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Abstract

Background: Microscopic studies in newborns and animal models indicate impaired
myelination after premature birth, particularly for cortical myelination; however, it remains
unclear whether such myelination impairments last into adulthood and — if so — are relevant for
impaired cognitive performance. It has been suggested that the ratio of TIw and T2w MRI
signal intensity (T1w/T2w ratio) is a proxy for myelin content. We hypothesized altered grey
matter (GM) T1w/T2w ratio in premature-born adults, which is associated with lower cognitive
performance after premature birth.

Methods: We analyzed GM T1w/T2w ratio in 101 very premature-born adults (<32 weeks of
gestation and/or birthweight <1500g, VP/VLBW) and 109 full-term controls at 26 years of age,
controlled for voxel-wise volume alterations. Cognitive performance was assessed by verbal,
performance, and full-scale intelligence quotient (IQ) using the Wechsler Adult Intelligence
Scale.

Results: Significantly higher T1w/T2w ratio in VP/VLBW subjects was found bilaterally in
widespread cortical areas, particularly in frontal, parietal and temporal cortices, and in putamen
and pallidum. In these areas, T1w/T2w ratio was not related to birth variables such as
gestational age, or IQ scores. In contrast, significantly lower T1w/T2w ratio in VP/VLBW
subjects was found in bilateral clusters in superior temporal gyrus which was associated with
birth weight in the VP/VLBW group. Furthermore, lower T1w/T2w ratio in left superior
temporal gyrus was associated with lower full-scale and verbal 1Q.

Conclusions: Results demonstrate GM T1w/T2w ratio alterations in premature-born adults and
suggest altered GM myelination development after premature birth with lasting and

functionally relevant effects into early adulthood.



Abbreviations

BLS — Bavarian longitudinal study

BW — birth weight

CI — confidence interval

FDR - false discovery rate

FOV — field of view
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INTI — intensity of neonatal treatment index
1Q — intelligence quotient

MPRAGE — magnetization prepared rapid acquisition gradient echo
MRI — magnetic resonance imaging

ROI — region of interest
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TE — echo time

TI — inversion time

TIV — total intracranial volume

TR — repetition time

VLBW - very low birth weight

VP — very preterm

VP/VLBW - very preterm and/or very low birth weight

WALIS — Wechsler adult intelligence scale



1. Introduction

Premature birth (i.e., <37 weeks of gestation) is associated with an increased risk for aberrant
neurocognitive development. For example, very premature-born adults have, on average, more
than 10 points lower intelligence quotient (IQ) scores, and lasting macroscopic and microscopic
brain alterations, which mediate cognitive impairments (1,2). Macroscopic structural brain
alterations affect grey matter (GM) and white matter (WM) through volume reductions,
aberrant cortical architecture, and disturbed white matter integrity (3—11). On a microscopic
level, inflammation, hypoxia-ischemia and/or stress-related events are potential causes of
disrupted cellular development including axonal injury, subplate neuron injury, and impaired
pre-oligodendrocyte (pre-OL) development leading to disturbed cortical microstructure and
myelination (12-16). More specifically, primary injury or death of pre-OLs is followed by
replenishment of the pre-OL pool, however, subsequent maturation to myelin-producing OLs
fails (12,13,17-19).

The cortex contains myelinated axons exhibiting distinct myeloarchitectures. Magnetic
resonance imaging (MRI) allows for the indirect study of myelin in vivo using measures such
as magnetization transfer imaging, R1 (1/T1-weighted) signal and the ratio of T1-weighted and
T2-weighted signal intensity (T1w/T2w ratio). The T1w/T2w ratio has been suggested to
provide a simple and broadly available measure which eliminates the MR-related image
intensity bias and enhances the contrast to noise ratio for myelin (20). It has, for example, been
applied to study intracortical myelin content (21,22). Moreover, T1w/T2w ratio has been used
to assess diseases affecting brain structure such as Alzheimer’s disease, Parkinson’s disease,
and schizophrenia (23-26). Furthermore, intracortical myelin, as measured with the T1w/T2w

ratio, is linked with cognitive functioning (27).

With respect to premature birth, alterations in deep GM, in occipital and temporal lobes as well

as in WM T1w/T2w ratio have been reported in very preterm (VP) born children (28,29).
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Although it remains unknown whether T1w/T2w ratio is lastingly altered into adulthood after
premature birth, other measures of GM structure, such as volume or cortical architecture,
exhibit long term alterations (4,5,7,30). Therefore, we hypothesized that GM T1w/T2w ratio is
altered in premature-born adults, possibly in deep GM and occipital and temporal lobes as
suggested by previous studies in children (28,29). However, because myelination is a highly
dynamic process, hypothesizing a direction for T1w/T2w ratio alterations is difficult.
Furthermore, it is known that 1Q is lower after premature birth compared to full-term (FT)
controls, and that these deficits persist into adulthood (1,2,31,32). In VP born children,
Vandewouw et al. (28) showed a link between T1w/T2w ratio in thalamus, amygdala and
hippocampus as well as in temporal lobes, and cognitive performance. Therefore, we
hypothesized that altered GM T1w/T2w ratio might be associated with lower IQ after premature
birth in adulthood, possibly in these previously implicated regions. To address these two
hypotheses, we investigated 101 very premature-born adults (i.e., <32 weeks of gestation and/or
birth weight <1500g) and 109 FT controls at 26 years of age by T1w- and T2w-MRI, and 1Q

assessment.



2. Methods

2.1 Participants

Our study sample has been previously described (30,32—-37): 101 VP (<32 weeks of gestation)
and/or born with very low birth weight (VLBW, birth weight <1500g; VP/VLBW) subjects and
111 FT controls underwent MRI at 26 years of age (see S1 for more details). The MRI
examinations took place at two sites: The Department of Neuroradiology, Klinikum rechts der
Isar, Technische Universitdt Miinchen, (n=145) and the Department of Radiology, University
Hospital of Bonn (n=67). The study was carried out in accordance with the Declaration of
Helsinki and was approved by the local ethics committee of the Klinikum rechts der Isar,
Technische Universitdt Miinchen and the University Hospital Bonn. All study participants gave

written informed consent. They received travel expenses and a small payment for participation.

2.2 Birth variables

Gestational age (GA) was estimated from maternal reports on the first day of the last menstrual
period and serial ultrasounds during pregnancy. In cases in which the two measures differed by
more than 2 weeks, clinical assessment at birth with the Dubowitz method was applied (38).
Birth weight (BW) and intensity of neonatal treatment index (INTI), quantifying duration and
intensity of medical treatment after birth, were obtained from obstetric records (34,39). Daily
assessments of care level, respiratory support, feeding dependency and neurological status
(mobility, muscle tone, and neurological excitability) were performed. Each of the six variables
was scored on a 4-point rating scale (0—3) by the method of Casaer and Eggermont (40). The
INTI was computed as the mean score of daily ratings during the first 10 days of life or until a
stable clinical state was reached (total daily scores <3 for 3 consecutive days), depending on

which occurred first, ranging from 0 (best state) to 18 (worst state).

2.3 Cognitive performance in adulthood



To assess global cognitive performance at the age of 26, prior to and independent of the MRI
examination, study participants were asked to complete a short version of the “Wechsler
Intelligenztest fiir Erwachsene” (WIE), the German adaptation of the Wechsler Adult
Intelligence Scale, Third edition (WAIS-III) (41). This test was carried out by trained
psychologists who were blinded to group membership, and used to derive full-scale 1Q, verbal

1Q, and performance IQ estimates (32,36).

