers using a custom Matlab program,
provided by Dr Donald Hood (Columbia University).27 Nine
retinal layer borders were identified: vitreouseretinal nerve fibre
layer (RNFL), RNFLeganglion cell layer (GCL), GCLeinner
plexiform layer (IPL), IPLeinner nuclear layer (INL), INLeouter
plexiform layer (OPL), OPLeONL, ONLephotoreceptor inner
segments (IS), ISephotoreceptor outer segments (OS), and
OSeretinal pigment epithelium (RPE; figure 1). The centre of
the fovea was located by examining the continuity of the

external limiting membrane, increased distance between
connecting cilia and RPE layers, and increased ONL thickness.21

Measurements were made at the fovea and at 3 parafoveal
eccentricities (400, 800 and 2000 mm). The ONL ratio was used
as an index of foveal cone photoreceptor density. The ONL ratio
was defined as the thickness of the ONL at the fovea/thickness
of the ONL at 62000 mm from the foveal centre.24

FAZ measurements
High density volume scans from each patient were analysed by
masked examiners (MC and SF) using a customised version of
the DOCTRAP software.28 The B-scan that showed the
maximum convergence of inner retinal layers and ONL thick-
ening along with elevation of the IS-OS junction was used to
locate and mark the fovea. ONL thickening was present in
preterm children even when there was no measureable foveal
pit. The retinal vasculature was assessed at the level of the IPL
and OPL. Within these layers, all voxels (volumetric equivalent
of a pixel) were averaged to derive a summed voxel projection
(SVP), creating two-dimensional en face images. Utilising
a customised graphical user interface implemented in Matlab,
we defined and detected vessels based on the following rule:
a hyper-reflective spot on a B-scan was confirmed to be a vessel
intersection if it also corresponded to both: (1) a location on
a hyper-reflective vessel structure on the IPL-OPL SVPs; and (2)
a location on a hypo-reflective vessel structure on the RPEe

Table 1 Demographic and clinical description of the preterm and full-term groups

Group n Gestational age (weeks) Birth weight (g) Age at testing (years) Gender (F/M) BCVA (logMAR) Acute stage (0/1/2/3) Laser (Y/N)

Preterm 24 25.662.0 7396184 10.163.0 15/9 0.21260.165 4/5/5/10 15/9

Full-term 34 39.461.7 37136720 9.262.8 21/13 �0.00860.138 NA NA

BCVA, best-corrected visual acuity.

Figure 1 Representative images of the optical coherence tomography
(OCT) segmentation program. (A) Segmented OCT image from a preterm
child, born at 26.9 weeks post-conception (logMAR: 0.301). (B)
Segmented OCT image from a full-term control child (logMAR:
�0.0969). From top to bottom, the coloured lines mark the following
boundaries: vitreouseRNFL (red), RNFLeGCL (orange), GCLeIPL
(yellow), IPLeINL (light green), INLeOPL (bright green), OPLeONL
(teal), ONLeIS (light blue), ISeOS (blue), OSeRPE (purple), RPEech-
oroid (fuchsia). RNFL, retinal nerve fibre layer; GCL, ganglion cell layer;
IPL, inner plexiform layer; INL, inner nuclear layer; OPL, outer plexiform
layer; ONL, outer nuclear layer; IS, photoreceptor inner segments; OS,
photoreceptor outer segments; RPE, retinal pigment epithelium.
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Bruchs membrane SVP. The distance from the fovea to the
nearest blood vessel was calculated and doubled as an estimate
of FAZ diameter (figure 2). Note that the resolution of the SD-
OCTwas sufficient to identify vessels with diameters $25 mm.

In order to evaluate the reproducibility of this novel method
of determining FAZ diameter, we had an independent masked
grader (JW) perform the same analyses. Although there is some
inherent subjectivity with this methodology, statistical results
and p values were the same, regardless of which masked grader ’s
diameters were used for analyses.

Statistical analysis
Student t tests and linear correlation tests were performed on
data that were normally distributed with equal variance (IGOR
Pro software; WaveMetrics, Portland, Oregon, USA).

