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Visual outcomes and their
association with grey and white
matter microstructure in adults
born preterm with very low birth
weight
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Individuals born with very low birth weight (VLBW; <1500 g) have a higher risk of reduced visual
function and brain alterations. In a longitudinal cohort study, we assessed differences in visual
outcomes and diffusion metrics from diffusion tensor imaging (DTI) at 3 tesla in the visual white
matter pathway and primary visual cortex at age 26 in VLBW adults versus controls and explored
whether DTI metrics at 26 years was associated with visual outcomes at 32 years. Thirty-three
VLBW adults and 50 term-born controls was included in the study. Visual outcomes included best
corrected visual acuity, contrast sensitivity, P100 latency, and retinal nerve fibre layer thickness.
Mean diffusivity, axial diffusivity, radial diffusivity, and fractional anisotropy was extracted from
seven regions of interest in the visual pathway: splenium, genu, and body of corpus callosum, optic
radiations, lateral geniculate nucleus, inferior-fronto occipital fasciculus, and primary visual cortex.
On average the VLBW group had lower contrast sensitivity, a thicker retinal nerve fibre layer and
higher axial diffusivity and radial diffusivity in genu of corpus callosum and higher radial diffusivity in
optic radiations than the control group. Higher fractional anisotropy in corpus callosum areas were
associated with better visual function in the VLBW group but not the control group.

Preterm birth with very low birth weight (VLBW, birth weight < 1500 g) increases the risk of several neurode-
velopmental difficulties later in life, including visual problems'. Follow-up studies of VLBW individuals have
revealed reduced visual acuity compared to their peers from childhood to adulthood, even without a history of
ophthalmological or cerebral injury at birth®*. Additionally, contrast sensitivity (CS) has shown to be reduced
in low and high spatial frequencies among children and adolescents born with VLBW without neurological
complications>*.

Information from visual stimuli is conveyed by the ganglion cells in the retinal nerve fibre layer (RNFL) via
the optic nerve, where the information from both eyes merges at the optic chiasm®. A thick layer of ganglion
cells and fast conduction of signals via the optic nerve is, therefore, essential for normal visual functioning.
Compared with controls, a thicker central RNFL has previously been found in a group of young adults born
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extremely preterm®. Moreover, pre-schoolers born preterm with birth weight < 2500 g displayed slower pattern-
reversed visual evoked potentials (PR-VEPs) responses than their normal birthweight peers’ indicating slower
conduction of visual signals. Reduced visual outcomes in those born preterm might not be solely due to vascular
sequela caused by retinopathy of prematurity (ROP). Instead, visuopathy of prematurity (VOP), an overarching
inflammation-initiated framework including perinatal brain injury and neovascularization of the retina, might
be a better explanation®. Indeed, those born preterm with VLBW have a substantially elevated risk of perinatal
brain injury®, especially in white matter (WM) microstructure'®.

Both grey matter (GM) and WM microstructure can be investigated with diffusion tensor imaging (DTI), a
magnetic resonance imaging (MRI) technique''. Perinatal brain injury is usually accompanied by higher mean
diffusivity (MD) and lower fractional anisotropy (FA) in WM'% Higher MD characterizes increased overall
diffusivity, reflecting less cellular membranes and/or packing in a particular voxel'*!*. Lower FA is considered
a proxy for disorganization or decreased WM microstructural integrity'*. However, FA vary depending on the
WM tract and the crossing fibres of a region. Therefore, a difference in FA between groups only expresses a
difference in the orientation-dependent microstructure in a voxel and/or region. To further explore whether a
group difference in FA is related to the degree of myelination or axon density, radial diffusivity (RD) and axial
diffusivity (AD) metrics need to be considered". AD is considered to represent/is a proxy for diffusion paral-
lel to the WM tracts, while RD, is a proxy for diffusion perpendicular to the WM tracts. These additional DTI
derived biomarkers help interpret whether a lower FA and higher MD are related to axonal injury and poor fibre
organization (lower AD) or poor myelination and axon packing (higher RD) in individuals born with VLBW!&17,

This study is part of the NTNU Low Birth Weight in a Lifetime Perspective (NTNU LBW Life) study, a longi-
tudinal cohort study of individuals born preterm with VLBW and a term-born control group in Central Norway
that have been followed from infancy to adulthood'. A WM microstructure pattern of DTI metrics with lower
FA and higher MD has been shown in previous assessments of this cohort in adolescence'® young adulthood
(18-22 years)!? and adulthood (25-28 years)**. In adolescents, Lindqvist et al.'® reported an association between
lower visual acuity and lower FA in the splenium and body of corpus callosum (CC) due to an association of lower
visual acuity with higher RD, and several smaller clusters in the frontal WM microstructure in the VLBW group
from DTI data acquired at 1.5 tesla (T). This study only explored DTT data in corpus callosum and frontal areas
with less detailed measures of visual acuity and contrast sensitivity. Whether the same association of altered WM
microstructure pattern with visual problems involves other regions in the visual pathway and other measures of
visual function and structure is unknown.

Therefore, this study aimed to assess whether visual function, retinal structure, and visual pathway function
in the NTNU LBW Life study differ between the VLBW and control group at 32 years. Furthermore, we explored
whether the visual outcomes were associated with the participants’ WM and cortical GM microstructure at
26 years. Our objectives were (1) to estimate whether there were differences in BCVA, CS, P100 latency from
patterned-reversed visual evoked potentials, RNFL thickness, and cortical GM and WM microstructure from DTI
data acquired at 3 T in seven predefined regions of interest (ROIs) along the visual pathways between the VLBW
and control group, and (2) to explore whether FA in WM ROIs and MD in primary visual cortex at 26 years was
associated with visual outcomes at 32 years in the VLBW group.

Results

Clinical characteristics

Clinical characteristics of the VLBW and the control group are presented in Table 1. Birth weight and gestational
age differed by definition between the groups. Head circumference at birth and Apgar score after 1 and 5 min were
lower in the VLBW group. In addition, three participants in the VLBW group had IVH (grade 1-4) and/or PVL.

Visual outcomes

Table 2 shows mean differences between the VLBW and the control group on visual outcomes (BCVA, CS func-
tion, P100 latency, RNFL thickness). The VLBW group generally displayed a thicker central RNFL and lower
CS function than the control group, with a mean difference of almost one CS threshold. Also, the VLBW group
showed a mean P100 latency of 2.4 ms longer than the control group. The data distribution of the visual outcomes
for VLBW and control participants are presented in Supplementary Figure B1 online. After adjusting the p-values
for multiple comparisons with the Benjamin-Hochberg approach, the observed mean differences between the
control and VLBW group were no longer statistically significant. There are some missing data from the PR-VEP
assessment (P100 latency) and OCT assessment (RNFL thickness). The missing P100 latencies are due to move-
ment artefacts leading to noise in the PR-VEPs which made in difficult to find a reliable P100 component. The
missing OCT data is partially due to technical difficulties with the OCT machine. Also, we were not able to take
a reliable OCT image of four of the participants due to movement artefacts.

DTI metrics in ROls

The mean difference between the VLBW group and the control group on all DTI metrics in the seven ROIs
(genu, body, and splenium of CC, ORs, LGNs, IFOFs, V1) are presented in Table 2. The VLBW group displayed
higher AD and higher RD in the genu of CC and higher RD in the ORs than the control group. Adjusted p-values
indicated that these mean differences were not statistically significant. The data distribution of DTT metrics for
VLBW and control participants are presented in Supplementary Figures B2, B3, and B4 online.