2.4 MRI data acquisition

MRI data acquisition has been previously described (30,42): At both sites, Bonn and Munich,
MRI data acquisition was performed on Philips Achieva 3T TX systems or Philips Ingenia 3T
system using an 8-channel SENSE head coil. Subject distribution among scanners (Table 1):
Bonn Achieva 3T: 5 VP/VLBW, 12 FT, Bonn Ingenia 3 T: 33 VP/VLBW, 17 FT, Munich
Achieva 3T: 60 VP/VLBW, 65 FT, Munich Ingenia 3T: 3 VP/VLBW, 17 FT. Distribution of
the two groups across scanners was significantly different (p=0.001) since most of the
prematurity cohort was imaged in Munich on a 3T Achieva system. Across all scanners,
sequence parameters were kept identical. Scanners were checked regularly to provide optimal
scanning conditions and MRI physicists at the University Hospital Bonn and Klinikum rechts
der Isar regularly scanned imaging phantoms, to ensure within-scanner signal stability over
time. Signal-to-noise ratio was not significantly different between scanners (one-way ANOVA
with factor ‘scanner-ID’ [Bonn 1, Bonn 2, Munich 1, Munich 2]; F(3,182)=1.84, p=0.11). A
high-resolution TIw 3D-MPRAGE sequence (TI=1300ms, TR=7.7ms, TE=3.9ms, flip
angle=15°, field of view=256 mm x 256 mm, reconstruction matrix=256x256, reconstructed
isotropic voxel size=1 mm?) and a high-resolution T2w 3D sequence (TR=2500 ms, TE=364
ms, flip angle=90°; field of view=512 mm x 512 mm, echo train length=120, reconstructed

isotropic voxel size=0.5 mm?) were acquired. All images were visually inspected for artefacts.



Two FT subjects had to be excluded due to the lack of T2w images. Hence, the final sample

included 101 VP/ VLBW subjects and 109 FT subjects.

2.5 MRI processing and TIw/T2w ratio mapping

Images saved as DICOMs were converted to Nifti-format using dem2nii (43). MRI data were
preprocessed using MRTool which implements a processing workflow for the generation of the
TIw/T2w 1images within SPMI12 (https://www.fil.ion.ucl.ac.uk/spm/software/spm12/) as
previously described by Ganzetti et al. (23,44). For each subject, the original T2-w image was
co-registered to the T1-w image through rigid body transformation, the T1-w and T2-w images
were subjected to bias correction and intensity calibration, and the ratio was calculated to
generate the T1w/T2w image. In order to obtain GM masks, T1w images were preprocessed
using the Computational Anatomy Toolbox (CAT12, http://www.neuro.uni-jena.de/cat/) within
SPM12. Images were normalized to a template space and segmented into GM, WM and
cerebrospinal fluid. Using the GM mask, T1w/T2w ratio within GM was extracted. Finally, the
GM T1w/T2w ratio maps were smoothed with a Gaussian kernel of 6 mm full-width at half

maximum.

2.6 Statistical analysis

2.6.1 Thresholding and correction for multiple testing

All voxel-wise analyses were conducted using SPM 12 and corrected for multiple comparisons
to control the false discovery rate (FDR). Statistical significance was defined as p<0.05, FDR-
corrected, and cluster size was set to >10 voxels to be considered significant (45).

Linear regression analyses of extracted TIw/T2w ratio were performed using IBM SPSS
Version 26 (IBM Corp., Armonk, NY, USA) and corrected for multiple comparisons across all

6 regressions regarding birth variables and across all 12 regressions regarding cognitive



performance using the Benjamini—Hochberg procedure (46). Statistical significance was

defined as p<0.05, FDR-corrected.

2.6.2 Group comparison of grey matter TIw/T2w ratio

To identify areas in which the T1w/T2w ratio in GM was significantly different in VP/VLBW
individuals compared to FT controls, we performed a two-sample t-test using the DPABI
toolbox, which is based on SPM12 (47). To control for possible effects of GM atrophy in a
voxel-wise way, the GM segmented images were entered as covariate images. Sex and scanner
were entered as covariates. The analysis was constrained within a standardized group GM mask.
To test for possible sex effects, TIw/T2w ratio was extracted in areas in which it was
significantly different in VP/VLBW individuals compared to FT controls. General linear
models were used to test if sex had a significant effect on T1w/T2w ratio in these regions.

To confirm the voxel-wise results and to further control for possible scanner effects, we
conducted the following control analyses: First, general linear models were used to test if
scanner had a significant effect on T1w/T2w ratio in the regions in which it was significantly
different in VP/VLBW individuals compared to FT controls. Second, we repeated the group
comparison using regions of interest (ROIs) derived from the Harvard-oxford atlas (see S2)
(48-51). Third, we repeated the group comparison using a ROI-based approach after applying
ComBat, a technique that removes unwanted sources of scan variability (see S3) (52).

To investigate whether group differences in GM T1w/T2w ratio were specifically related to
prematurity, in the VP/VLBW group, the extracted T1w/T2w ratio values (for VP/VLBW<FT
and VP/VLBW>FT, respectively) were entered into a linear regression analysis in SPSS as
dependent variable with GA, BW and INTI as independent variables. GM volume, sex and
scanner were entered as covariates of no interest. To identify regionally specific correlation for

VP/VLBW>FT, we performed voxel-wise two-tailed multiple regression (see S4.1).



Age was not included as a covariate in our analyses, as VP/VLBW subjects and FT controls

had the same mean age of 26 years (p=0.147).

2.6.3 Grey matter TIw/T2w ratio and cognitive performance

To explore the relationship between altered GM TI1w/T2w ratio after premature birth and
cognitive performance, as measured by full-scale 1Q, verbal IQ, and performance IQ, the
extracted T1w/T2w ratios for VP/VLBW<FT and VP/VLBW>FT clusters, respectively, were
entered into a linear regression analysis in SPSS as independent variables with full-scale IQ,
verbal IQ, and performance IQ, respectively, as dependent variables in the VP/VLBW group.
GM volume, sex and scanner were entered as covariates of no interest. To identify regionally
specific correlation for VP/VLBW>FT, we performed voxel-wise two-tailed multiple
regression (see S4.2).

Because T1w/T2w ratio in bilateral STG was at trend related to verbal 1Q, and because left STG
is particularly involved in language processing, we performed linear regression analysis with
T1w/T2w ratio in left STG and right STG, respectively, as independent variables, and full-scale
1Q, verbal 1Q and performance IQ, respectively, as dependent variables in the VP/VLBW

group. GM volume, sex and scanner were entered as covariates of no interest.

2.7 Data Availability Statement

Patient data used in this study are not publicly available but stored by the principal investigators

of the Bavarian Longitudinal Study.
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3. Results

3.1 Sample characteristics

Table 1 presents group demographic and clinical background variables. There was no
significant difference between the VP/VLBW group and FT group regarding sex (p=0.850) and
age at scanning (p=0.147). By design of the study, VP/VLBW subjects had significantly lower
GA (p<0.001) and lower BW (p<0.001). Furthermore, VP/VLBW subjects had significantly
lower GM volume (p<0.001), full-scale IQ scores (p<0.001), verbal 1Q scores (p=0.001), and

performance 1Q scores (p<0.001) compared to FT controls.