RESULTS
Effect of preterm birth on foveal pit metrics and FAZ diameter
Despite similar foveal pit diameters, preterm children had
significantly smaller FAZ diameters than full-term controls
(table 2). The FAZ extended only one quarter of the distance
from the foveal centre to the foveal rim in preterm children, but

extended twice as far in full-term controls. Preterm children had
significantly shallower foveal pits than full-term controls. The
foveal pits of preterm children were also less steep. To assess
whether the DoG model of foveal shape provided a good fit for
the data from both the preterm cohort and the full-term
controls, we determined the root mean square value for each
foveal fit. There was no statistically significant difference
between the root mean square values of the preterm versus full-
term DoG fits (p>0.2). The preterm cohort included children
with no ROP (n¼4), mild ROP that regressed spontaneously
(n¼5), and ROP that regressed post-laser treatment (n¼15).
Table 2 presents FAZ diameter and foveal metrics for each of
these subgroups. Although the number of children in each
subgroup was small, the same pattern of results was present for
each subgroup; that is, compared to full-term children, there was
no significant difference in foveal diameter, but FAZ diameter,
foveal depth, foveal slope and total foveal thickness were
significantly different (0.0001#p#0.04, except for foveal slope
of the no ROP group which showed a trend (p¼0.08).

Effect of preterm birth on total foveal thickness
Thickness of the retina at the fovea was significantly greater in
preterm children than in full-term controls (table 2). Total foveal
thickness was inversely correlated with the diameter of the FAZ
(r2¼0.51; p#0.0001; figure 3).

Effect of preterm birth on the thickness of the GCLeIPL layers of
the retina
The GCLeIPL was significantly thicker in preterm children than
in full-term controls in the central fovea, and at approximately
half-way up the foveal slope at 400 mm, but not at the foveal rim
(800 mm) or outside of the fovea at 2000 mm (table 3). Similar
results were found at 0 mm and 400 mm for the mild, regressed
ROP and regressed post-laser treatment ROP subgroups
(0.001#p#0.05). Due to the small sample size, GCLeIPL
thickness was not significantly greater in the no ROP subgroup,
despite a factor of two difference in thickness compared to the
full-term group. GCLeIPL thickness at the fovea was inversely
correlated with the diameter of the FAZ (r2¼0.19; p#0.001;
figure 4).

Effect of preterm birth on the ONL and photoreceptor layer
The ONL ratio was significantly higher in preterm children than
in full-term controls (table 2). However, there were no differ-
ences between preterm and full-term controls, or any preterm
subgroups, in the thickness of the photoreceptor IS, photore-
ceptor OS, or the combined (ISeOS) photoreceptor layer at the
fovea or beyond (up to 62000 mm; table 3).

Visual acuity and abnormal foveal architecture
Preterm children had significantly reduced visual acuity
compared to full-term controls (0.21260.05 vs �0.00860.4
logMAR; p<0.0001). Visual acuity in preterm children was not

Figure 2 Representative images for analysis of foveal avascular zone
diameter. Summed voxel projections (SVPs; ie, constructed en face
images) for the inner retinal layer combination that contains the
perifoveal blood vessels (IPLeOPL). (A) Results from a preterm child,
born at 26.9 weeks post-conception (logMAR: 0.301). (B) Results from
a full-term control child (logMAR: �0.0969). The yellow line is the
position of the foveal B-scan; the yellow circle marks the location of the
fovea; the green crosses mark the location of two blood vessels closest
to the fovea.