DTI metrics in ROIls at 26 years as predictors for visual outcomes at 32 years
Linear regressions with visual outcomes as dependent variables and between-group interactions between visual
outcomes and FA in WM ROIs and MD in GM V1 in the VLBW group and control group are presented in
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VLBW (n=33) Controls (n=50)

Mean |(SD) |Mean | (SD)
Maternal age* 30.0 (5.3) 31.3 (4.5)
Parental SES (1-5) 33 (1.3) 39 (1.1)
Birth weight (grams) 1274.7 | (203.6) |3736.1 | (472.4)
Gestational age (weeks) 29.6 (2.8) 40.0 (1.2)
Head circumference at birth (cm)© 27.5 (2.2) 35.6 (1.1)
Apgar score after 1 min® 7.1 (1.7) 8.9 (0.4)
Apgar score after 5 min? 8.8 (1.1) 9.9 (0.4)
Age at brain MRI (26 years) 26.2 (0.7) 26.5 (0.4)
Age at clinical assessment (32 years) 324 (0.8) 32.5 (0.5)

n (%) n (%)
Males 13 (39.4) 21 (42.0)
Intraventricular haemorrhage (grade 1-4) and/or periventricular leukomalacia® | 3 (9.1) 0 NA
Neurosensory impairments (yes) 4 (12.1) 0 NA

Table 1. Descriptive statistics for the VLBW group and the control group. MRI magnetic resonance imaging,
NA not applicable, SD standard deviation, SES socioeconomic status 1-5, where five is highest, VLBWvery low
birth weight. *Data missing for one control participant. *Data missing for two VLBW participants and eight
control participants. ‘Data missing for five VLBW participants and three control participants. Data missing
for one VLBW participant and three control participants. “Data missing for one VLBW participant.

Table 3. The association between BCVA and FA in genu and body of CC and MD in V1 differed between the
groups. Within the VLBW group, higher FA in CC, ORs, LGNs, and lower MD in V1 was associated with BCVA.
Adjusted p-values indicated that the within-group association between FA in body of CC and visual acuity was
statistically significant in the VLBW group (Fig. 1).

For CS function, the association with FA in the body of CC differed between the groups and higher FA in the
body of CC, ORs, and IFOFs and MD in V1 was associated with better CS function within the VLBW group.
Adjusted p-values indicated that the within-group association between FA in body of CC and contrast sensitivity
was statistically significant in the VLBW group (Fig. 1).

For the visual pathway function (P100 latency), the association with FA in the splenium of CC and MD in V1
differed between the groups. Within the VLBW group, higher FA in the splenium of CC and ORs was associated
with a P100 latency closer to 100 ms. Adjusted p-values indicated that there were no significant between-group
or within-group associations between DTI metrics and P100 latency.

There were no differences between or within the groups for the association between central RNFL thickness
and FA or MD in any ROIs.

The association of RD in CC, LGNs, and V1 with BCVA; RD in the splenium of CC and V1 with P100 latency;
and RD in the LGNs with central RNFL thickness differed between the groups. Adjusted p-values indicated that
the association between lower RD in the body of CC and BCVA within the VLBW remained significant. Within
the VLBW group, lower RD generally indicated better BCVA and CS function and central thicker RNFL in LGNs
(Supplementary Table B1 online). The association between AD in V1 with BCVA differed between the groups.
Within the control group, higher AD in LGNs and IFOFs was significantly associated with a P100 latency closer
to 100 ms (Supplementary Table B2 online).

Sensitivity analysis

A sensitivity analysis excluding participants with NSI (VLBW n=4) were performed for all primary linear
regression analyses. Two of the participants with NSI had extreme scores (+2SD) in the DTT metrics (Sup-
plementary Figures B2, B3 and B4 online). After the sensitivity analysis were performed, the VLBW group still
showed lower AD in genu than the control group. Also, the VLBW participants still had a lower CS function
of almost one threshold of contrast level and a thicker RNFL than controls (Supplementary Table C1 online).
Adjusted p-values showed no statistically significant mean differences between the groups. Within the VLBW
group, higher FA in LGNs was still associated with better BCVA, and higher FA in the body of CC and ORs was
associated with better CS function (Supplementary Table C2 online), but after p-value adjustment there were
no statistically significant findings.

Discussion

In this study, we found that the VLBW group on average had lower CS function and a thicker central RNFL at
32 years, higher AD, and higher RD in the genu of CC, and higher RD in the OR at 26 years compared to the con-
trol group. In addition, VLBW participants displayed a slightly longer P100 latency than controls. Moreover, the
results indicated that lower FA in several ROIs and higher MD in V1 were associated with reduced visual function
in adults born with VLBW, with the strongest associations in the CC. Sensitivity analyses excluding individuals
with NSI no longer showed any significant associations after adjusting p-values, but estimated mean differences
and associations indicated the same tendency of reduced visual function with lower FA within the VLBW group.
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VLBW (n=33) Controls (n=50)
Mean (SD) Mean (SD) Mean difference | 95% CI p-value | p-value*¥
Visual outcomes
BCVA 86.9 37 882 (40) 21 (-4.9,02) 101 245
CS function 5.1 17) 6.0 13) Z08 (C14-01) |.029 195
a‘z‘;latency 101.2 (5.6) 98.7 “7) 24 (0.04,4.7) 052 217
RNEL thickness | , (1.7) 11.0 (2.3) 0.9 (0.05, 1.8) 037 195
(pm)
FA/MD
_ )
FA in genu (CC) | 60.7 x 10 | (3.0x10) | 61.5x 102 |(23x10?) |-1.0x107 (X 1%)',52; 107041 146 245
_ =)
FA inbody (CC) | 60.6x 102 | (43x10) | 619x 102 | (27x107) |- 1.4x 107 (X 1%;52; 107504 155 245
FA in splenium " = - o - (-29x102% 1.1
o 722x102 | (48x107) |73.0x102 |(25x107) | —-08x 10 VPPN 385 544
_ )
FA in ORs 578x102 | (35x102) |588x102 | (33x102) | -12x102 (X 1%)'5’2; 107,04 1 457 245
_ )
FA in LGNs 359% 102 |(L6x107) |366x102 | (1.6x107%) |07 x 107 (X lt'fﬁ)x 1075011 o6y 221
_ 2
FAInIFOFs  |521x102 | (25x107) |522x102 |(28x10) |-03x 102 (X 1Bg)x 107510 | ¢og 738
MD in V1 B ~ - B B (- 0.047 x 10,
pla 78x10% | (0.37% 10 |7.6x10% | (0.64x 10 | 0.19x 10 o402 100 137 245
AD (mm?/s)
”
Genu (CC) 155% 10 | (093 % 10) | 149x 10 | (1.0x104) | 0.57 x 104 (X0‘1109,j)< 107,096 | 97 175
— ”
Body (CC) 157% 104 | (0.65x 10) | 15.7x 104 | (12x 104) | 0.041 x 10~ g ;;i%j;) | 885 885
_ 1
Splenium (CC) | 162x 104 | (0.74x 10) | 160x 10 | (LIx 104) | 0.14x 10~ g 5(())-171)(;’%) | 467 584
_ ”
ORs 126 10 | (0.62x 10%) | 12.4x 10 | (0.89 x 10%) | 0.26 x 104 (= 0.071x 107, | ,g 245
0.54 x 1074)
_ 4
LGNs 123x 10 | (055x 10) | 124x 10 | (13x10%) | -0077x 104 | (046X10% | g 738
0.21 x 1074
_ 4
IFOFs 120 x 10 | (054x10%) | 11.8x 10 | (0.89 x 10) | 0.13 x 10-* (-0.19x10%, ) ) 555
0.39 x 1074)
N Y . - B (- 0.041 x 10,
! 94x10% | (03910 |92x10% | (0.72x 10 |0.23x 10 06 109 125 245
RD (mm?/s)
4
Genu (CC) 51x10% | (0.71x 107 |48x10% | (0.65x 107 |0.37x 1074 (Xoioogqj 107,066 | 156 195
_ 4
Body (CC) 51x10% | (0.66% 10 |49x10% | (0.74x 107 | 0.24x 1074 g 522513},;) | 156 245
— —4
Splenium (CC) |3.8x 10 | (0.67x 10 |37x10% | (0.62x 107 |0.13x 10~ g 4(1)‘1;‘13},;) | 392 544
. B B B . 0.022 % 104,
ORs 47x10% | (0.56% 107 |44x10" | (0.62x 10 |0.29x 10 e 039 195
_ ~4
LGNs 71x104 | (037x10) |7.1x10% | (0.86x 10) | 0.031 x 10~ (-028x 107, | ¢45 875
0.26 x 107)
_ 4
IFOFs 49% 10 | (042x10%) |49x104 | (0.63x104) |0.077 x 104 (015x 107 | 5y 608
0.28 x 107)
. -~ -~ . . (- 0.049 x 107,
V1 70x10% | (03710 |68x10% | (0.61x 107 | 0.17 x 10 0379100 153 245