3.2 Altered grey matter TIw/T2w ratio in premature-born adults

Figure 1 illustrates group differences of GM T1w/T2w ratio. We found widespread cortical
areas bilaterally with significantly higher T1w/T2w ratio in VP/VLBW subjects compared to
FT controls, particularly in frontal, parietal and temporal cortices, including operculum and
temporal pole, as well as in bilateral lateral thalamus, putamen, pallidum, hippocampus and
amygdala. We found significantly lower T1w/T2w ratio in small bilateral clusters in superior
temporal gyrus (STG). The left cluster spans 65 voxels, the right cluster spans 91 voxels. There
was no significant effect of sex on the TIw/T2w ratio for VP/VLBW>FT (F(1,203)=0.376,
p=0.540), and for VP/VLBW<FT (F(1,203)=2.788, p=0.097). Furthermore, there was no
significant effect of scanner on the T1w/T2w ratio for VP/VLBW>FT (scanner dummy-
variable 1: F(1,203)=0.012, p=0.914; scanner dummy-variable 2: : F(1,203)=0.050, p=0.822;
F(1,203)=3.474, scanner dummy-variable 3: p=0.064), and for VP/VLBW<FT (scanner
dummy-variable 1: F(1,203)=0.793, p=0.374; scanner dummy-variable 2: F(1,203)=0.082,
p=0.775; scanner dummy-variable 3: F(1,203)=3.702, p=0.056).

Significantly higher T1w/T2w ratio in VP/VLBW subjects compared to FT controls,

particularly in frontal, parietal and temporal cortices, as well as in bilateral putamen and

11



pallidum, and significantly lower T1w/T2w ratio in STG were confirmed using a ROI-based
approach (see S2), and after applying ComBat to control for possible scanner effects (see S3).
To test whether the group differences described above are specifically related to premature
birth, we performed linear regression analyses within the VP/VLBW group. Results are listed
in Table 2, and the relationships between birth variables and T1w/T2w ratio are shown as scatter
plots in Figure 2. There was no significant linear relationship between birth variables and
T1w/T2w ratio for VP/VLBW>FT (see Figure 2A and S4.1). For VP/VLBW<FT, there was a
significant positive linear relationship between GA (p=0.017) and BW (p=0.004), and
T1w/T2w ratio (see Figure 2B). However, only the relationship between BW and T1w/T2w
ratio survived FDR-correction. There was no significant relationship between INTI and
T1w/T2w ratio.

In summary, T1w/T2w ratio was higher in VP/VLBW subjects compared to FT controls in
widespread cortical areas bilaterally, particularly in frontal, parietal and temporal cortices, and
in putamen and pallidum, which was not related to birth variables, and T1w/T2w ratio was

lower in bilateral clusters in STG, which was associated with BW in the VP/VLBW group.

3.3 Functional relevance of grey matter TIw/T2w ratio alterations

To explore the functional relevance of altered GM T1w/T2w ratio after premature birth, we
performed linear regression analyses within the VP/VLBW group. There was no significant
relationship between T1w/T2w ratio and full-scale IQ, verbal IQ, or performance IQ (Table 3,
Figure 3A and 3B, and S4.2).

However, T1w/T2w ratio in bilateral STG showed a positive relationship with verbal 1Q which
was at trend to significance. Therefore, and because left STG is particularly involved in
language processing, we repeated linear regression analysis per hemisphere. There was a
significant positive relationship between T1w/T2w ratio in left STG and full-scale 1Q (p=0.007)

as well as verbal 1Q (p=0.004, see Figure 4A and B). There was no significant relationship
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between T1w/T2w ratio in left STG and performance IQ, and between T1w/T2w ratio in right

STG and full-scale IQ, verbal IQ, or performance 1Q.
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4. Discussion

Using the MRI-based T1w/T2w ratio as a proxy for myelination, we investigated whether GM
myelination was altered in a group of 101 VP/VLBW individuals compared to 109 FT-born
adults. We found that T1w/T2w ratio was higher in VP/VLBW subjects compared to FT
controls in widespread cortical areas bilaterally, particularly in frontal, parietal and temporal
cortices, and in putamen and pallidum, which was not related to both birth variables and 1Q
scores. T1w/T2w ratio was significantly lower in bilateral clusters in STG which was associated
with BW in the VP/VLBW group. Furthermore, T1w/T2w ratio in left STG was associated with
full-scale and verbal 1Q. Our results demonstrate — to the best of our knowledge for the first
time — that GM myelination is altered in premature-born adults. Data suggest altered GM
myelination development after premature birth with lasting and functionally relevant effects

into adulthood.

4.1 Widespread higher TIw/T2w ratio after premature birth

We found higher T1w/T2w ratio in VP/VLBW adults compared to FT controls in widespread
cortical areas bilaterally, particularly in frontal, parietal and temporal cortices, and in putamen
and pallidum, which was not associated with birth variables. Hence, these alterations seem to
be generally observable in premature subjects. Results could indicate that higher GM T1w/T2w
ratio after premature birth is a consistent effect of later development rather than birth
circumstances.

As mentioned in the introduction, hypomyelination is thought to be a hallmark of premature
birth. Consistently, Vandewouw et al. (28) found lower T1w/T2w ratio in WM, thalamus,
putamen and amygdala, and in the occipital and temporal lobes in four-year-old children born
VP, indicating hypomyelination. However, in seven-year-old children, T1w/T2w ratio was
increased in WM and deep GM, indicating stronger myelination, which is in line with our

results in adulthood (29). Considering impaired pre-OL maturation after premature birth, one
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would expect hypomyelination, and therefore, cellular correlates of increased myelination
remain unknown. In general, GM myelination is an ongoing process with prolonged
development well beyond childhood (22,27,53-55): For example, Norbom et al. (22)
investigated a sample of typically developing individuals aged 3-21 years, and found an age-
related increase in T1w/T2w ratio across the cortical surface throughout childhood,
adolescence, and young adulthood, supporting protracted myelination of the cortex.
Furthermore, Grydeland et al. (27) studied intracortical T1w/T2w ratio across the lifespan and
reported an inverted U-shaped trajectory for the majority of regions with a steep increase until
the end of the 30s, followed by a relatively stable period, and a decrease from the end of the
50s. Since T1w/T2w ratio in early adulthood is still increasing, reaching onset of stability at 34
years for the whole brain trajectory (55), one could interpret our findings of increased T1w/T2w
ratio after premature birth at 26 years of age as accelerated maturation as the transition between
development and aging might be shifted. However, cross-sectional studies cannot answer
questions regarding developmental trajectories. Therefore, longitudinal data across different
age groups are needed to further explore myelin development after premature birth.

Interpreting our results, one has to bear in mind that the exact histological substrate of what we
are measuring with the T1w/T2w ratio remains unclear, and it has been suggested that the
TI1w/T2w ratio may be influenced by other factors besides myelin content (56-59). For
example, the analysis of T1w/T2w ratio values of postmortem imaging and histopathological
measurements showed a strong correlation with dendrite density in late stage multiple sclerosis
brain donors (56). Therefore, an alternative interpretation of increased T1w/T2w ratio could be
altered GM microarchitecture determined by factors such as dendrite density. Further studies
using alternative/different methods such as neurite orientation dispersion and density imaging
(NODDI) are needed to investigate this issue. Nevertheless, it has been shown that T1w/T2w
ratio significantly differed between demyelinated and myelinated cortex, as determined by anti-

proteolipid protein antibody staining in patients with multiple sclerosis (Nakamura et al., 2017).
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4.2 Lower TIw/T2w ratio in bilateral superior temporal gyrus

We found lower T1w/T2w ratio in small bilateral clusters in STG, which was associated with
BW in the VP/VLBW group.