Table 2 Foveal metrics and foveal thickness in preterm children and full-term controls

Preterm Full-term
p Value

Preterm Preterm Preterm
Mean (SE) Mean (SE) No ROP Regressed ROP Laser

Foveal diameter (mm) 1759.3 (273.0) 1766.3 (60.6) >0.5 1751.9 (149.5) 1697.15 (187.4) 1547.9 (208.4)

FAZ diameter (mm) 410.5 (47.5) 792.3 (46.6) <0.0001 499.3 (39.7) 374.9 (73.8) 398.6 (169.9)

Foveal depth (mm) 69.0 (5.9) 129.6 (6.1) <0.0001 85.0 (12.5) 72.1 (6.0) 62.8 (4.9)

Foveal slope (degree) 6.3 (1.0) 14.6 (0.9) <0.0001 9.7 (2.2) 6.6 (1.2) 5.1 (0.6)

Total foveal thickness (mm) 296.3 (11.8) 219.0 (3.9) <0.0001 253.2 (11.9) 295.9 (18.8) 307.9 (9.0)

ONL ratio 2.06 (0.08) 1.54 (0.06) <0.0001 1.8 (0.12) 1.9 (0.13) 2.2 (0.06)

FAZ, foveal avascular zone; ONL, nuclear layer; ROP, retinopathy of prematurity.
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correlated with GCLeIPL thickness, ONL thickness, ONL ratio,
ISeOS layer thickness, FAZ diameter, foveal pit depth, foveal pit
diameter or foveal pit slope (p>0.16 for all correlations).

DISCUSSION
To our knowledge, this study is the first to use novel, computer-
assisted analyses to non-invasively assess FAZ diameter and the
architecture of the fovea in preterm children. Furthermore, this
study is the first to demonstrate a correlation between foveal
vascular abnormalities and foveal fine structure as a result of
preterm birth. Preterm birth at 23e27 weeks post-conception
was associated with a significantly smaller FAZ and a shallower,
less steep foveal pit compared to full-term controls. Foveal
thickness was greater in preterm children than in full-term
controls, primarily due to GCLeIPL layers overlying the fovea.
Furthermore, preterm children demonstrated higher ONL ratios,
suggestive of increased cone packing at the fovea.

Our findings differ from the absent FAZ reported in an adult
with regressed ROP.21 Our finding of a smaller than normal FAZ
in preterm children, rather than an absent FAZ, may be the
result of individual differences that we were able to appreciate

with a larger sample size. In addition, the differences between
the two studies may be related to the resolution of our method,
which was able to identify vessels with diameters $25 mm, and
may have overestimated the size of the FAZ in both the preterm
and full-term control groups because very small vessels were not
identified. Nonetheless, both preterm studies exhibit the same
trend: a small or absent FAZ following preterm birth #27 weeks
post-conception. In addition, FAZ diameter in our full-term
cohort exhibited a threefold variation in FAZ diameter that fell
within the fivefold range seen in a recent adaptive optics study
of ‘normal adults’.29

Our full-term cohort exhibited foveal pit metrics (depth,
diameter and slope) comparable to normal adults.29 The foveas
of preterm children were significantly shallower and less steep
than those of controls. These findings complement the literature;
studies have consistently demonstrated an absent or shallow
foveal pit in preterm children and adults.17e19 21e24 Unlike the
Hammer et al study,21 we did not detect a difference in the foveal
pit diameters of preterm children and full-term controls.
The foveas of preterm children were significantly thicker than

those of full-term children. These findings are consistent with
the literature.19 21e24 However, ours is the first study to
demonstrate a significant negative correlation between foveal
thickness and FAZ diameter. Building on previous findings in our
laboratory,24 we showed that the GCLeIPL layers were about 6
times thicker in preterm children than full-term controls, both at
the fovea, as well as at 6400 mm from the foveal centre
(approximately halfway up the foveal slope). This finding
highlights the spatial coincidence of inner retinal and foveal
vascular abnormalities in preterm children, because the eccen-
tricities with GCLeIPL differences between the two groups are
the same eccentricities that exhibit differences in vascularisation.
The FAZ abnormality was inversely correlated with the

increased thickness of the GCLeIPL layers of the retina (at the
fovea) in preterm children. The displacement of inner retinal
neurons during foveal development may be due to intraocular
pressure and mechanical stress,13 30 31 or failure of the choroid to
meet the metabolic demands of photoreceptors and inner retinal
neurons at the fovea,32 or due to an unidentified factor(s)
secreted by Müller cells, which might affect the orientation

Figure 3 Effect of preterm birth on total foveal thickness. Total foveal
thickness was inversely correlated with the distance of the nearest
blood vessel to the foveal centre (FAZ; r2¼0.51; p#0.0001). FAZ, foveal
avascular zone.