Table 2. Mean (SD) of visual outcomes at 32 years and DTT metrics in ROIs at 26 years in the VLBW

group compared with the control group. The mean difference adjusted for sex and age at 32 years for visual
outcomes and sex and age at 26 years for DTI metrics. AD axial diffusivity, BCVA best corrected visual acuity,
CCcorpus callosum, CI confidence interval, CS contrast sensitivity, FA fractional anisotropy, IFOFsinferior-
fronto occipital fasciculus, LGNslateral geniculate nucleus, MD mean diffusivity, ms milliseconds, ORs optic
radiations, p-value®¥ Benjamin-Hochberg adjusted p-value, RDradial diffusivity, RNFL retinal nerve fibre layer,
SDstandard deviation, VLBW very low birth weight, VI primary visual cortex, ym micrometre. *Data missing
for one VLBW participant and two control participants. *Data missing for six VLBW participants and four
control participants.
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VLBW (n=33) Controls (n=50) FA/MD x group
Visual outcomes | ROIs B (95% CI) p-value | p-value*¥ |B (95% CI) p-value | p-value*¥ | p-value | p-value*¥
FAin genu (CC) | 154.5 (-7.0,219.4) .009 1050 - 194 (- 60.9,21.1) 329 974 017 171
FAinbody (CC) | 1254 (23.0, 156.6) .000 .000 -83 (- 47.8,27.4) 659 974 002 056
féé‘)’ splenium 96.6 (1.0, 169.3) 008 050 10.9 (- 23.5,57.0) 532 974 058 171
BCVA FA in ORs 104.5 (20.4, 185.2) 023 092 12,5 (- 16.1,50.5) 397 974 072 175
FA in LGNs 2482 (41.6,435.7) 034 093 36 (- 68.7, 80.9) 924 998 059 171
FA in IFOFs 106.7 (13.2,263.7) 140 218 1.2 (- 36.2,45.1) 951 998 136 254
MD in V1 | (=194 % 104, .| (-14x10%
(ma/s) ~105x10° | T Ty 028 093 0.14x 10 45 % 107 788 974 025 171
FA in genu (CC) 205 (- 8.3,33.9) 052 112 - 15 (- 15.5,8.6) 800 974 096 207
FA in body (CC) 19.6 (4.4,30.1) 001 014 11 (-12.5,12.2) 858 998 028 171
(Féé;l splenium 12.3 (-2.8,28.7) .100 175 2.8 (- 11.5,12.0) 619 974 345 483
CS function FA in ORs 21.0 (5.5,40.5) 016 075 36 (-3.8,10.5) 315 974 059 171
FA in LGN 352 (- 3.3,67.8) 058 116 11.7 (- 10.9,34.3) 313 974 292 430
FA in IFOFs 304 (5.4, 63.1) 035 093 9.4 (- 5.5,27.0) 222 974 203 343
MD in V1 _ L =32x 101, ~ L, | (- 13x104
(ma/s) L6 x10* | &0 T 040 093 023x10* | ) o) 1199 974 075 175
FAin genu (CC) | - 155 (- 87.5,100.3) | .734 917 16.0 (- 53.8,66.9) 686 974 582 678
FA in body (CC) | -37.9 (- 92.5,28.7) 224 314 15.9 (- 49.5,58.7) 640 974 222 345
f(A:CI;‘ splenium | _ 4, 4 (-90.2, 8.4) 039 093 36.5 (- 39.8, 74.6) 254 974 041 171
f;g?alatency FA in ORs -723 (-1239,-15.8) |.007 050 -07 (- 622,37.4) 977 998 061 171
FA in LGNs ~20.0 (- 1862,136.1) | .808 917 26.0 (-75.8,120.0) | .598 974 613 678
FA in IFOFs -77.1 (- 172.7,0.0) 063 118 95 (- 68.9,51.7) 793 974 110 220
MD in V1 4| (- 1.6 x 10% B L | (=3.9x10%
(mi/s) 53x10° | 1) 0 gty 126 208 20x10° | 50 065 974 045 171
FA in genu (CC) 43 (- 28.0,34.9) 781 917 -78 (-30.2,14.2) 431 974 518 631
FA in body (CC) 22 (- 17.8,28.4) 874 917 —47 (- 19.8,13.8) 544 974 630 678
(Féc“)‘ splenium 6.9 (- 183,31.5) 587 783 -129 (-37.7,89) 148 974 208 343
ﬁf\f)]g thickness  p% "ORs 1.1 (-22.0,18.9) 917 917 97 (- 26.7,6.4) 170 974 394 501
FA in LGN 41 (- 46.3,67.3) 867 917 -0.10 (- 45.4,47.1) 998 998 900 933
FA in IFOFs 14.9 (- 6.04, 39.3) 172 253 -23 (- 11.8,27.8) 792 974 362 483
MD in V1 .| (- 1.8x 104, .| (-15x10%
(mm?ls) 0.13x 10°| 5750 893 917 0.19 x 10 091 10 379 974 951 951

Table 3. Linear regression with visual outcomes at 32 years as the dependent variable, and group (VLBW
versus control) and MD for V1 and FA for each remaining ROI (one at a time) at 26 years and their
interaction as covariates, adjusting for age at 32 years and sex. ADaxial diffusivity, BCVA best corrected
visual acuity, CC corpus callosum, CS contrast sensitivity, FA fractional anisotropy, IFOFsinferior-fronto
occipital fasciculus, LGNslateral geniculate nucleus, MD mean diffusivity, ms milliseconds, ORs optic
radiations, p-value*¥ Benjamin-Hochberg adjusted p-value, RDradial diffusivity, RNFL retinal nerve fibre
layer, ROIsregions of interest, SD standard deviation, VLBW very low birth weight, VI primary visual cortex,
pm micrometre. *Data missing for one VLBW participant and two control participants. *Data missing for six
VLBW participants and four control participants.