First, these results are partly in line with results from Vandewouw et al. (28), who also reported
lower T1w/T2w ratio in the temporal lobes in four-year old VP children. As described above,
maturation of pre-OLs to mature, myelin-producing OLs is impaired after premature birth,
causing hypomyelination (12,13,17-19). STG is a cortical area which is highly myelinated in
the normative population (55), hence, our findings could indicate that STG might show lastingly
impaired myelination after premature birth, possibly due to pre-OL dysmaturation.

Second, findings of lower T1w/T2w ratio were strongly restricted within clusters in STG. These
results are consistent with findings of other alterations in STG after premature birth, e.g.
aberrant gyrification, altered diffusion tensor imaging-based microstructure, and decreased
blood oxygenation level-dependent fluctuations in resting-state functional MRI (4,60,61).
Furthermore, we recently found decreased connection probability between bilateral temporal
cortices and bilateral anterior thalami using diffusion-weighted imaging (45). Correct
development of thalamocortical connections depends on subplate neurons (62,63). Hence,
potential explanations for distinct vulnerability of STG in prematurity include subplate neuron
injury and pre-OL death. This is in line with particular significant increases in subplate
thickness in temporal brain regions based on intra-uterine MRI at 20-26 gestational weeks,
suggesting highly dynamic subplate development in this region (64).

Considering that T1w/T2w ratio may be influenced by other factors besides myelin content,
such as dendrite density, an alternative interpretation of lower T1w/T2w ratio could be altered

GM microarchitecture determined by these factors.

4.3 Functional relevance of grey matter TIw/T2w ratio alterations
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There was a significant positive relationship between T1w/T2w ratio after premature birth in
left STG and full-scale as well as verbal IQ, indicating that impaired myelination is functionally
relevant.

Intracortical myelin may be associated with cognitive functioning, however, results on the
relationship between T1w/T2w ratio and cognitive performance are heterogeneous (22,27): For
example, Grydeland et al. (27) found that a higher degree of intracortical myelin was associated
with greater performance stability over the lifespan, however, the opposite relationship was
found in a young subsample of 8- to 19-year-old subjects in posterior regions. In contrast,
Norbom et al. (22) reported a negative association between T1w/T2w ratio and general
cognitive ability across childhood and adolescence, mainly in anterior regions. With respect to
prematurity, Vandewouw et al. (28) showed a link between T1w/T2w ratio in thalamus,
amygdala and hippocampus as well as in temporal lobes, and cognitive performance, which is
partly in line with our results and our hypothesis. Particularly, Vandewouw et al. (28) reported
significant positive correlation between T1w/T2w ratio in temporal lobes and full-scale 1Q as
well as verbal abilities. STG, particularly in the left hemisphere, is involved in language
processing; hence, it is possible that lastingly altered myelination in this area could result in
deficits in verbal IQ performance (65—67). This interpretation is supported by findings from
diffusion tensor imaging that highlight the key role of left STG for the development of language

abilities in preterm children (60).

4.4 Strengths and limitations

The current sample is biased towards VP/VLBW adults with less severe neonatal
complications, fewer functional impairments, and higher 1Q. Individuals with more birth
complications in the initial BLS sample were more likely to be excluded due to exclusion
criteria for MRI. Thus, the reported differences in T1w/T2w ratio between VP/VLBW and FT

controls are conservative estimates of true differences. However, in terms of GA, BW and INTI,
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our final sample was still representative of the full cohort as these values were not significantly
different in VP/VLBW subjects with MRI data compared to subjects without MRI data (see
table S5).

In general, analyses trying to link brain structure with cognitive functioning have to be
interpreted with care as only one specific aspect is investigated while there are multiple other
structural features that have been associated with cognitive performance such as gyrification,
cortical thickness and WM integrity (4,9,11). Furthermore, there are individual, social, and
environmental factors that influence the association between brain structural features and
cognitive performance.

As mentioned above, T1w/T2w ratio signal is not specific to myelination and potentially
confounded by other factors affecting water magnetization such as lipophile drugs, cholesterol
levels or tissue perfusion (68). Hence, our interpretation of T1w/T2w ratio signal as myelination
index is arguable. In future research, further methods to measure myelination, such as myelin
water imaging, might be additionally applied to get more nuanced and convergent findings.
One of the strengths of our study is that a relevant impact of age is excluded as VP/VLBW
subjects and FT controls had the same age of 26 years at the time of the MRI scan.

Lastly, generalizability of our findings is enhanced by the large sample size of our study (101

VP/VLBW and 109 FT adults).

5. Conclusion

TIw/T2w ratio in GM 1is lastingly altered after premature birth, indicating aberrant GM
myelination. T1w/T2w ratio in left STG is significantly associated with full-scale 1Q and verbal
1Q, suggesting that altered myelination in premature-born adults is functionally relevant for
cognitive performance. Future studies should investigate cellular correlates of T1w/T2w ratio.
Furthermore, longitudinal data across different age groups could elucidate myelin development

after premature birth.

18



Acknowledgements

We thank all current and former members of the Bavarian Longitudinal Study Group who
contributed to general study organization, recruitment, data collection and management as well
as subsequent analyses, including (in alphabetical order): Barbara Busch, Stephan Czeschka,
Claudia Griinzinger, Christian Koch, Diana Kurze, Sonja Perk, Andrea Schreier, Antje Strasser,
Julia Trummer, and Eva van Rossum. We are grateful to the staff of the Department of
Neuroradiology in Munich and the Department of Radiology in Bonn for their help in data
collection. Most importantly, we thank all our study participants and their families for their
efforts to take part in this study.

This work was supported by the Deutsche Forschungsgemeinschaft (SO 1336/1-1 to C.S.),
German Federal Ministry of Education and Science (BMBF 01ER0801 to P.B. and D.W.,
BMBF 01ER0803 to C.S.), the RECAP preterm project, an EU Horizon 2020 study (supported
by grant 733280; D.W. and P.B.), and the Kommission fiir Klinische Forschung, Technische
Universitdt Miinchen (KKF 8765162 to C.S., KKF8700000474 to D.M.H., and KKF

8700000620 to B.S.-K).

Disclosures

No potential conflicts of interest.

19



References

1. Eves R, Mendonga M, Baumann N, Ni Y, Darlow BA, Horwood J, et al. (2021):
Association of Very Preterm Birth or Very Low Birth Weight With Intelligence in
Adulthood: An Individual Participant Data Meta-analysis. JAMA Pediatr 6.

2. Wolke D, Johnson S, Mendongca M (2019): The Life Course Consequences of Very
Preterm Birth. Annu Rev Dev Psychol 1: 69-92.

3. Nosarti C, Al-Asady MHS, Frangou S, Stewart AL, Rifkin L., Murray RM (2002):
Adolescents who were born very preterm have decreased brain volumes. Brain 125:
1616-1623.

4. Hedderich DM, Bauml JG, Berndt MT, Menegaux A, Scheef L, Daamen M, et al. (2019):
Aberrant gyrification contributes to the link between gestational age and adult 1Q after
premature birth. Brain 142: 1255-1269.

