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Abstract

Background Children born extremely preterm (gestational age < 28 weeks) show reduced visual function even
without any cerebral or ophthalmological neonatal diagnosis. In this study, we aimed to assess the retinal structure
with optical coherence tomography (OCT) and visual function with pattern-reversal visual evoked potentials (PR-VEPs)
in a geographically defined population-based cohort of school-aged children born extremely preterm. Moreover, we
aimed to explore the association between measures of retinal structure and visual pathway function in this cohort.

Methods All children born extremely preterm from 2006-2011 (n=65) in Central Norway were invited to participate.
Thirty-six children (55%) with a median age of 13 years (range =10-16) were examined with OCT, OCT-angiography
(OCT-A), and PR-VEPs. The foveal avascular zone (FAZ) and circularity, central macular vascular density, and flow were
measured on OCT-A images. Central retinal thickness, circumpapillary retinal nerve fibre layer (RNFL) and inner plexi-
form ganglion cell layer (IPGCL) thickness were measured on OCT images. The N70-P100 peak-to-peak amplitude and
N70 and P100 latencies were assessed from PR-VEPs.

Results Participants displayed abnormal retinal structure and P100 latencies (> 2 SD) compared to reference popula-
tions. Moreover, there was a negative correlation between P100 latency in large checks and RNFL (r=-.54, p=.003)
and IPGCL (r=-41, p=.003) thickness. The FAZ was smaller (p =.003), macular vascular density (p=.006) and flow
were higher (p=.004), and RNFL (p=.006) and IPGCL (p =.014) were thinner in participants with ROP (n=7).

Conclusion Children born extremely preterm without preterm brain injury sequelae have signs of persistent
immaturity of retinal vasculature and neuroretinal layers. Thinner neuroretinal layers are associated with delayed P100
latency, prompting further exploration of the visual pathway development in preterms.
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Introduction

Children born extremely preterm (gestational age
(GA) <28 weeks) are at increased risk of visual impair-
ments [1] that are not fully explained by sequelae from
retinopathy of prematurity (ROP) [2]. The disease is
defined by clinically observed pathological neovascu-
larisation of the retina during development and retinal
detachment in its end stage, resulting in visual impair-
ment [3]. However, neonatal screening identifies indi-
viduals needing treatment. Therefore, end-stage ROP is
rarely seen in high-income countries [4] and may thus
not be the primary contributor to the increased risk of
visual impairments observed in children born extremely
preterm. Moreover, it has been suggested that ROP is
not only a vascular disease but also includes injury to the
neurovascular interphase in the retina and/or brain [5].
Indeed, we have suggested that ROP is merely the tip of
the iceberg of a more extensive entity coined "Visuopathy
of Prematurity" (VOP), which is proposed to encompass
neurovascular tissue injury in the retina and the cerebral
visual pathways of children born preterm [2].

The fovea is not fully matured until one or two years
of age because most inner retinal differentiation occurs
before birth, and outer retinal differentiation occurs after
birth [6]. During foetal development, the fovea is formed
by the centrifugal movement of inner retinal layers to the
periphery and migration of the outer photoreceptor lay-
ers towards the centre of the foveola [7, 8]. The vascular
mesh that covers the retina in early foetal life retracts to
leave an avascular zone in the fovea, facilitating light to
access foveolar photoreceptors and enabling sharp vision
[9]. This process occurs during late gestation, and both
the development of the retinal vasculature and the neu-
roretina may be interrupted by factors associated with
preterm birth.

Optical coherence tomography (OCT) angiography
provides non-invasive in vivo high-resolution imaging
of the retinal layers and vasculature and has revealed
retinal microstructural abnormalities such as a smaller
foveal avascular zone, higher vascular density, and a
thicker central macula among children born preterm at
age 3-17 years old [10-12]. The retinal abnormalities
might also be associated with abnormal functional integ-
rity of the visual pathways. Indeed, altered visual evoked
potentials (VEPs) generated in the occipital cortex have
been reported in very low birth weight (VLBW;<1500 g
birthweight) pre-schoolers [13]. However, the associa-
tion between OCT and VEP measures has not yet been
explored in school-aged children born extremely pre-
term. Moreover, research findings are inconsistent on
whether the pattern of abnormal retinal structure and
visual function is more prominent among children born
extremely preterm with ROP [14, 15].
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Thus, we wanted to assess the structure of the retinal
neurovascular development, the visual pathways’ func-
tion, and possible associations in a population-based
cohort of school-aged children born extremely preterm
with and without ROP.