A strength of this study is the longitudinal cohort design, with participants included at birth and assessed at
several time points. Also, the brain MRI scans, and processing of the DTI data were completed by a researcher
blinded for group status. The ophthalmologist performing the visual assessment and the neurophysiologist
performing the PR-VEP examination at 32 years were also blinded, reducing the risk of information bias. In a
longitudinal study, there is always a challenge with loss to follow-up, as was the case for this study. Some loss to
follow-up may be due to the 32-year assessment partly being carried out during the covid-19 pandemic. There
were some, but only small, differences in background characteristics between participants and non-participants.
However, the slightly lower gestational age, birth weight, Apgar scores after 1 min, and maternal age among non-
participants would if anything result in an underestimation of differences between the VLBW and control group.

In cohort studies, the potential of confounders and covariates affecting the results are difficult to avoid. We
therefore chose to adjust the analyses for the covariates age and sex. We do recognise that parental SES could be
a potential confounder affecting visual outcomes and DTI metrics. Unfortunately, several of the participants at
26 and 32 years were missing data on parental SES from the 14- and 19-years assessment. Since we performed
complete cases analyses in this study several of these participants would have been excluded from the analysis
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Figure 1. Scatterplots with regression lines, 95% confidence intervals (CI; the grey area surrounding the
regression lines), p-value and adjusted p-value for the interaction between FA in body of CC (x-axis, a higher
value indicates better white matter integrity) and group (VLBW group in red circles, n=33, Control group

in blue triangles, n=50) on visual outcomes. A =BCVA (y-axis, 0-100, a higher score represents better visual
acuity); B=CS function (y-axis, 0-8, a higher threshold represents better CS). BCVA best corrected visual acuity,
CCcorpus callosum, CS contrast sensitivity, FA fractional anisotropy.

by including parental SES as a covariate, consequently affecting the results. Moreover, a recent review of all
published papers in the NTNU LBW Life study that includes neuroimaging data showed that parental SES was
not associated with most of the health outcomes in the cohort'.

To explore altered brain microstructure, we used DTT metrics. DTT can be used as a proxy for characterizing
white and grey matter microstructure. The regions of interest that were used to extract DTI metrics in this study
was carefully checked for correct placement by going through all slices for each participant and visual quality
control was performed by an experienced MRI analyst (LE). However, DTT has some methodological limita-
tions that should be mentioned. In addition to being vulnerable for motion artefacts?, its assumptions are often
violated because the change in DTI metrics is related to various physiological processes which can affect the
direction and strength of the DTI data®!. Furthermore, due to the partial volume effects between adjacent white
matter tracts, voxels containing multiple fibre orientations are frequent, and in these cases, the diffusion tensor
can be unreliable?>. High-angular resolution diffusion imaging is a more robust sequence that makes the extrac-
tion of fibre orientations and interpreting DTI metrics more reliable”. However, this sequence requires a longer
scan time which have caused data loss due to movement artefacts in the earlier DTI assessments of participants
in the NTNU LBW Life study. The HARDI sequences was, therefore, not used to acquire DT data in this study.

The relatively small sample size limits the generalizability of the study. Findings of no significant differences
should be interpreted cautiously since the confidence intervals may include smaller effects. Due to the small
sample size, the potential correlation between the DTI metrics, and the explorative nature of this study, the results
are shown with unadjusted, and Benjamin-Hochberg adjusted p-values. A p-value adjustment can reduce the
chance of Type I error at the expense of increasing the likelihood of Type II errors®. To reduce the number of
tests, we have only included linear regression analyses of the association between FA/MD and visual outcomes
and the mean difference between the groups on these outcomes as primary results. Analyses including AD
and RD in ROIs as predictors, are supplementary results to support the discussion of the main findings from
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the primary analyses. However, we recognize that multiple testing can affect the statistical power of the study.
Consequently, adjusted p-values calculated with the Benjamin-Hochberg approach is presented in all tables®.

We chose a priori to include all participants with available data in the primary analyses to get a representa-
tive impression of all VLBW individuals in this cohort. However, the VLBW group included four participants
with NSI that most likely affected the visual outcomes and DTT metrics to some degree. These participants were
hence excluded in sensitivity analyses. Two of the four participants with NSI displayed a deviation from the
mean of £2 SD in some DTI metrics, which could explain the discrepancy in results between the main analyses
and the sensitivity analyses. Indeed, previous studies have indicated that cerebral palsy is a risk factor for later
visual problems in individuals born preterm?®® and that children and adolescents born very preterm display an
atypical development of callosal maturation which is associated with cognitive dysfunction and reduced IQ%. It,
therefore, seems conceivable that the largest discrepancies in results could be explained by the impact that NSI
have on visual outcomes and DTT metrics in preterm populations.

Lower CS function in the VLBW group has previously been shown in our cohort at 14 years® using a slightly
different method with non-standardized lighting conditions. Since, we found similar results in adulthood with
the use of gold standard contrast sensitivity assessment in standardized light conditions, the similar results indi-
cates that reduced CS function may persist from adolescence into adulthood. Moreover, the results align with
findings of reduced CS function in children at age 10 born preterm with VLBW (Larsson, Rydberg et al. 2006),
supporting the notion that reduced CS function in those born VLBW is present across these ages. The VLBW
group showed slightly longer P100 latencies than the control group. This has previously been demonstrated in
4-6 year old children born preterm with VLBW?, but as far as we know, this is the first study showing similar
findings in adults born preterm with VLBW.

In our sample, BCVA did not differ between the groups. An explanation might be that the participants in
the VLBW group at 32 years had good visual acuity with a mean BCVA ETDRS letter score of almost 85, which
is regarded as normal vision clinically. The visual function findings in this study might indicate that the CS test
with low spatial frequencies is a more sensitive measure of day-to-day vision than the BCVA letter score, which
tests only consists of high contrast stimuli. Therefore, to assess the visual function in more detail, CS function
should be evaluated when visual acuity is within a normal range.

The central RNFL thickness differed between the groups with thicker central RNFL (A1 of the ETDRS grid) in
the VLBW group compared with controls. Our data are in line with the few existing studies investigating RNFL,
such as the EPICure study that reported a thicker RNFL in A1 of the EDTRS grid in a group of 19-year-olds born
extremely preterm compared to controls®. The results also coincide with findings of thicker central retinal layers
with earlier gestational age in infants born extremely preterm?, 5 to -16-year-old children born preterm®. The
centrifugal movement of inner retinal layers to the periphery and migration of outer photoreceptor layers towards
the centre of the retina® occurs during late gestation and preterm birth therefore disrupt these processes® which
can result in a thicker RNFL in the inner layers, as shown in this study.

We did not find the WM microstructure pattern of lower FA and higher MD along the visual pathway in
adults born preterm with VLBW. However, RD in the genu of CC and ORs and AD in the genu of CC were
higher in the VLBW group compared with the control group at 26 years. These findings coincides with a study of
27-29 years old VLBW adults in New Zealand that showed higher AD and RD in CC compared with controls'’.

Findings from the association analyses indicated that increased FA in the CC was associated with better visual
acuity (genu, body, and splenium of CC), CS function (body of CC) and a P100 latency closer to 100 ms (sple-
nium of CC), within the VLBW group. These results extend previous findings in this cohort in that visual acuity
was positively correlated to FA in the splenium and body of CC in the same cohort at adolescence!. Moreover,
a previous study from Poland has reported an association between abnormal stereoscopic vision and lower FA
in the genu and body of CC in 4-year old children born with VLBW?".