5. Meng C, Bauml JG, Daamen M, Jaekel J, Neitzel J, Scheef L, et al. (2016): Extensive and
interrelated subcortical white and gray matter alterations in preterm-born adults. Brain
Struct Funct 221: 2109-2121.

6. Skranes J, Vangberg TR, Kulseng S, Indredavik MS, Evensen KAI, Martinussen M, ef al.
(2007): Clinical findings and white matter abnormalities seen on diffusion tensor
imaging in adolescents with very low birth weight. Brain 130: 654—666.

7. Pascoe MJ, Melzer TR, Horwood LJ, Woodward LJ, Darlow BA (2019): Altered grey
matter volume, perfusion and white matter integrity in very low birthweight adults.
Neurolmage Clin 22: 101780.

8. Eikenes L, Lohaugen GC, Brubakk A-M, Skranes J, Hdberg AK (2011): Young adults born
preterm with very low birth weight demonstrate widespread white matter alterations on
brain DTI. Neuroimage 54: 1774—1785.

9. Menegaux A, Hedderich DM, Bauml JG, Manoliu A, Daamen M, Berg RC, ef al. (2020):
Reduced apparent fiber density in the white matter of premature-born adults. Sci Rep 10:
17214.

10. Inder TE, Warfield SK, Wang H, Hiippi PS, Volpe JJ (2005): Abnormal cerebral structure
is present at term in premature infants. Pediatrics 115: 286-294.

11. Schmitz-Koep B, Bauml JG, Menegaux A, Nuttall R, Zimmermann J, Schneider SC, et al.
(2020): Decreased cortical thickness mediates the relationship between premature birth
and cognitive performance in adulthood. Hum Brain Mapp 41: 4952—4963.

12. Volpe JJ (2009): Brain injury in premature infants: a complex amalgam of destructive and

developmental disturbances. Lancet Neurol 8: 110—124.

20



13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Volpe JJ (2019): Dysmaturation of Premature Brain: Importance, Cellular Mechanisms,
and Potential Interventions. Pediatr Neurol 95: 42—66.

Back SA, Han BH, Luo NL, Chricton CA, Xanthoudakis S, Tam J, et al. (2002): Selective
vulnerability of late oligodendrocyte progenitors to hypoxia-ischemia. J Neurosci 22:
455-463.

Ball G, Srinivasan L, Aljabar P, Counsell SJ, Durighel G, Hajnal J V, et al. (2013):
Development of cortical microstructure in the preterm human brain. Proc Natl Acad Sci
110: 9541-9546.

Dean JM, McClendon E, Hansen K, Azimi-Zonooz A, Chen K, Riddle A, et al. (2013):
Prenatal cerebral ischemia disrupts MRI-defined cortical microstructure through
disturbances in neuronal arborization. Sci Trans!/ Med 5: 168ra7-168ra7.

Buser JR, Maire J, Riddle A, Gong X, Nguyen T, Nelson K, et al. (2012): Arrested
preoligodendrocyte maturation contributes to myelination failure in premature infants.
Ann Neurol 71: 93—-1009.

Segovia KN, McClure M, Moravec M, Luo NL, Wan Y, Gong X, et al. (2008): Arrested
oligodendrocyte lineage maturation in chronic perinatal white matter injury. Ann Neurol
63: 520-530.

Billiards SS, Haynes RL, Folkerth RD, Borenstein NS, Trachtenberg FL, Rowitch DH, et
al. (2008): Myelin abnormalities without oligodendrocyte loss in periventricular
leukomalacia. Brain Pathol 18: 153—63.

Glasser MF, Van Essen DC (2011): Mapping human cortical areas in vivo based on
myelin content as revealed by T1- and T2-weighted MRI. J Neurosci 31: 11597-616.

Glasser MF, Goyal MS, Preuss TM, Raichle ME, Van Essen DC (2014): Trends and
properties of human cerebral cortex: Correlations with cortical myelin content.
Neuroimage 93: 165—-175.

Norbom LB, Rokicki J, Alnaes D, Kaufmann T, Doan NT, Andreassen OA, et al. (2020):
Maturation of cortical microstructure and cognitive development in childhood and
adolescence: A T1w/T2w ratio MRI study. Hum Brain Mapp 41: 4676—4690.

Ganzetti M, Wenderoth N, Mantini D (2015): Mapping pathological changes in brain
structure by combining T1- and T2-weighted MR imaging data. Neuroradiology 57:
917-28.

Iwatani J, Ishida T, Donishi T, Ukai S, Shinosaki K, Terada M, Kaneoke Y (2015): Use of
T1-weighted/T2-weighted magnetic resonance ratio images to elucidate changes in the

schizophrenic brain. Brain Behav 5: 1-14.

21



25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Luo X, Li K, Zeng Q, Huang P, Jiaerken Y, Wang S, ef al. (2019): Application of T1-/T2-
Weighted Ratio Mapping to Elucidate Intracortical Demyelination Process in the
Alzheimer’s Disease Continuum. Front Neurosci 13: 1-13.

Du G, Lewis MM, Sica C, Kong L, Huang X (2019): Magnetic resonance T1w/T2w ratio:
A parsimonious marker for Parkinson disease. Ann Neurol 85: 96—104.

Grydeland H, Walhovd KB, Tamnes CK, Westlye LT, Fjell AM (2013): Intracortical
myelin links with performance variability across the human lifespan: results from T1-
and T2-weighted MRI myelin mapping and diffusion tensor imaging. J Neurosci 33:
18618-30.

Vandewouw MM, Young JM, Shroff MM, Taylor MJ, Sled JG (2019): Altered myelin
maturation in four year old children born very preterm. Neurolmage Clin 21.
https://doi.org/10.1016/j.nicl.2018.101635

Thompson D, Yang J, Chen J, Kelly C, Alexander B, Matthews L, ef al. (2018):
Longitudinal Myelin Development in Children Born Very Preterm Compared with
Typically Developing Peers. J Paediatr Child Health 54: 49-49.

Schmitz-Koep B, Zimmermann J, Menegaux A, Nuttall R, Bauml JG, Schneider SC, et al.
(2021): Decreased amygdala volume in adults after premature birth. Sci Rep 11: 5403.

Twilhaar ES, Wade RM, de Kieviet JF, van Goudoever JB, van Elburg RM, Oosterlaan J
(2018): Cognitive Outcomes of Children Born Extremely or Very Preterm Since the
1990s and Associated Risk Factors: A Meta-analysis and Meta-regression. JAMA
Pediatr 172: 361-367.

Breeman LD, Jaekel J, Baumann N, Bartmann P, Wolke D (2015): Preterm Cognitive
Function Into Adulthood. Pediatrics 136: 415-423.

Wolke D, Ratschinski G, Ohrt B, Riegel K (1994): The cognitive outcome of very preterm
infants may be poorer than often reported: an empirical investigation of how
methodological issues make a big difference. Eur J Pediatr 153: 906-915.

Riegel K, Orth B, Wolke D, Osterlund K (1995): Die Entwicklung Gefiihrdet Geborener
Kinder Bis Zum 5. Lebensjahr. Stuttgart: Thieme.

Wolke D, Meyer R (1999): Cognitive status, language attainment, and prereading skills of
6-year-old very preterm children and their peers: the Bavarian Longitudinal Study. Dev
Med Child Neurol 41: 94—1009.