Methods and materials

Study design and participants

All children residing in Norway who were born extremely
preterm from 2006-2011 in the geographical region
of Central Norway were identified via the Norwegian
Neonatal Network (NNK), a national medical qual-
ity registry that collects data on all new-borns admitted
to neonatal intensive care units in Norway. Norway has
near-universal health insurance coverage. Information
from NNK was cross-checked with medical records,
and the children’s last names were cross-checked with
the Norwegian National Population Register to obtain
the addresses of their parents. The study had no exclu-
sion criteria. Sixty-five children were invited via a mailed
letter containing information about the study. Parents
were contacted by phone for consent; 14 could not be
reached. Of the remaining 51, 36 (55%) consented and
were enrolled in the study between March 3 and Sep-
tember 2, 2021. Their median (range) age at visual assess-
ment was 13 years (10-16). Background neonatal data
were obtained from NNK and cross-checked in medical
records for participants and non-participants (those who
declined to participate and could not be reached). There
were no significant differences between participants and
non-participants in clinical background data [16]. A clin-
ical assessment of brain MRI had been performed as part
of an earlier study and confirmed that none of the partici-
pants had signs of preterm brain injury [16].

Ophthalmological examination

Best-corrected visual acuity (BCVA) as letter score and
the logarithm of the minimum angle of resolution (log-
MAR) was obtained monocularly and binocularly follow-
ing subjective refraction at 4 m distance according to the
Early Treatment Diabetic Retinopathy Study (ETDRS)
[17]. Subsequent testing was performed with the best
correction. Cut-off scores for BCVA were calculated
as < 85 letter score (equivalent to 20/20 Snellen and a log-
MAR score of 0.0), which is clinically regarded as normal
vision.

Optical coherence tomography

After dilation with one drop of phenylephrine 10% and
cyclopentolate 1%, OCT and OCT angiography (OCT-
A) were obtained using the Zeiss Cirrus 6000 (Carl
Zeiss Meditec, Inc., California, USA). We obtained
512x128 mm images from the macula, 200X 200 mm
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images from the optic disc, and 3 X3 mm OCT-A images
for both eyes.

Macular vascular density (MVD; mm/mm?) in the
superficial central area, macular vascular flow (MVF; %)
in the superficial central area, foveal avascular zone (FAZ)
area (mm?), and FAZ circularity were obtained from
OCT-A images using the AngioPlex Metrix software. In
addition, circumpapillary retinal nerve fibre layer (RNFL)
thickness (um) and macular inner plexiform ganglion cell
layer (IPGCL) thickness (um) were automatically quanti-
fied and obtained from OCT images (Fig. 1).

For eyes in which blood vessels crossed the fovea, the
FAZ area was set to zero (Fig. 2). Mean central macular
thickness (CMT; um) in the fovea was obtained using the
macular cube 512X 128 protocol, where macular thick-
ness data are presented in nine ETDRS areas. The central
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subfield (A1) measures 1 mm in diameter and was used
to calculate CMT. Central retinal thickness (CRT; pm)
was measured manually from the inner limiting mem-
brane to the retinal pigment epithelium (Fig. 1).

Cut-off scores defined as the limit for abnormal val-
ues for the FAZ area (<0.3 mm/mm?) and FAZ circu-
larity (<0.7) were calculated based on reference values
obtained from a PlexElite 9000 (Carl Zeiss Meditec, Inc.,
California, USA) OCT machine from a group of 19 chil-
dren (6-8 years old at examination) born at term [18].
Cut-off scores for RNFL thickness (<83 um) were based
on reference values obtained on a spectral domain Cir-
rus (version 6.0.2.81, Carl Zeiss Meditec, Inc., Califor-
nia, USA) from a group of 57 children (6—15 years old at
examination) born at term [19]. Cut-off scores for IPGCL
thickness (<99 pm) were based on reference values

Fig. 1 lllustration of the OCT parameters extracted for analysis. A OCT-A image with the foveal avascular zone (yellow area) and the central macular
thickness measured in 1 diameter (blue area). B OCT B-scan image of the retina with the central retinal thickness (green line) measured from the
inner limiting membrane to the retinal pigment epithelium, the retinal nerve fibre layer thickness (red area), and the inner plexiform ganglion cell

layer (blue area)



(2023) 23:296

Ingvaldsen et al. BMC Ophthalmology

Page 4 of 10

Fig.2 OCT-A images illustrating the FAZ area (yellow area) of a participant with (right) and without (left) ROP. FAZ =foveal avascular zone;
OCT=optical coherence tomography; ROP =retinopathy of prematurity. The FAZ area is not visible in the participants with ROP due to blood

vessels going through the fovea

obtained on a Cirrus HD-OCT (Carl Zeiss Meditec, Inc.,
California, USA) from a group of 114 children (mean age
8.1 years old at examination) born at term [20]. Cut-off
scores for central macular thickness (>255 um) were cal-
culated based on reference values measured with spec-
tral-domain Cirrus (version 6.0.2.81, Carl Zeiss Meditec,
Inc., California, USA) from a group of 57 children
(6-15 years old at examination) born at term [21].

Visual evoked potentials

Pattern-reversal visual evoked potentials (PR-VEPs) from
the left and right eye were recorded on a Keypoint com-
puter (Keypoint, Neurolite Software, Natus, Switzerland)
using a View Sonic Graphics Series 670 fmb CRT moni-
tor (17 inches). Electrodes were placed according to the
10-20 system on occipital, frontal, and parietal areas (Oz,
Fz, and Pz) [22]. PR-VEPs were recorded from the occipi-
tal midline (Oz) and referred to the mid-frontal electrode
(Fz) according to the ISCEV standards [23]. Impedance
was<5 kQ, and a 1 Hz-1 kHz filter was used. The rejec-
tion level was set to+90 pV.