The observed higher AD in the genu of CC in the VLBW group compared with the control group might
suggest that poorer WM microstructure is not caused by axonal injury or poor fiber organization within the
voxels (which would be indicated by decreased AD). Rather, hypo- or demyelination and low axon density may
be a source’, as indicated by the higher RD in the genu of CC and ORs in the VLBW group compared with the
control group. Taken together, the results suggested that lower RD (indicating normal myelination) in the body
of CC was associated with better BCVA and CS function, while lower RD in LGNs and V1 also was associated
with better BCVA within the VLBW group. The findings underline the importance of interpreting AD and RD
metrics when interpretating FA findings, and higher RD in this preterm population can be explained by the
disrupting effect that preterm birth has on normal development of myelin-producing cells, causing abnormal
white matter development®>*.

Several studies have identified the CC as an important site of altered WM in studies involving preterm born
individuals®**. This is also supported by our findings of an association between FA in genu and body of CC with
visual acuity, between FA in the body of CC and CS function, and FA in the splenium of CC and P100 latency.
The importance of CC for visual information flow between the hemispheres is well-established as it is the largest
WM structure, linking the cortical areas that represent opposite visual hemifields®. However, evidence connecting
CC is to visual outcomes are scarce. The parallel visual processing model suggests that visual processing is more
efficient across hemifields than within a single hemifield, which might explain the importance of a CC packed
with myelinated axons for efficient transmission of visual information between the hemispheres and, thereby,
optimal visual function?®!.

The participants were born in the 1980s, and one may question whether the findings in this study apply to
those born preterm today. However, cohort studies in children born preterm in the 2000s*"*” report similar
outcomes with regard to WM microstructure and visual outcomes. The modern era of neonatal care has led to
enhanced survival rates. Still, even though some studies show that this improvement could be associated with a
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Multimorbidity n=2

No consent n= 37
No usable DTI n=12

Living abroad n= 2

reduction in the severity of WM injury among preterm survivors®, it has been accompanied by an increase in
the number of preterm survivors with long-term neurodevelopmental difficulties®.

Our findings indicate that the reduced CS function previously found in VLBW adolescents compared with
term-born controls in the NTNU LBW Life study® persists into adulthood. Since reduced vision among preterm
born individuals is not always caused by ophthalmological sequela®, the early detection of visual dysfunction
caused by central mechanisms by the use of MRI scans, PR-VEPs and/or OCT could be applied to improve the
follow-up treatment in the absence of any ophthalmological disease that could otherwise explain the reduced
vision that is observed in this clinical population.

Conclusion

The findings from this study showed that CS function was poorer, central retinal nerve fiber layer was thicker,
axial and radial diffusivity in the genu of the CC was higher, and radial diffusivity in optic radiations was higher
in the VLBW group compared with the term-born control group. Moreover, the findings suggest that DTI metrics
in white matter tracts along the visual pathway, especially in CC, could help understand the etiology of poorer
visual outcomes in individuals born preterm. Diffusion tensor imaging as a tool for exploring clinical markers
for visual outcomes could help foster tailored strategies for individuals born preterm and should be further
explored in future studies with larger populations of adults born preterm.

Material and methods

Study design

This study is part of an extensive longitudinal cohort study of a group of preterm-born individuals with VLBW
(birth weight <1500 g) and a term-born control group (gestational age > 37 weeks with a birth weight > 10th per-
centile). Participants in the VLBW group were born in 1986-1988 and admitted to the Neonatal Intensive Care
Unit (NICU) at St. Olavs Hospital, Trondheim University Hospital, in Norway. Participants in the control group
were born to mothers recruited from the Trondheim area in pregnancy during the same years. The participants
were invited to follow-up assessments at several time points from childhood to adulthood'. In this study, we
used data from a brain MRI assessment at 26 years of age and a visual assessment at 32 years of age, the latter
carried out between 2019 and 2021.

VLBW group

Figure 2 illustrates the flow of participants in the study. The VLBW group originally consisted of 121 individuals
with a birth weight <1500 g. Of these, 33 died in the neonatal period and two were excluded due to congenital
syndrome/anomaly. Of the 86 eligible participants, two were excluded due to multimorbidity at the 26 years
assessment, leaving 84 VLBW individuals that were invited for the brain MRI assessment at 26 years. Of these,
37 did not consent to participation, and 12 had no usable DTI assessment due to movement artefacts, leaving
35 participants with DTI data. Prior to the 32 years assessment, one participant had withdrawn from the study,
eight were without contact information and two were living abroad. Also, three participants were excluded due
to multimorbidity, leaving 72 controls that were invited for the clinical visual assessment at 32 years. Of these,

VLBW Controls
n=121 n=120

Dead n= 33

/i =
Syndrome/anomaly n= 2 Syndrome/anomaly n= 2

Eligble Eligble
n=86 n=118

Withdrawn from the
study n=1

Withdrawn from the
study n=3

No contact information — Living abroa!d n=2 .
n=8 No contact information

Multimorbidity n=3 i n=3
Invited at 26y Invited at 32y GRS bR Invited at 26y Invited at 32y
n=84 n=72 n=118 n=104

No consent n= 21 No consent n= 36
Not clinically assessed Noconsentn=45 || | Notassessed clinically
n=6é No usable DTI n= 11 n=7

DTl Visual DTI Visual
it at tat assessment at assessment at
26y 32y 26y 32y
n=35 n=45 n=62 n=61
DTl at 26 y and visual assessment at 32y DTl at 26 y and visual assessment at 32y
n=33 n=50

Figure 2. The flow of participants at 32 years and 26 years of age. DTI diffusion tensor imaging, VLBW very low
birth weight.
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21 did not consent and six only answered questionnaires and were not assessed clinically because they were
unable to attend the clinical assessment. Finally, 45 completed the clinical visual assessment at 32 years. In all,
33 VLBW individuals completed assessment of visual outcomes at 32 years and DTT assessment at 26 years and
were included in the analyses.

Term-born control group

The control group originally consisted of 120 individuals with birth weight> 10th percentile for gestational age,
corrected for sex and parity*. Of these, two were excluded due to congenital syndrome/anomaly, leaving 118
controls that were eligible and invited for the brain MRI at 26 years. Of these, 45 did not consent to participa-
tion, and 11 had no usable DTI due to movement artefacts, leaving 62 participants with DTI data. Prior to the
32 years assessment, three participants had withdrawn from the study, nine were without contact information,
and two were living abroad. Therefore, 104 controls were invited at 32 years. Of these, 36 did not consent to
participation, and seven only answered questionnaires and were not assessed clinically because they were unable
to attend the clinical assessment. Finally, 61 completed the clinical visual assessment at 32 years. In all, 50 term-
born controls completed assessment of visual outcomes at 32 years and DTT assessment at 26 years and were
included in the analyses (Fig. 2).

Non-participants

Non-participants included those who did not consent to participation and were not assessed clinically at 32 years
because they did not meet for the clinical assessment or did not have a usable DTI at 26 years. Descriptive
statistics are presented in Supplementary Table Al online. In the VLBW group, non-participants had slightly
lower gestational age, birth weight, Apgar score after 1 min, and maternal age at delivery than participants.
In addition, background information indicated that there were fewer males among participants than among
non-participants. In the control group, non-participants had slightly lower gestational age and maternal age at
delivery than participants.