Eryigit Madzwamuse S, Baumann N, Jaekel J, Bartmann P, Wolke D (2015): Neuro-
cognitive performance of very preterm or very low birth weight adults at 26 years. J

Child Psychol Psychiatry 56: 857—64.

22



37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

Reyes LM, Jaekel J, Bartmann P, Wolke D (2021): Peer Relationship Trajectories in Very
Preterm and Term Individuals from Childhood to Early Adulthood. J Dev Behav Pediatr
Epub ahead. https://doi.org/10.1097/DBP.0000000000000949

Dubowitz LM, Dubowitz V, Goldberg C (1970): Clinical assessment of gestational age in
the newborn infant. J Pediatr 77: 1-10.

Gutbrod T, Wolke D, Soehne B, Ohrt B, Riegel K (2000): Effects of gestation and birth
weight on the growth and development of very low birthweight small for gestational age
infants: a matched group comparison. Arch Dis Child Fetal Neonatal Ed 82: F208-14.

Casaer P, Eggermont E (1985): Neonatal clinical neurological assessment. In: Harel S,
Nicholas N, editors. The At-Risk Infant: Psycho/Socio/Medical Aspects. Baltimore:
Brookes, pp 197-220.

von Aster M, Neubauer A, Horn R (2006): Wechsler Intelligenztest Fiir Erwachsene -
Deutschsprachige Bearbeitung Und Adaptation Des WAIS-11I von David Wechsler, 3rd
ed. Frankfurt (Main): Pearson.

Hedderich DM, Avram M, Menegaux A, Nuttall R, Zimmermann J, Schneider SC, et al.
(2020): Hippocampal subfield volumes are nonspecifically reduced in premature-born
adults. Hum Brain Mapp 41: 5215-5227.

Li X, Morgan PS, Ashburner J, Smith J, Rorden C (2016): The first step for neuroimaging
data analysis: DICOM to NIfTI conversion. J Neurosci Methods 264: 47-56.

Ganzetti M, Wenderoth N, Mantini D (2014): Whole brain myelin mapping using T1- and
T2-weighted MR imaging data. Front Hum Neurosci 8: 671.

Menegaux A, Meng C, Bduml JG, Berndt MT, Hedderich DM, Schmitz-Koep B, ef al.
(2021): Aberrant cortico-thalamic structural connectivity in premature-born adults.
Cortex 141: 347-362.

Benjamini Y, Hochberg Y (1995): Controlling the False Discovery Rate: a Practical and
Powerful Approach to Multiple Testing. J R Stat Soc Ser B 57: 289-300.

Yan C-G, Wang X-D, Zuo X-N, Zang Y-F (2016): DPABI: Data Processing & Analysis
for (Resting-State) Brain Imaging. Neuroinformatics 14: 339-51.

Frazier JA, Chiu S, Breeze JL, Makris N, Lange N, Kennedy DN, et al. (2005): Structural
Brain Magnetic Resonance Imaging of Limbic and Thalamic Volumes in Pediatric
Bipolar Disorder. Am J Psychiatry 162: 1256—1265.

Makris N, Goldstein JM, Kennedy D, Hodge SM, Caviness VS, Faraone S V., et al.
(2006): Decreased volume of left and total anterior insular lobule in schizophrenia.

Schizophr Res 83: 155-171.

23



50.

51.

52.

53.
54.

55.

56.

57.

38.

59.

60.

Desikan RS, Ségonne F, Fischl B, Quinn BT, Dickerson BC, Blacker D, et al. (2006): An
automated labeling system for subdividing the human cerebral cortex on MRI scans into
gyral based regions of interest. Neuroimage 31: 968-980.

Goldstein JM, Seidman LJ, Makris N, Ahern T, O’Brien LM, Caviness VS, et al. (2007):
Hypothalamic Abnormalities in Schizophrenia: Sex Effects and Genetic Vulnerability.
Biol Psychiatry 61: 935-945.

Fortin J-P, Cullen N, Sheline YI, Taylor WD, Aselcioglu I, Cook PA, et al. (2018):
Harmonization of cortical thickness measurements across scanners and sites.
Neuroimage 167: 104—120.

Timmler S, Simons M (2019): Grey matter myelination. Glia 67: 2063-2070.

Miller DJ, Duka T, Stimpson CD, Schapiro SJ, Baze WB, McArthur MJ, et al. (2012):
Prolonged myelination in human neocortical evolution. Proc Natl Acad Sci 109: 16480—
16485.

Grydeland H, Vértes PE, Vasa F, Romero-Garcia R, Whitaker K, Alexander-Bloch AF, et
al. (2019): Waves of Maturation and Senescence in Micro-structural MRI Markers of
Human Cortical Myelination over the Lifespan. Cereb Cortex 29: 1369-1381.

Righart R, Biberacher V, Jonkman LE, Klaver R, Schmidt P, Buck D, et al. (2017):
Cortical pathology in multiple sclerosis detected by the T1/T2-weighted ratio from
routine magnetic resonance imaging. Ann Neurol 82: 519-529.

Uddin MN, Figley TD, Marrie RA, Figley CR, CCOMS Study Group (2018): Can T1
w/T2 w ratio be used as a myelin-specific measure in subcortical structures?
Comparisons between FSE-based T1 w/T2 w ratios, GRASE-based T1 w/T2 w ratios
and multi-echo GRASE-based myelin water fractions. NMR Biomed 31: 1-11.

Pareto D, Garcia-Vidal A, Alberich M, Auger C, Montalban X, Tintoré M, et al. (2020):
Ratio of T1-Weighted to T2-Weighted Signal Intensity as a Measure of Tissue Integrity:
Comparison with Magnetization Transfer Ratio in Patients with Multiple Sclerosis. Am J
Neuroradiol 41: 461-463.

Pelkmans W, Dicks E, Barkhof F, Vrenken H, Scheltens P, Flier WM, Tijms BM (2019):
Gray matter T1-w/T2-w ratios are higher in Alzheimer’s disease. Hum Brain Mapp 40:
3900-3909.

Aeby A, De Tiege X, Creuzil M, David P, Balériaux D, Van Overmeire B, ef al. (2013):
Language development at 2 years is correlated to brain microstructure in the left superior
temporal gyrus at term equivalent age: a diffusion tensor imaging study. Neuroimage 78:

145-51.

24



61.

62.

63.

64.

65.

66.

67.

68.

Shang J, Baduml JG, Koutsouleris N, Daamen M, Baumann N, Zimmer C, ef al. (2018):
Decreased BOLD fluctuations in lateral temporal cortices of premature born adults. Hum
Brain Mapp 39: 4903-4912.

Kostovic I, Rakic P (1990): Developmental history of the transient subplate zone in the
visual and somatosensory cortex of the macaque monkey and human brain. J Comp
Neurol 297: 441-470.

Hoerder-Suabedissen A, Molnar Z (2015): Development, evolution and pathology of
neocortical subplate neurons. Nat Rev Neurosci 16: 133—146.

Corbett-Detig J, Habas PA, Scott JA, Kim K, Rajagopalan V, McQuillen PS, et al. (2011):
3D global and regional patterns of human fetal subplate growth determined in utero.
Brain Struct Funct 215: 255-263.

Karnath H-O (2001): New insights into the functions of the superior temporal cortex. Nat
Rev Neurosci 2: 568-576.