The subjects were seated in a relaxed position in a
chair with neck support. One eye was covered with an
eyepatch. The PR-VEP task consisted of high-contrast
black-and-white checks with a red fixation point in the
middle of the checkboard. The PR-VEP recording was
performed in a dark room at 1 m from the CTR moni-
tor. PR-VEPs were recorded in one eye at a time with 66’
(12x16) (large checks) and 16’ (48x64) (small checks)
checks with 100 stimulations per run and a stimulations
frequency of 1 Hz. A minimum of two runs for each eye
and check size were conducted to assess the reproduc-
ibility of the responses. Two reproducible responses were
required to be reliable for analysis.

An experienced specialist in clinical neurophysiol-
ogy (AG) blinded for ROP status visually identified
and placed cursors on N70, P100, and N145 peaks. The
N70 and P100 latency (ms) and peak-to-peak N70-
P100 amplitude (V) were obtained for analysis. Laten-
cies were measured from stimulus onset to the peak of
the N70 and P100 waves, and amplitude was measured
between the N70 and P100 peaks. Cut-off scores for PR-
VEP potentials were calculated as>113.5 ms (+2 SD)
and>119.3 ms (+3 SD) for the P100 latency of small
checks, and >109.4 ms (+2 SD) and >114.8 ms (+3 SD)
for P100 latency of large checks. The cut-off for the VEP
amplitude was calculated as<3.9 uV (-2 SD) and <2.5 pV
(-3 SD) for the small checks and <2.7 uV (-2 SD) and < 1.5
(-3 SD) for the large checks. The cut-off scores are based
on local reference values collected from an adult popula-
tion (n=93 and n=96 for small and large checks, respec-
tively) at the Department of Clinical Neurophysiology at
St. Olavs Hospital, Trondheim, Norway.

Statistical analyses
All statistical analyses were conducted using the SPSS
software 27.0 (IBM, New York, USA) and RStudio 4.2
(PBC, Boston, MA). Histograms and Q-Q plots were vis-
ually inspected to assess the normality of the data distri-
butions. The FAZ area, FAZ circularity, and N70 latency
showed non-normally distributions. However, due to the
small sample size, we used parametric tests for all analy-
ses to reduce the likelihood of Type II errors. All analy-
ses were performed using data from the eye with the best
corrected visual acuity (better eye). If the BCVA ETDRS
letter score were equal in both eyes, the right eye was
chosen for analyses.

Independent two-sample t-tests with p-values
adjusted for unequal variances were performed to assess
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differences in scores on OCT parameters and PR-VEP
variables between participants with and without ROP.
Further, a partial Pearson’s correlation analysis control-
ling for the effect of age was performed to investigate
the relationship between PR-VEP variables and ganglion
cell layer thickness. In addition, the relationship between
gestational age and study variables (OCT parameters and
PR-VEP variables) and the relationship between best cor-
rected visual acuity and OCT parameters were explored
with Pearson’s correlation analysis.

One participant had missing OCT data due to exces-
sive movement during the examination, which caused
unclear images. Two participants had missing VEP data
points due to 50 Hz noise making it difficult to identify
the VEP components. In addition, two participants had
missing VEP and OCT data due to nystagmus, and P100
latency for one subject with large checks was excluded
because the component could not reliably be identified.

Results

Ophthalmological examination

The standardised medical ocular history has been pub-
lished earlier [16]. In brief, two participants had nystag-
mus (6%), five (14%) had been treated for amblyopia, and
15 (42%) used glasses or lenses. Mean intraocular pres-
sure was 17.5 (SD=3.6) mmHg for the better eye and
17.0 (SD=3.5) for the worse eye (normal range of IOP
6-21 mmHg).

Twenty-six participants had no history of ROP, while 7
participants (19%) had a history of ROP. Of the children
with ROP, two developed Type I and were treated. One
participant had Type II that regressed, and four had mild
ROP (stage 2). The mean BCVA ETDRS letter score for
the better eye was 74.6 (SD=18.8) for participants with
ROP and 86.0 for participants without ROP (SD=4.1),
and almost half (49%) of the participants had an ETDRS
letter score lower than 85 (equivalent to Snellen 20/20
and logMAR 0.0) in their better eye [16].

Retinal structure (OCT)

Most participants displayed an abnormal retinal struc-
ture (Table 1). Almost all participants (97%) had a smaller
FAZ area (mean=0.05, SD=0.08), and 93% had a poorer
FAZ circularity than the cut-off (mean=0.30, SD=0.30).
In addition, 77% displayed a thinner RNFL (mean=91.8,
SD=10.1), and 60% had a thinner IPGCL than the cut-
off (mean=81.8, SD=6.7). The central macular thick-
ness was thicker than the cut-off in all participants
(mean=291.4 um, SD=19.3). Central retinal thickness
was 274.2 um (SD =26), mean macular vascular density
was 17.2 mm/mm? (SD=3.0), and mean macular vascu-
lar flow was 32% (SD =4.8). Results from the correlation
analysis between best corrected visual acuity and OCT
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parameters are presented in Additional file 1. A small
positive correlation was found between best corrected
visual acuity and central macular thickness, indicating
a thicker central macula with better visual acuity in the
participants (r=0.27, p=0.126).