Clinical characteristics

Perinatal background data included maternal age, parental socioeconomic status (SES), birth weight, gestational
age, head circumference at birth, Apgar scores, age at assessments, sex, intraventricular haemorrhage (IVH,
grade 1-4) and/or, periventricular leukomalacia, and neurosensory impairment (NSI). The presence of NSI was
defined as blindness, use of a hearing aid, cerebral palsy diagnosed by a paediatrician at the 14-year follow-up
or self-reported at the 32-year follow-up, and/or IQ score below 70 assessed by a psychologist with the Wechsler
Adult Intelligence Scale-Third edition at 19 years. If data on IQ was not available from 19 years, we used data
on estimated IQ based on two subtests of the Wechsler Intelligence Scale for Children-Third edition at 14 years,
and if that was not available, we used data on IQ measured with the Wechsler Preschool and Primary Scale of
Intelligence-Revised at 5 years. Parental SES was calculated according to Hollingshead’s Two Factor Index of
Social Position, based on information on parent’s education and occupation*'. The score ranges from 1 (low)
to 5 (high). Parental SES was collected at the 14 years assessment and supplemented at the 19 years assessment.

Visual outcomes

The participants underwent a clinical visual assessment of visual function and visual structure. An ophthalmolo-
gist (AP]) performed all tests on both eyes separately and bilaterally, starting with the right eye. The participants
included in the NTNU LBW Life study were born in the 1980s before Norway implemented systematic ROP
screening. Therefore, we do not have detailed information regarding the ROP status of the participants. However,
our project ophthalmologist (AP]) thoroughly checked the participants’ medical journals, and a clinical visual
examination of all participants showed no sign of any previous ROP diagnoses that would affect the visual out-
comes in this paper. All tests for visual outcomes are illustrated in Supplementary Figure A online.

Visual function
After subjective refraction was performed, the best-corrected visual acuity (BCVA) letter score was measured
with the Early Treatment Diabetic Retinopathy Study (ETDRS) chart using a standardized protocol at 4 m** under
standardized light conditions. The better eye was defined as the eye with the highest BCVA letter score and used
in all analyses. If the BCVA letter score was equal, the right eye was chosen as the better eye. The better eye was
used for all analyses because the better eye will be the preferred eye and, therefore, a more accurate measure of
visual function. Moreover, using both eyes may distort the BCVA letter score due to potential non-central nervous
system injury (such as amblyopia or strabismus), affecting the BCVA letter score in the worse eye®.

Contrast sensitivity (CS) was tested with the best-refracted correction at a constant mean luminance of 85 cd/
m? (no glare). We used the CSV 1000E chart (Vector Vision, Haag-Streit, Harlow, UK) consisting of four rows and
eight columns of sine-wave gratings, where participants were asked to identify the grating pattern in each column.
In eight contrast levels, participants were tested at four spatial frequencies with four cycles per degree (cpd; 3,
6, 12, and 18 cycles per degree). The lowest level of contrast the participants could see in each spatial frequency
was noted. Cycles per degree measures how many lines you can distinguish in a degree of the visual field. Only
6 cpd was included in this study because low spatial frequencies, and especially 6 cpd, are most sensitive to detect-
ing objects at low contrasts and have the best predictive value at the peak of the contrast sensitivity curve**4.

Scientific Reports |

(2024) 14:2624 | https://doi.org/10.1038/s41598-024-52836-4 nature portfolio



www.nature.com/scientificreports/

Retinal structure

Optical coherence tomography (OCT) images were obtained using a Heidelberg Spectralis machine (Heidelberg,
Germany). The ETDRS grid was used to extract the central retinal nerve fibre layer (RNFL) thickness. The circular
ETDRS grid is divided into nine macular sectors defined by three rings of 1 mm, 3 mm, or 6 mm in diameter,
used to anatomically divide the retina to measure the thickness of different retinal layers within the sectors*.
The mean RNFL thickness (m) was measured in the innermost ring of the retina, corresponding to the A1l area
of the ETDRS grid, measuring 1 mm in diameter.

Visual pathway function

Pattern-reversal visual evoked potentials (PR-VEPs) from the left and right eye were recorded on a Dantec
Keypoint G4 workstation (Natus Medical, USA) using a View Sonic Graphics Series G70fmb CRT monitor as
the pattern generator. Electrodes were placed according to the 10-20 system on occipital, frontal, and parietal
areas (Oz, Fz, and Pz)"". PR-VEPs were recorded from the parietal (Pz) and occipital (Oz) midline and referred
to the mid-frontal electrode (Fz), according to the ISCEV standards*. Impedance was <5 kQ), and a 1 Hz-1 kHz
filter was used.

The participants were seated in a relaxed position in a chair with neck support. The eye that was not tested 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 monitor. PR-VEPs were recorded in one eye at a time with a 33’ (24 x 32) check size with 160 stimulations
per run and a stimulations frequency of 1 reversal per second (rps). At least two runs, three runs for most partici-
pants, for each eye were conducted to achieve a relative noise-free averaged VEP and to assess the reproducibility
of the response runs. Two repeatable response runs were required as a minimum. Repeatability was generally
excellent as visually evaluated by the specialist. Two or three repeatable response runs were then averaged in the
software to get the final averaged VEP curve for the measurements. An experienced clinical neurophysiology
(AG) specialist visually identified and placed cursors on N70, P100, and N145 peaks. The P100 latency (ms) was
measured from stimulus onset to the peak of the P100 wave and was used in the analysis because of its clinical
relevance due to its high amplitude, less variability between participants, and minimal interocular asymmetry®.

Brain MRI

Image acquisition

At 26 years, DTT from participants was acquired on a 3 T Siemens Skyra equipped with a 32-channel head matrix
coil (Siemens AG, Erlangen, Germany). To reduce noise from movement, foam pads were placed around the
participants” heads. The DTI was acquired with a single-shot balanced echo EPI sequence with b=1000 s/mm?
and b=2000s/mm? in 30 non-collinear directions using the following parameters: TR =8800 ms, TE =95 ms,
FOV =240 x 240 mm, slice thickness 2.5 mm, acquisition matrix 96 x 96, giving isotropic voxels of 2.5 mm. Full
brain coverage was obtained with 60 axial slices without a gap. Five images without diffusion weighting (b0) were
acquired for each slice. Sixty images with diffusion gradients were also acquired for each slice (consisting of 30
images with b=1000 s/mm? and 30 with b=2000s/mm?). To correct the image distortion caused by magnetic
susceptibility artefacts, two additional b0 images were acquired with opposite phase-encode polarity.

Image analysis

The DTI analyses were performed with the tools of the FMRIB Software Library (FSL; Oxford Centre for Func-
tional MRI of the Brain, UK; www.fmrib.ox.ac.uk/fsl). Image artefacts due to motion and eddy current distortions
were minimized by registration of all DTT acquisitions to the mean b =0 image using affine registration. Image
distortion caused by magnetic susceptibility artefacts was minimized with a nonlinear BO-unwarping method
using paired images with opposite phase-encode polarities (Holland et al., 2010). The brain was extracted using
the Brain Extraction Tool (BET, part of FSL). FMRIB’s Diffusion Toolbox (FDT) was used to fit a diffusion tensor
model to the raw diffusion data in each voxel. Voxel-wise maps of FA, MD, axial (AD; A1), and radial diffusiv-
ity (RD; (A2 +A3)/2) were calculated for the VLBW and control groups. Visual quality control of the data was
performed by an experienced analyst (LE).