Martin RC (2003): Language Processing: Functional Organization and Neuroanatomical
Basis. Annu Rev Psychol 54: 55-89.

Gernsbacher MA, Kaschak MP (2003): Neuroimaging Studies of Language Production
and Comprehension. Annu Rev Psychol 54: 91-114.

Weinberger DR, Radulescu E (2021): Structural Magnetic Resonance Imaging All Over
Again. JAMA Psychiatry 78: 11.

25



Figure legends

Figure 1: Group comparison of T1w/T2w ratio.

Voxel-wise group comparison controlling for GM volume in a voxel-wise way, and with sex
and scanner as additional covariates. Statistical significance was defined as p<0.05, FDR-
corrected, cluster size >10 voxels.

A. Areas in which TIw/T2w ratio was significantly higher in VP/VLBW subjects
compared to FT controls. The t-values are color-coded, warm colors indicate higher
t-values. Both hemispheres are shown in medial and lateral views, and two axial
slices are included to illustrate results.

B. Areas in which T1w/T2w ratio was significantly lower in VP/VLBW subjects
compared to FT controls. The t-values are color-coded, warm colors indicate lower
t-values. Two sagittal slices and an axial slice are shown to illustrate results.

Abbreviations: FT, full-term; VP/VLBW, very preterm and/or very low birth weight.

Figure 2: Relationship between T1w/T2w ratio and variables of premature birth.

A. Associations between GA, BW, and INTI and T1w/T2w ratio — in areas in which it
was significantly higher in VP/VLBW subjects compared to FT controls —are shown
as scatter plots. GA in weeks, BW in grams, and INTI are each plotted on the x-
axes, T1w/T2w ratio is plotted on the y-axes. Linear regression lines as well as beta
coefficients and p-values were added. Bold letters indicate statistical significance
defined as p<0.05, FDR-corrected.

B. Associations between GA, BW, and INTI and T1w/T2w ratio — in areas in which it
was significantly lower in VP/VLBW subjects compared to FT controls — are shown
as scatter plots. GA in weeks, BW in grams, and INTI are each plotted on the x-

axes, T1w/T2w ratio is plotted on the y-axes. Linear regression lines as well as beta
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coefficients and p-values were added. Bold letters indicate statistical significance
defined as p<0.05, FDR-corrected.
Abbreviations: BW, birth weight; FT, full-term; GA, gestational age; INTI, intensity of

neonatal treatment index; VP/VLBW, very preterm and/or very low birth weight.

Figure 3: Relationship between T1w/T2w ratio and cognitive performance.

A. Associations between T1w/T2w ratio — in areas in which it was significantly higher
in VP/VLBW subjects compared to FT controls — and full-scale IQ, verbal 1Q, and
performance 1Q are shown as scatter plots. T1w/T2w ratio is plotted on the x-axes,
full-scale 1Q, verbal 1Q, and performance IQ are each plotted on the y-axes. Linear
regression lines as well as beta coefficients and p-values were added. Bold letters
indicate statistical significance defined as p<0.05, FDR-corrected.

B. Associations between T1w/T2w ratio — in areas in which it was significantly lower
in VP/VLBW subjects compared to FT controls — and full-scale IQ, verbal 1Q, and
performance IQ are shown as scatter plots. T1w/T2w ratio is plotted on the x-axes,
full-scale 1Q, verbal 1Q, and performance 1Q are each plotted on the y-axes. Linear
regression lines as well as beta coefficients and p-values were added. Bold letters
indicate statistical significance defined as p<0.05, FDR-corrected.

Abbreviations: FT, full-term; 1Q, intelligence quotient; VP/VLBW, very preterm and/or very

low birth weight.

Figure 4: Relationship between T1w/T2w ratio in left and right superior temporal gyrus
and cognitive performance.

A. Associations between T1w/T2w ratio in left STG and full-scale 1Q, verbal 1Q, and

performance IQ are shown as scatter plots. T1w/T2w ratio is plotted on the x-axes,

full-scale 1Q, verbal 1Q, and performance IQ are each plotted on the y-axes. Linear
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regression lines as well as beta coefficients and p-values were added. Bold letters
indicate statistical significance defined as p<0.05, FDR-corrected.

B. Associations between T1w/T2w ratio in right STG and full-scale 1Q, verbal 1Q, and
performance 1Q are shown as scatter plots. T1w/T2w ratio is plotted on the x-axes,
full-scale I1Q, verbal 1Q, and performance IQ are each plotted on the y-axes. Linear
regression lines as well as beta coefficients and p-values were added. Bold letters
indicate statistical significance defined as p<0.05, FDR-corrected.

Abbreviations: 1Q, intelligence quotient.
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S1: Participants — Bavarian Longitudinal Study

All subjects were part of the Bavarian Longitudinal Study (BLS), a geographically defined, whole-population
sample of neonatal at-risk children and healthy FT controls who were followed from birth, between January 1985
and March 1986, into adulthood (36,37). 682 infants were born VP (<32 weeks of gestation) and/or with very low
birth weight (VLBW, birth weight <1500g). Informed written consent from a parent and/or legal guardian was
obtained. From the initial 916 FT born infants born at the same obstetric hospitals who were alive at 6 years, 350
were randomly selected as control subjects within the stratification variables of sex and family socioeconomic
status in order to be comparable with the VP/VLBW sample. Of these, 411 VP/VLBW individuals and 308 controls
were eligible for the 26-year follow-up assessment. 260 of the VP/VLBW group and 229 controls participated in
psychological assessments (32). All subjects were screened for MR-related exclusion criteria, including (self-
reported): claustrophobia, inability to lie still for >30 minutes, unstable medical conditions (e.g. severe asthma),
epilepsy, tinnitus, pregnancy, non-removable MRI-incompatible metal implants and a history of severe CNS
trauma or disease that would impair further analysis of the data. However, the most frequent reason not to perform

the MRI exam was that subjects declined to participate.

S2: ROI-based group comparison of grey matter T1w/T2w ratio

In order to confirm the voxel-wise results, we repeated the group comparison using a ROI-based approach. For
each subject, the T1w/T2w ratio image was segmented into 47 bilateral cortical ROIs and 15 subcortical ROIs
derived from the Harvard-Oxford atlas, using a tissue probability threshold of 50% (48-51). General linear models
were used to test for significant group differences of T1w/T2w ratio within these ROIs. T1w/T2w ratio values
were entered as dependent variables, group as fixed factor and grey matter volume, sex and scanner as covariates.
Analyses were corrected for multiple comparisons, statistical significance was defined as p <.05, FDR-corrected.
Supporting our voxel-wise approach, ROI-based group comparison showed widespread ROIs in which T1w/T2w
ratio was significantly higher in VP/VLBW subjects compared to FT controls (see Table S2.1), particularly in
frontal, parietal and temporal cortices, and in putamen, pallidum, hippocampus and amygdala, and one ROI,
planum polare, in which T1w/T2w ratio was significantly lower in VP/VLBW subjects compared to FT controls

(see Table S2.2).

Table S2.1: Group differences in T1w/T2w ratio for VP/VLBW>FT.