Participants without ROP had a thinner central retina
than those with ROP (p=0.032). In addition, partici-
pants with ROP displayed thinner RNFL (p=0.006) and
IPGCL thickness (p=0.014), a higher macular vascular
density (p=0.006), and macular vascular flow (p=0.004)
compared to participants without ROP (Table 2). Fur-
thermore, none of the participants with ROP had a
measurable FAZ area, while this was the case for 5 of 29
participants (17%) in the no-ROP group (Fig. 2).

Visual pathway function (PR-VEPs)

were born before 26 gestational weeks. Sixlarge
checks66’) the reference values of +2 SD cut-off (Table 2).
Also, one participant born at 26 weeks GA displayed a
weaker N70-P100 amplitude than the reference popula-
tion. Mean P100 latencies (small checks/large checks)
was 123/117.1 ms for those with ROP compared with
110/102 ms for those without ROP (Table 1). The cor-
relation analysis between gestational age and study vari-
ables (Additional file 2) indicated longer P100 latencies
with lower gestational ages in small checks (r=-0.34,
p=0.074) and large checks (r=-0.36, p=0.090).

Associations between ganglion cell layer thickness

and PR-VEP variables

Both IPGCL and RNFL showed a significant negative
correlation with P100 latency (large checks; 66°) (IPGCL:
r=-0.53, p=0.005; RNFL: r=-0.64, p<0.001). Figure 3
presents the P100 latency (66') data distribution and
IPGCL and RNFL thickness.

Discussion

In a geographically defined population of school-aged
children born extremely preterm, thinner neuroretinal
layers were associated with delayed P100 latencies. Also,
several participants displayed delayed P100 latencies, and
all children born extremely preterm had abnormal cen-
tral macula thickness compared to reference populations.
In addition, individuals with ROP showed signs of imma-
ture foveal vasculature and neuroretinal layers.

To the best of our knowledge, the association between
neuroretinal layers and P100 latencies in large checks in
a cohort of school-aged children born extremely preterm
without identifiable cerebral abnormalities has not been
reported earlier. However, a similar association has been
observed in patients with multiple sclerosis and optic
neuritis [24, 25]. The two major parallel visual pathways,
the magnocellular and parvocellular pathways, begin in
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Table 1 OCT and PR-VEP variables for the better eye in participants presented by gestational age
Gestational age (weeks)
<24 25 26 27
(n=6) (n=5) (n=7) (n=15)
OCT parameters
FAZ (mm?) 03+.04° 03+£.04° 01+.02° 07+.11°
<0.3mm?(n (%)) 5(100) 4(100) 6 (100) 13(93)
FAZ circularity 20+.30° 30+.30° 20+.30° 30+.30°
<0.7(n (%)) 5(100) 4(100) 6 (100) 12 (86)
MVD (mm/mm?) 180+1.9° 183+33 178+1.3° 16.2+3.7°
MVF (%) 33.0+34° 31.8+4.0 325+18° 31.0+6.3°
CMT (um) 299.2+274 2858+110 297.0+7.5 287.6+214
>255um (n (%)) 6 (100) 5(100) 7 (100) 15 (100)
CRT (um) 2833+258 2744152 28864212 264 +28.2
RNFL thickness (um) 88.0+10.8% 92.6+10.1 87.2+122° 949+8.7°
<99um (n (%)) 4 (80) 4 (80) 5(83) 10 (71)
IPGCL thickness (um) 80.4+4.0° 81.8+10.1 757 +5.7° 849+4.7°
<83 um (n (%)) 4 (80) 3(60) 6 (100) 5(36)
PR-VEP variables
(66") N70 latency (ms) 68.0+3.3° 66.0+£2.3° 7234138 65.7+5.6
(66") P100 latency (ms) 107.4+9.3° 103.9+86° 110.0+£19.3 101.0+£5.1°
>109.4ms (+25D) (n (%)) 1(20) 1(25) 3(43) 1(7)
>114.8ms (+3SD) (n (%)) 1(20) 1(25) 2(29) 0
(66) N70-P100 pv 19.8+8.1° 175+9.2° 158+78 19541037
(16") N70 latency (ms) 75.8+2.0° 76.2+39° 8144103 743+6.2°
(16") P100 latency (ms) 1202 +£13.2° 1155+6.2° 1093+13.6 109.8+8.9°
>113.5ms (+2SD) (n (%)) 3(60) 3(75) 2(29) 5(36)
>119.3ms (+3SD) (n (%)) 2 (40) 1(25) 1(14) 2(14)
(16") N70-P100 pv 18741137 137+£93° 139472 182+8.7°

Data are presented as mean + SD with n (%) of the participants below/above cut-off scores (described in the methods section), presented by gestational age at birth