White matter tract regions and DTI metrics of interest

Regions of interest (ROIs) in white matter tracts and primary visual cortex were chosen based on which brain
regions are involved in the visual pathway and visual processing, and these were: corpus callosum (body, genu,
splenium; CC), lateral geniculate nucleus (LGNs), optic radiations (ORs), inferior fronto-occipital fasciculus
(IFOFs), the primary visual cortex (V1) in the right and left hemispheres'****!. They are presented in Fig. 3. The
ROIs were manually created based on masks from the John Hopkins University (JHU) white-matter labels atlas®
and the Jiilich histological atlas in FSL****. The masks were overlayed on the mean skeleton FA from TBSS and
checked for each participant to confirm that the ROIs were correctly placed.

Statistical analysis

Descriptive statistics are presented as mean with standard deviation for scale variables and counts with percent-
ages for categorical variables. We first used linear regression with visual outcomes and DTT metrics for each ROI,
one at a time, as dependent variables, with group (VLBW versus control) as the independent variable and age
and sex as covariates. For the association analyses, we used linear regression with one visual outcome measure
at a time as the dependent variable. Age and sex, FA for the ROIs in the corpus callosum, optic radiations, lateral
geniculate nucleus, inferior-fronto occipital fasciculus and MD for V1 (one at a time), group and the interaction
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Figure 3. Cortical grey matter and white matter tract regions of interest along the visual pathway. From the left:
corpus callosum (including the splenium, body, and genu), optic radiations, lateral geniculate nucleus, inferior-
fronto occipital fasciculus, and primary visual cortex.

between group and FA/MD in ROIs were entered as independent variables. This analysis was repeated with AD
and RD as DTI metrics.

The normality of residuals was assessed by visual inspection of Q-Q plots. Since some deviations from nor-
mality were found, we used bootstrapping (2000 bootstrap samples and the bias-corrected and accelerated (BCa)
method) in all regression analyses. We also performed a sensitivity analysis excluding the four participants with
NSI. We report 95% confidence intervals where relevant and regard two-sided p-values < 0.05 to represent statis-
tical significance. In addition, we adjusted for multiple compariasons and report Benjamin-Hochberg adjusted
p-values for all statistical analyses. Statistical analyses were performed using SPSS 28.0 (IBM SPSS Statistics, NY,
USA) and RStudio 4.1.2 (PBC, Boston, MA, USA).

Ethics

The study was conducted at the Department of Ophthalmology, Trondheim University Hospital in Norway
following the guidelines of the Declaration of Helsinki and was approved by the Regional Committee for Medi-
cal Research Ethics in Central Norway (23879). Written informed consent was obtained from all participants.
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has not been applied for from neither the participants nor the Ethical Committee. The R and SPSS scripts/syntax
are available from the corresponding author on reasonable request.

Received: 1 June 2023; Accepted: 24 January 2024
Published online: 01 February 2024

References
1. Evensen, K. A. L et al. Multidisciplinary and neuroimaging findings in preterm born very low birthweight individuals from birth to
28 years of age: A systematic review of a Norwegian prospective cohort study. Paediatr. Perinat. Epidemiol. 36(5), 606630 (2022).
2. Darlow, B. A. et al. Vision in former very low birthweight young adults with and without retinopathy of prematurity compared
with term born controls: The NZ 1986 VLBW follow-up study. Br. . Ophthalmol. 102(8), 1041-1046 (2018).
3. Lindqyvist, S. et al. Visual acuity, contrast sensitivity, peripheral vision and refraction in low birthweight teenagers. Acta Ophthal-
mologica Scandinavica 85(2), 157-164 (2007).
4. Larsson, E., Rydberg, A. & Holmstrom, G. Contrast sensitivity in 10 year old preterm and full term children: A population based
study. Br. J. Ophthalmol. 90(1), 87-90 (2006).
5. Mestier. M & Tessier-Lavigne. M. Low-Level Visual Processing: The Retina in Principles of Neural Science (ed. Kandel, E. R.)
577-600 (McGraw-Hill Education, 2000).
6. Balasubramanian, S. et al. Relationship between retinal thickness profiles and visual outcomes in young adults born extremely
preterm: The EPICure@19 study. Ophthalmology 126(1), 107-112 (2019).
7. Feng, J.-]. et al. Pattern visual evoked potential performance in preterm preschoolers with average intelligence quotients. Early
Hum. Dev. 87(1), 61-66 (2011).
8. Ingvaldsen, S. H., Morken, T. S., Austeng, D. & Dammann O. Visuopathy of prematurity: Is retinopathy just the tip of the iceberg?
Pediatr. Res. 91, 1043-1048 (2021).
9. Inder, T.E. & Volpe, J. ]. Mechanisms of perinatal brain injury. Semin. Neonatol. 5, 3-16 (2000).
10. Back, S. A. White matter injury in the preterm infant: Pathology and mechanisms. Acta Neuropathologica 134(3), 331-349 (2017).
11. Wycoco, V. et al. White matter anatomy: What the radiologist needs to know. Neuroimaging Clin. 23(2), 197-216 (2013).
12. Eikenes, L. et al. Young adults born preterm with very low birth weight demonstrate widespread white matter alterations on brain
DTI. Neuroimage 54(3), 1774-1785 (2011).
13. Rimol, L. M. et al. Reduced white matter fractional anisotropy mediates cortical thickening in adults born preterm with very low
birthweight. Neuroimage 188, 217-227 (2019).
14. Curran, K. M., Emsell, L. & Leemans, A. Quantitative DTT measures. In Diffusion Tensor Imaging: A Practical Handbook (eds Van
Hecke, W. et al.) 65-87 (Springer, 2016).
15. Jones, D. K., Knosche, T. R. & Turner, R. White matter integrity, fiber count, and other fallacies: the do’s and don’ts of diffusion
MRI. Neuroimage 73, 239-254 (2013).
16. Hollund, I. M. H. et al. White matter alterations and their associations with motor function in young adults born preterm with
very low birth weight. NeuroImage Clin. 17, 241-250 (2018).
17. Pascoe, M. J. et al. Altered grey matter volume, perfusion and white matter integrity in very low birthweight adults. NeuroImage
Clin. 22, 101780 (2019).
18. Vangberg, T. R. et al. Changes in white matter diffusion anisotropy in adolescents born prematurely. Neurolmage 32(4), 1538-1548
(2006).

Scientific Reports |

(2024) 14:2624 | https://doi.org/10.1038/s41598-024-52836-4 nature portfolio



www.nature.com/scientificreports/

19. Lindqyvist, S. et al. Visual function and white matter microstructure in very-low-birth-weight (VLBW) adolescents—A DTT study.
Vis. Res. 51(18), 2063-2070 (2011).

20. Aoki, Y., Cortese, S. & Castellanos, F. X. Research review: Diffusion tensor imaging studies of attention-deficit/hyperactivity
disorder: Meta-analyses and reflections on head motion. J. Child Psychol. Psychiatry 59(3), 193-202 (2018).

21. Chen, Y. et al. Abnormal white matter changes in Alzheimer’s disease based on diffusion tensor imaging: A systematic review.
Ageing Res. Rev. 87, 101911 (2023).

22. Jeurissen, B. et al. Investigating the prevalence of complex fiber configurations in white matter tissue with diffusion magnetic
resonance imaging. Hum. Brain Mapp. 34(11), 2747-2766 (2013).

23. Tournier, J. D., Mori, S. & Leemans, A. Diffusion tensor imaging and beyond. Magn. Reson. Med. 65(6), 1532-1556 (2011).

24. Rothman, K. J. Six persistent research misconceptions. J. Gener. Intern. Med. 29(7), 1060-1064 (2014).

25. Benjamini, Y. & Hochberg, Y. Controlling the false discovery rate: A practical and powerful approach to multiple testing. J. R. Stat.
Soc. Ser. B (Methodol.) 57(1), 289-300 (1995).