Table 3 GCLeIPL layer thickness and photoreceptor layer thickness in
preterm children and full-term controls

Preterm Full-term
p ValueMean (SEM) Mean (SEM)

GCLeIPL thickness (mm)

0 mm 21.1 (4.5) 4.3 (2.6) <0.0001

400 mm 61.0 (4.9) 44.2 (3.0) <0.0001

800 mm 77.6 (9.1) 86.0 (2.7) >0.05

2000 mm 77.1 (8.8) 86.6 (2.5) >0.05

Photoreceptor IS thickness (mm)

0 mm 30.4 (0.9) 30.9 (0.9) >0.05

400 mm 30.9 (1.2) 33.2 (1.3) >0.05

800 mm 27.5 (1.1) 29.9 (0.9) >0.05

2000 mm 24.2 (0.8) 24.4 (0.9) >0.05

Photoreceptor OS thickness (mm)

0 mm 50.9 (2.6) 49.9 (2.1) >0.05

400 mm 38.4 (1.5) 38.0 (1.5) >0.05

800 mm 36.0 (1.8) 37.0 (1.3) >0.05

2000 mm 30.0 (1.7) 31.8 (1.2) >0.05

GCL, ganglion cell layer; IPL, inner plexiform layer; IS, photoreceptor inner segments; OS,
photoreceptor outer segments.

Figure 4 Effect of preterm birth on the thickness of the GCLeIPL layers
of the retina. GCLeIPL thickness at the fovea was inversely correlated
with the distance of the nearest blood vessel to the foveal centre (FAZ;
r2¼0.19; p#0.001). FAZ, foveal avascular zone; GCL, ganglion cell layer;
IPL, inner plexiform layer.
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scaffold that the Müller cells provide for young, post-mitotic
neurons during development.33 The spatial coincidence of inner
retinal and vascular abnormalities in the foveas of preterm
children cannot distinguish between these models. Moreover,
a smaller FAZ will limit centrifugal displacement of GCL and
INL cells, simply because the presence of capillaries will
mechanically interfere with their displacement. Whether a larger
FAZ leads to enhanced foveal excavation, or whether enhanced
foveal excavation leads to a larger FAZ cannot be determined
from our data. However, due to the timing of these two events,
it is more likely that the size of the FAZ modifies foveal
excavation.8e14

We did not detect any differences in ONL thickness or ISeOS
length. However, we found a larger ONL ratio in preterm chil-
dren than in full-term controls. The higher ONL ratio in preterm
children may reflect delayed foveal maturation,33 higher than
normal cone packing or an increased contribution of Henle fibres
to the ONL ratio in preterm children.34 35 These questions
cannot be answered without the use of adaptive optics.

The reduced visual acuity of preterm children was not corre-
lated with FAZ diameter, foveal pit depth, foveal pit diameter or
foveal slope. Other groups have failed to detect an association
between visual acuity and foveal architecture in preterm chil-
dren.20 21 24 36 Two recent studies in adults have demonstrated
that a foveal pit is not required for good visual acuity and that
foveal cone specialisation is present in the absence of a foveal
pit.37 38 Factors unrelated to foveal development and architec-
ture may underlie the visual acuity deficits in preterm children,
including delayed and/or altered photoreceptor maturation39

(Corkin FJ, et al IOVS 2011;52:ARVO E-Abstract 3130),40 and
subtle differences in the RNFL.41 This suggests that alterations
in neural retinal development may underlie the subtle macular
dysfunction in these patients.

In conclusion, preterm birth results in abnormal foveal
vascularisation, a failure of inner retinal neurons to migrate
away from the fovea, and an elevated ONL ratio. The spatial
coincidence of inner retinal and vascular abnormalities in
preterm children supports the hypothesis that aspects of foveal
development are interdependent.
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