BCVA best corrected visual acuity, CMT central macular thickness, CRT central retinal thickness, FAZ foveal avascular zone, IPGCL inner plexiform layer, mm? square
millimetre, ms milliseconds, MVD macular vascular density, MVF macular vascular flow, RNFL retinal nerve fibre layer, uV amplitude, um micrometre, 66’ large checks,

16’ small checks
@ Data are missing for one participant

b Data are missing for two participants

the retina and project to the primary visual cortex via
the lateral geniculate nucleus. The parvocellular pathway
responds to high spatial resolution (small checks), low
luminance contrast sensitivity, and low temporal resolu-
tion. In contrast, the magnocellular pathway responds to
low spatial resolution (large checks), high luminance con-
trast sensitivity, and high temporal resolution [26-28].
The association between delayed P100 latencies in large
checks with thinner ganglion cell layers in this study may
indicate an abnormal development of the magnocellu-
lar pathway, activated in low spatial frequency stimulus
conditions. Moreover, several participants had abnor-
mal P100 latencies with small checks (16’), indicating a

delayed development of the parvocellular pathways in
school-aged children born extremely preterm.

While 39% of our participants had delayed P100 laten-
cies compared to norms in the small checks, only 18%
had delayed P100 latencies in the large checks. A pre-
vious study found that children (with a mean age of
5.8 years) born late preterm (GA week 32-37) exhibited
no significant differences in P100 latency compared to
children born at term [29], while another study found
that children (4—6 years of age) born with GA between
28 and 32 weeks had significantly delayed P100 laten-
cies compared to controls [13]. These conflicting results
may be due to the difference in gestational age. Indeed,
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Table 2 OCT and PR-VEP variables for the better eye between participants with and without ROP
ROP (n=7) No-ROP (n=33)
Mean £ SD Mean £ SD p-value 95% Cl
OCT parameters
FAZ (mm?), .00 =+ .004 .06 + .09 003 (02, .09)
FAZ circularity, .00 + .004 03+.03 000 (.03, .04)
MVD (mm/mm?), 198+ 16 16.7 +3.0 .006 (-5.1,-1.1)
MVF (%), 346+ 1.1 311 +£50 004 (-5.7,-1 2)
CMT (um); 2970+ 236 290 + 183 515 (-5.1,1.1)
CRT (um)s; 2957 +£236 2685+ 233 032 (-51.6,-2.9)
RNFL thickness (um), 804 +70 94.1 +9.0 006 (5.2,22.2)
IPGCL thickness (um), 746 + 5.1 832+60 014 (24,14.9)
PR-VEP variables
(66') N70 latency (ms), 753+ 156 66.1 +4.6 258 (-286,10.1)
(66) P100 latency (ms), 1171 +19.7 1020+ 6.6 163 (-394,9.2)
(66") N70-P100 pv, 166 +9.7 188 +90 645 (9.5, 14.0)
(16') N70 latency (ms), 82.7+123 752 +£50 248 (-22.7,7.7)
(16') P100 latency (ms)s 1230+ 166 1100+ 83 156 (-333,7.3)
(16') N70-P100 pV, 135+80 173 +89 377 (-5.9,13.6)

Mean + SD and p-value with 95% Cl from independent two-sample t-tests corrected for unequal variances for OCT and PR-VEP variables with ROP status as the

grouping variable

BCVA best corrected visual acuity, CMT central macular thickness, CRT central retinal thickness, FAZ foveal avascular zone, IPGCL inner plexiform layer, mm? square
millimetre, ms milliseconds, MVD macular vascular density, MVF macular vascular flow, RNFL retinal nerve fibre layer, uV amplitude, um micrometre, 66’ large checks,

16’ small checks

;ROP (n=4), No-ROP (n= 25); ,ROP (n=5), No-ROP (n= 25); sROP (n=7), No-ROP (n= 26); ,ROP (n=5), No-ROP (n= 26); ;ROP (n=5), No-ROP (n= 24)

sThe foveal avascular zone was not measurable in participants with ROP

correlations analysis indicated lower gestational age with
delayed P100 latencies in this study.

The findings of delayed P100 latencies in higher spatial
frequencies (smaller checks) are consistent with our ear-
lier findings that approximately 60% of participants from
the same study sample had lower than normal contrast
sensitivity abilities, especially in higher spatial frequen-
cies [16] which might indicate a delayed development of
the parvocellular pathway. The parvocellular pathway’s
high-resolution capacity in the fovea results from the
close synaptic connectivity between cones and project-
ing bipolar and ganglion cells [30]. Cone photoreceptor
anomalies caused by abnormal retinal development could
explain the delayed latencies from small checks conveyed
by the parvocellular pathway. Indeed, decreased cone-
mediated pupillary response to photopic stimuli has been
shown in children born preterm with macular develop-
mental arrest characterised by a shallowed pit with signif-
icantly reduced outer nuclear layer to inner retinal layer
ratio in the fovea [31, 32]. Cone anomalies in the fovea
due to an immature retina at birth could cause poor syn-
aptic connections with projecting ganglion cells, leading
to slower VEPs reaching the visual cortex for processing.