26. Hreinsdottir, J. et al. Impaired cognitive ability at 2.5 years predicts later visual and ophthalmological problems in children born
very preterm. Acta Paediatrica 107(5), 822-830 (2018).

27. Siftredi, V. et al. Corpus callosum structural characteristics in very preterm children and adolescents: Developmental trajectory
and relationship to cognitive functioning. Dev. Cogn. Neurosci. 60, 101211 (2023).

28. He, Y. et al. Characterization of foveal development in treatment-Naive extremely preterm infants. Transl. Vis. Sci. Technol. 11(6),
11-11 (2022).

29. Akerblom, H. et al. Central macular thickness is correlated with gestational age at birth in prematurely born children. Br. J. Oph-
thalmol. 95(6), 799-803 (2011).

30. Bringmann, A. et al. The primate fovea: Structure, function and development. Prog. Retin. Eye Res. 66, 49-84 (2018).

31. Kwinta, P. et al. Relationship between stereoscopic vision, visual perception, and microstructure changes of corpus callosum and
occipital white matter in the 4-year-old very low birth weight children. BioMed Res. Int. 2015, 842143 (2015).

32. van Tilborg, E. et al. Impaired oligodendrocyte maturation in preterm infants: Potential therapeutic targets. Prog. Neurobiol. 136,
28-49 (2016).

33. Ahn, S.]. et al. Diffusion tensor imaging analysis of white matter microstructural integrity in infants with retinopathy of prema-
turity. Investig. Ophthalmol. Vis. Sci. 60(8), 3024-3033 (2019).

34. Allin, M. et al. Growth of the corpus callosum in adolescents born preterm. Arch. Pediatr. Adolesc. Med. 161(12), 1183-1189 (2007).

35. Thompson, D. K. et al. Accelerated corpus callosum development in prematurity predicts improved outcome. Hum. Brain Mapp.
36(10), 3733-3748 (2015).

36. Bartolomeo, P. & Thiebaut de Schotten, M. Let thy left brain know what thy right brain doeth: Inter-hemispheric compensation
of functional deficits after brain damage. Neuropsychologia 93, 407-412 (2016).

37. Ingvaldsen, S. H. et al. Visual function correlates with neurodevelopment in a population cohort of school-aged children born
extremely preterm. Acta Paediatr. 112, 753-761 (2023).

38. Buser, J. R. et al. Arrested preoligodendrocyte maturation contributes to myelination failure in premature infants. Ann. Neurol.
71(1), 93-109 (2012).

39. Wilson-Costello, D. et al. Improved survival rates with increased neurodevelopmental disability for extremely low birth weight
infants in the 1990s. Pediatrics 115(4), 997-1003 (2005).

40. Bakketeig, L. S. et al. Pre-pregnancy risk factors of small-for-gestational age births among parous women in Scandinavia. Acta
Obstetricia et Gynecologica Scandinavica 72(4), 273-279 (1993).

41. Hollingshead, A. B. Two Factor Index of Social Position (Yale University Press, 1957).

42. Rosenfeld, P.]. et al. Ranibizumab for neovascular age-related macular degeneration. N. Engl. . Med. 355(14), 1419-1431 (2006).

43. Koefoed, V. E et al. Contrast sensitivity measured by two different test methods in healthy, young adults with normal visual acuity.
Acta Ophthalmologica 93(2), 154-161 (2015).

44. Haughom, B. & Strand, T. E. Sine wave mesopic contrast sensitivity: Defining the normal range in a young population. Acta
Ophthalmol. 91(2), 176-182 (2013).

45. Ginsburg, A. P. Contrast sensitivity and functional vision. Int. Ophthalmol. Clin. 43(2), 5-15 (2003).

46. Rohlig, M. et al. Enhanced grid-based visual analysis of retinal layer thickness with optical coherence tomography. Information
10(9), 266 (2019).

47. Homan, R. W,, Herman, J. & Purdy, P. Cerebral location of international 10-20 system electrode placement. Electroencephalogr.
Clin. Neurophysiol. 66(4), 376-382 (1987).

48. Odom, J. V. et al. ISCEV standard for clinical visual evoked potentials: (2016 update). Doc. Ophthalmol. 133(1), 1-9 (2016).

49. Markand, O. N. Clinical Evoked Potentials: An Illustrated Manual (Springer, 2020).

50. Thompson, D. K. et al. Alterations in the optic radiations of very preterm children—Perinatal predictors and relationships with
visual outcomes. NeuroImage Clin. 4, 145-153 (2014).

51. Tootell, R. B. & Nasr, S. Columnar segregation of magnocellular and parvocellular streams in human extrastriate cortex. J. Neurosci.
37(33), 8014-8032 (2017).

52. Mori, S. et al. MRI Atlas of Human White Matter (Elsevier, 2005).

53. Biirgel, U. et al. Mapping of histologically identified long fiber tracts in human cerebral hemispheres to the MRI volume of a refer-
ence brain: Position and spatial variability of the optic radiation. Neuroimage 10(5), 489-499 (1999).

54. Biirgel, U. et al. White matter fiber tracts of the human brain: three-dimensional mapping at microscopic resolution, topography
and intersubject variability. Neuroimage 29(4), 1092-1105 (2006).

Acknowledgements

We want to thank all the participants, former co-workers, and researchers for contributing to the NTNU Low
Birth Weight in a Lifetime Perspective study. The study was funded by the Norwegian Research Council and the
Joint Research Committee of St. Olavs Hospital HF, and the Faculty of Medicine and Health Sciences, NTNU.
The funders had no role in study design, data collection and analysis, publication decisions, or manuscript
preparation.

Author contributions

S.H.L wrote the main manuscript text and did all statistical analyses and figures. A.G. and T.S. analyzed the VEP
data while A.PJ. collected the rest of the visual data. L.E. extracted the DTI data. A.K.H. and M.S.I. was primarily
responsible for the 26-year assessment. S.L. contributed to statistical analyses. K.A.L.E. and T.S.M. was primarily
responsible for the 32-year assessment and design of the study. D.A. contributed to the manuscript writing. All
authors reviewed the manuscript.

Scientific Reports |

(2024) 14:2624 | https://doi.org/10.1038/s41598-024-52836-4 nature portfolio



www.nature.com/scientificreports/

Funding

Open access funding provided by Norwegian University of Science and Technology.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-024-52836-4.

Correspondence and requests for materials should be addressed to S.H.I.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

= License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

Scientific Reports |

(2024) 14:2624 | https://doi.org/10.1038/s41598-024-52836-4 nature portfolio


https://doi.org/10.1038/s41598-024-52836-4
https://doi.org/10.1038/s41598-024-52836-4
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Visual outcomes and their association with grey and white matter microstructure in adults born preterm with very low birth weight
	Results
	Clinical characteristics
	Visual outcomes
	DTI metrics in ROIs
	DTI metrics in ROIs at 26 years as predictors for visual outcomes at 32 years
	Sensitivity analysis


	Discussion
	Conclusion
	Material and methods
	Study design
	VLBW group
	Term-born control group
	Non-participants
	Clinical characteristics
	Visual outcomes
	Visual function
	Retinal structure
	Visual pathway function

	Brain MRI
	Image acquisition
	Image analysis
	White matter tract regions and DTI metrics of interest

	Statistical analysis
	Ethics

	References
	Acknowledgements