Our findings of more prominent foveal anomalies in
participants with ROP align well with earlier findings of

a decreased FAZ area and circularity in 6-13-year-old
children born preterm with ROP [11, 14, 18]. The FAZ
area mainly comprises elongated photoreceptors, and its
lack of vascularity facilitates sharp vision in the foveola.
When the development of the retinal vasculature is inter-
rupted by, for instance, preterm birth, it can affect several
aspects of vision. A small FAZ area with capillaries and
astrocytes close to the fovea may disrupt the inner retinal
layers’ centrifugal migration during development, lead-
ing to abnormal visual development [33]. In our study,
approximately half of the participants without ROP had
no measurable FAZ area, while this was true for all par-
ticipants with ROP, suggesting that factors associated
with preterm birth are also risk factors for abnormal FAZ
development in general but more prominent in those
born preterm with ROP. The increased central macu-
lar thickness observed in this study cohort corroborates
previous findings of increased central macular thickness
in preterm children compared to children born to term
with similar ages [7, 14, 34]. In this study, the ROP status
did not have a large impact on central macular thickness.
However, the small number of participants with ROP
means that the results should be interpreted cautiously.
This study found a small positive correlation between
best corrected visual acuity and central macular
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thickness. Few studies have assessed the relationship
between visual acuity and retinal structure in extremely
preterm children, and those who have report inconsistent
findings [9]. One study assessing children born preterm
between 5-16 years of age found no significant correla-
tion between macular thickness and visual acuity, which
coincides with our study [7]. However, one study found
that inner retinal thickness was associated with subop-
timal visual acuity in children (5-8 years) born preterm
with a history of treated ROP [12]. The inconsistencies
in findings could be due to the different exclusion crite-
ria of patients with reduced visual acuity due to move-
ment artefacts (from poor fixation/nystagmus) affecting
the OCT image quality. The small correlation found in
this study indicated that the relationship between visual

acuity and retinal structure should be studied in larger
samples.

The findings of this paper indicate that school-aged
children born extremely preterm have an abnormal neu-
roretinal structure associated with delayed visual path-
way signalling in the visual axis of the central nervous
system. Furthermore, there were signs of abnormal vas-
cular development even in the absence of ROP. This may
indicate that visual function in individuals born preterm
may be altered due to processes at the retinal as well as
the cerebral level of the visual system. The retina is an
extension of the central nervous system, and it is con-
ceivable that normal neurovascular development may be
interrupted by preterm birth at both sites. For instance,
it has been observed that brain abnormalities in children
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with ROP are frequent [5]. However, there is a lack of
studies prospectively designed to answer whether ROP
and brain abnormalities following preterm birth may be
part of the same pathogenesis with a common root cause
in neurovascular development.

Strengths and limitations

A strength of this study is the geographically defined
population-based research design, inviting all children
born extremely preterm within a geographically defined
area during a specific time period. Moreover, the similar-
ity of neonatal background data from participants and
non-participants suggests that our findings are represent-
ative of the larger population of children born extremely
preterm in Norway. A limitation of this study is its small
sample size, especially the low number of participants
with ROP. Although some differences between those with
and without ROP did not achieve formal statistical signif-
icance, probably at least in part due to insufficient statis-
tical power, the observed differences in retinal maturity
and PR-VEP latencies were large and could still be of
clinical significance. The comparisons between individu-
als with and without ROP should therefore be investi-
gated in larger populations. We applied cut-offs based
on normative data obtained locally as recommended by
the International Federation of Clinical Neurophysiol-
ogy [35] and the International Society for Clinical Neu-
rophysiology of Vision [23]. The reference VEP data were
from an adult and not a paediatric population. Although
P100 latency attains adult-like values from 5 years of age
[36], P100 latency shows some decline from 5 to 19 years
of age [37]. This could lead to slightly overestimating the
number of abnormal P100 values.

Conclusion

In a geographically defined population of school-aged
children born extremely preterm without preterm brain
injury, ganglion cell layer thickness and retinal nerve
fibre layer thickness were negatively correlated with P100
latencies, indicating a relationship between the neurore-
tina and visual pathway function among children born
extremely preterm. Furthermore, most participants dis-
played an immature structure of the neuroretina and
vasculature. ROP status was associated with differences
in OCT(-A) parameters but not visual evoked potentials.
Our results suggest that OCT(-A) and PR-VEP find-
ings might be markers for VOP and should be studied in
larger populations of children born extremely preterm to
determine their clinical usefulness for the identification
of visual pathway abnormalities in preterm children.

Abbreviations
BCVA Best corrected visual acuity

Page 9 of 10

CMT Central macular thickness

CRT Central retinal thickness

ETDRS Early Treatment Diabetic Retinopathy Study
FAZ Foveal avascular zone

GA Gestational age

IPGCL Inner plexiform ganglion cell layer

logMar Logarithm of the minimum angle of resolution
MRI Magnetic resonance imaging

MVD Macular vascular density

MVF Macular vascular flow

NNK Norwegian Neonatal Network

oCcT Optical coherence tomography

OCT-A Optical coherence tomography angiography
PR-VEPs  Pattern-reversed visual evoked potentials
RNFL Retinal nerve fibre layer

ROP Retinopathy of prematurity

SD Standard deviation

VEPs Visual evoked potentials

VLBW Very low birth weight

VOP Visuopathy of Prematurity

Supplementary Information

The online version contains supplementary material available at https://doi.
org/10.1186/512886-023-03055-4.

Additional file 1. Correlation table showing the correlation coefficients
and p-value for the associations of best corrected visual acuity with OCT
parameters.

Additional file 2. Correlation table showing the correlation coefficients
and p-value for the associations of gestational age with OCT parameters
and PR-VEP variables.

Acknowledgements
We want to thank all the children and their parents for participating in the
studly.

Authors’ contributions

S.H.I contributed with study design, performed data cleaning, statistical analy-
sis, and wrote the main manuscript text. KM performed the data collection of
retinal layers. A.G performed the data collection of visual evoked potentials.
PM.O contributed with the analysis and manuscript text. 0.D and D.A con-
tributed with revision of the manuscript. T.S.M contributed with study design,
revision, and writing of the manuscript. All authors reviewed and approved
the manuscript before it was submitted.

Funding

Open access funding provided by Norwegian University of Science and
Technology. The study was founded by The Liaison Committee for education,
research and innovation in Central Norway, 2019/38881.

Availability of data and materials
The datasets used and/or analysed during the current study are available from
the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate

This study was conducted in accordance with the Declaration of Helsinki and
was approved by the Regional Committee for Medical and Health Research
Ethics in Norway (2020/100434). Written informed consent was obtained from
both parents of the child before enrolment in the study.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.


https://doi.org/10.1186/s12886-023-03055-4
https://doi.org/10.1186/s12886-023-03055-4

Ingvaldsen et al. BMC Ophthalmology ~ (2023) 23:296

Author details

'Department of Neuromedicine and Movement Science, NTNU Norwegian
University of Science and Technology, Trondheim, Norway. 2Department

of Ophthalmology, St. Olavs Hospital, Trondheim University Hospital, Trond-
heim, Norway. *Department of Neurology and Clinical Neurophysiology, St.
Olavs Hospital, Trondheim University Hospital, Trondheim, Norway. “Depart-
ment of Public Health and Community Medicine, Tufts University School

of Medicine, Boston, MA, USA. °Department of Gynecology and Obstetrics,

Hannover Medical School, Hannover, Germany.

Received: 30 March 2023 Accepted: 21 June 2023
Published online: 01 July 2023

References

1. Haugen OH, et al. Visual function in 6 to 7 year-old children born
extremely preterm: a population-based study. Acta Ophthalmol.
2012,90(5):422-7.

2. Ingvaldsen SH, et al. Visuopathy of prematurity: is retinopathy just the tip
of the iceberg? Pediatr Res. 2021;91:1-6.

3. Dammann O, Hartnett ME, Stahl A. Retinopathy of prematurity. Dev Med
Child Neurol. 2022;65(5):625-31.

4. Dogra MR, Katoch D, Dogra M. An update on retinopathy of prematurity
(ROP). Indian J Pediatr. 2017;84(12):930-6.

5. MorkenTS, et al. Retinopathy of prematurity, visual and neurodevelop-
mental outcome, and imaging of the central nervous system. Semin
Perinatol. 2019;43(6):381-9.

6. O'Sullivan ML, et al. Foveal differentiation and inner retinal displacement
are arrested in extremely premature infants. Investig Ophthalmol Vis Sci.
2021,62(2):25-5.

7. Akerblom H, et al. Central macular thickness is correlated with ges-
tational age at birth in prematurely born children. Br J Ophthalmol.
2011,95(6):799-803.

8. Bringmann A, et al. The primate fovea: structure, function and develop-
ment. Prog Retin Eye Res. 2018;66:49-84.

9. Jabroun MN, AlWattar BK, Fulton AB. Optical coherence tomography
angiography in Prematurity. Semin Ophthalmol. 2021,36(4):264-9.

10. Vural A, et al. Comparison of foveal optical coherence tomography
angiography findings between premature children with ROP and non-
premature healthy children. Eye. 2021;35(6):1721-9.

11. Takagi M, et al. Foveal abnormalities determined by optical coherence
tomography angiography in children with history of retinopathy of
prematurity. Eye. 2019;33(12):1890-6.

12. Chen YC, Chen YT, Chen SN. Foveal microvascular anomalies on optical
coherence tomography angiography and the correlation with foveal
thickness and visual acuity in retinopathy of prematurity. Graefes Arch
Clin Exp Ophthalmol. 2019;257(1):23-30.

13. Feng J-J, et al. Pattern visual evoked potential performance in preterm
preschoolers with average intelligence quotients. Early Hum Dev.
2011,87(1):61-6.

14. Bowl W, et al. OCT-based macular structure—function correlation in
dependence on birth weight and gestational age—the Giessen Long-
Term ROP Study. Investig Ophthalmol Vis Sci. 2016;57(9):235-41.

15. ChenY-H, et al. Outer retinal structural alternation and segmentation
errors in Optical Coherence Tomography Imaging in patients with a his-
tory of retinopathy of Prematurity. Am J Ophthalmol. 2016;166:169-80.

16. Ingvaldsen SH, et al. Visual function correlates with neurodevelopment
in a population cohort of school-aged children born extremely preterm.
Acta Paediatr. 2023;112:753.

17. Rosenfeld PJ, et al. Ranibizumab for neovascular age-related macular
degeneration. N Engl J Med. 2006;355(14):1419-31.

18. Rezar-Dreindl S, et al. Retinal vessel architecture in retinopathy of
prematurity and healthy controls using swept-source optical coherence
tomography angiography. Acta Ophthalmol. 2021;99(2):e232-9.

19. Larsson E, Molnar A, Holmstrém G. Repeatability, reproducibility and
interocular difference in the assessments of optic nerve OCT in children—
a swedish population-based study. BMC Ophthalmol. 2018;18(1):1-6.

20. PueyoV, et al. Microstructural changes in the retina related to prematu-
rity. Am J Ophthalmol. 2015;159(4):797-802. e1.

Page 10 of 10

21. Molnar A, Holmstrém G, Larsson E. Macular thickness assessed with
spectral domain OCT in a population-based study of children: normative
data, repeatability and reproducibility and comparison with time domain
OCT. Acta Ophthalmol. 2015;93(5):470-5.

22. Homan RW, Herman J, Purdy P. Cerebral location of international 10-20
system electrode placement. Electroencephalogr Clin Neurophysiol.
1987;66(4):376-82.

23. Odom JV, et al. ISCEV standard for clinical visual evoked potentials: (2016
update). Doc Ophthalmol. 2016;133(1):1-9.

24. DiMaggio G, et al. Optical coherence tomography and visual evoked
potentials: which is more sensitive in multiple sclerosis? Multiple Scler J.
2014,20(10):1342-7.

25. Waldman AT, et al. Optical coherence tomography and visual evoked
potentials in pediatric MS. Neurol Neuroimmunol Neuroinflamm.
2017;4(4):e356.

26. Tobimatsu S, Celesia GG. Studies of human visual pathophysiology with
visual evoked potentials. Clin Neurophysiol. 2006;117(7):1414-33.

27. FujitaT, et al. Parvocellular pathway impairment in autism spectrum dis-
order: evidence from visual evoked potentials. Res Autism Spectr Disord.
2011;5(1):277-85.

28. Tremblay E, et al. Delayed early primary visual pathway development in
premature infants: high density electrophysiological evidence. PLoS ONE.
2014;9(9):1-9.

29. Nilsson J, et al. Normal visual evoked potentials in preschool children
born small for gestational age. Acta Paediatr. 2011;100(8):1092-6.

30. Masri RA, Gruinert U, Martin PR. Analysis of parvocellular and magnocel-
lular visual pathways in human retina. J Neurosci. 2020;40(42):8132-48.

31. Bowl W, et al. Cone-mediated function correlates to altered foveal mor-
phology in Preterm-Born children at school age. Investig Ophthalmol Vis
Sci. 2019;60(5):1614-20.

32. Bowl W, et al. Fundus-controlled dark adaptometry in young children
without and with spontaneously regressed retinopathy of prematurity.
Transl Vis Sci Technol. 2019;8(3):62-2.

33, ChuiTY, et al. Foveal avascular zone and its relationship to foveal pit
shape. Optom Vis Sci. 2012;89(5):602-10.

34. Ecsedy M, et al. A comparison of macular structure imaged by optical
coherence tomography in preterm and full-term children. Investig Oph-
thalmol Vis Sci. 2007;48(11):5207-11.

35. Holder GE, et al. International Federation of Clinical Neurophysiol-
ogy: recommendations for visual system testing. Clin Neurophysiol.
2010;121(9):1393-409.

36. Moskowitz A, Sokol S. Developmental changes in the human visual
system as reflected by the latency of the pattern reversal VEP. Electroen-
cephalogr Clin Neurophysiol. 1983;56(1):1-15.

37. Allison T, Wood CC, Goff WR. Brain stem auditory, pattern-reversal visual,
and short-latency somatosensory evoked potentials: latencies in relation
to age, sex, and brain and body size. Electroencephalogr Clin Neurophys-
iol. 1983;55(6):619-36.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Retinal structure and visual pathway function at school age in children born extremely preterm: a population-based study
	Abstract 
	Background 
	Methods 
	Results 
	Conclusion 

	Introduction
	Methods and materials
	Study design and participants
	Ophthalmological examination
	Optical coherence tomography
	Visual evoked potentials
	Statistical analyses

	Results
	Ophthalmological examination
	Retinal structure (OCT)
	Visual pathway function (PR-VEPs)
	Associations between ganglion cell layer thickness and PR-VEP variables

	Discussion
	Strengths and limitations

	Conclusion
	Anchor 22
	Acknowledgements
	References