Cortical ROI p-value Subcortical ROI p-value
Frontal Pole <0.001 Left Putamen 0.003




Insular Cortex 0.004 Left Pallidum 0.007
Middle Frontal Gyrus 0.014 Left Hippocampus 0.028
Inferior Frontal Gyrus, pars triangularis 0.002 Left Amygdala 0.007
Inferior Frontal Gyrus, pars opercularis <0.001 Left Accumbens 0.007
Precentral Gyrus 0.033 Right Putamen 0.003
Temporal Pole <0.001 Right Pallidum 0.004
Superior Temporal Gyrus, anterior division <0.001 Right Hippocampus 0.012
Middle Temporal Gyrus, temporooccipital part 0.027 Right Amygdala 0.009
Inferior Temporal Gyrus, anterior division <0.001 Right Accumbens 0.018
Inferior Temporal Gyrus, posterior division 0.001 Left Thalamus 0.290
Inferior Temporal Gyrus, temporooccipital part <0.001 Brain Stem 0.070
Postcentral Gyrus 0.004 Right Thalamus 0.446
Supramarginal Gyrus, anterior division 0.001

Supramarginal Gyrus, posterior division 0.005

Angular Gyrus 0.014

Lateral Occipital Cortex, superior division 0.012

Lateral Occipital Cortex, inferior division 0.017

Intracalcarine Cortex 0.006

Frontal Medial Cortex 0.007

Subcallosal Cortex 0.005

Paracingulate Gyrus 0.007

Cingulate Gyrus, anterior division 0.016

Cingulate Gyrus, posterior division 0.013

Cuneal Cortex 0.025

Frontal Orbital Cortex 0.017

Parahippocampal Gyrus, posterior division 0.005

Lingual Gyrus <0.001

Temporal Fusiform Cortex, anterior division 0.001

Temporal Fusiform Cortex, posterior division 0.011

Temporal Occipital Fusiform Cortex 0.004

Occipital Fusiform Gyrus 0.005

Frontal Operculum Cortex 0.001

Central Opercular Cortex 0.001

Parietal Operculum Cortex 0.008

Planum Temporale 0.006

Superior Frontal Gyrus 0.104

Middle Temporal Gyrus, anterior division 0.852

Middle Temporal Gyrus, posterior division 0.059

Superior Parietal Lobule 0.125

Juxtapositional Lobule Cortex (formerly

Supplementary Motor Cortex) 0.100

Precuneous Cortex 0.049

Parahippocampal Gyrus, anterior division 0.041

Heschl's Gyrus (includes H1 and H2) 0.113




Occipital Pole 0.095

ROIs in which T1w/T2w ratio was higher in VP/VLBW subjects compared to FT controls with the respective p-
values. Bold letters indicate statistical significance defined as p<0.05, FDR- corrected.
Abbreviations: ROI, region of interest.

Table S2.2: Group differences in T1w/T2w ratio for VP/VLBW<FT.

Cortical ROI p-value Subcortical ROL p-value
Planum Polare 0.002 Left Caudate 0.286
Supracalcarine Cortex 0.820 Right Caudate 0.074

ROIs in which T1w/T2w ratio was lower in VP/VLBW subjects compared to FT controls with the respective p-
value. Bold letters indicate statistical significance defined as p<0.05, FDR- corrected.
Abbreviations: ROI, region of interest.



Figure S2.3: ROI-based group comparison of T1w/T2w ratio.

ROI-based group comparison with GM volume, sex and scanner as covariates. Statistical significance was defined
as p<0.05, FDR-corrected.

A. ROIs in which TIw/T2w ratio was significantly higher in VP/VLBW subjects compared to FT
controls. The p-values are color-coded, red colors indicate lower p-values. Both hemispheres are
shown in medial and lateral views.

B. ROIs in which T1w/T2w ratio was significantly lower in VP/VLBW subjects compared to FT
controls. The p-values are color-coded, darker blue indicates lower p-values. Both hemispheres are
shown in lateral views.

Abbreviations: FT, full-term; VP/VLBW, very preterm and/or very low birth weight.

S3: ROI-based group comparison of grey matter T1w/T2w ratio after applying ComBat



In order to control for possible scanner effects, we repeated the group comparison using a ROI-based approach
after applying ComBat, a technique that removes unwanted sources of scan variability (43). General linear models
were used to test for significant group differences of ComBat-harmonized T1w/T2w ratio within the ROIs.
ComBat-harmonized T1w/T2w ratio values were entered as dependent variables, group as fixed factor and grey
matter volume and sex as covariates. Analyses were corrected for multiple comparisons, statistical significance
was defined as p <.05, FDR-corrected.

Supporting our previous results, ROI-based group comparison after applying ComBat showed widespread ROIs
in which T1w/T2w ratio was significantly higher in VP/VLBW subjects compared to FT controls (see Table S3.1),
particularly in frontal, parietal and temporal cortices, and in putamen and pallidum, and one ROI, planum polare,

in which T1w/T2w ratio was significantly lower in VP/VLBW subjects compared to FT controls (see Table S3.2).

Table S3.1: Group differences in ComBat-harmonized T1w/T2w ratio for VP/VLBW>FT.

Cortical ROI p-value Subcortical ROIL p-value
Frontal Pole 0.002 Left Putamen 0.010
Insular Cortex 0.019 Left Pallidum 0.010
Inferior Frontal Gyrus, pars triangularis 0.011 Left Amygdala 0.023
Inferior Frontal Gyrus, pars opercularis 0.001 Left Accumbens 0.017
Temporal Pole 0.001 Right Caudate 0.016
Superior Temporal Gyrus, anterior division <0.001 Right Putamen 0.007
Inferior Temporal Gyrus, anterior division 0.003 Right Pallidum 0.007
Inferior Temporal Gyrus, posterior division 0.003 Left Thalamus 0.459
Inferior Temporal Gyrus, temporooccipital part 0.002 Brain Stem 0.163
Postcentral Gyrus 0.012 Left Hippocampus 0.073
Supramarginal Gyrus, anterior division 0.003 Right Thalamus 0.734
Supramarginal Gyrus, posterior division 0.019 Right Hippocampus 0.046
Intracalcarine Cortex 0.013 Right Amygdala 0.030
Frontal Medial Cortex 0.018 Right Accumbens 0.042
Subcallosal Cortex 0.014

Paracingulate Gyrus 0.025

Parahippocampal Gyrus, posterior division 0.018

Lingual Gyrus 0.001

Temporal Fusiform Cortex, anterior division 0.003

Temporal Occipital Fusiform Cortex 0.017

Occipital Fusiform Gyrus 0.019

Frontal Operculum Cortex 0.005

Central Opercular Cortex 0.006

Planum Temporale 0.017

Superior Frontal Gyrus 0.213

Middle Frontal Gyrus 0.071




Precentral Gyrus 0.111

Middle Temporal Gyrus, posterior division 0.184
Middle Temporal Gyrus, temporooccipital part 0.079
Superior Parietal Lobule 0.225
Angular Gyrus 0.033
Lateral Occipital Cortex, superior division 0.034
Lateral Occipital Cortex, inferior division 0.039

Juxtapositional Lobule Cortex (formerly

Supplementary Motor Cortex) 0.165
Cingulate Gyrus, anterior division 0.051
Cingulate Gyrus, posterior division 0.035
Precuneous Cortex 0.099
Cuneal Cortex 0.094
Frontal Orbital Cortex 0.055
Parahippocampal Gyrus, anterior division 0.112
Temporal Fusiform Cortex, posterior division 0.037
Parietal Operculum Cortex 0.044
Heschl's Gyrus (includes H1 and H2) 0.292
Occipital Pole 0.138

ROIs in which ComBat-harmonized T1w/T2w ratio was higher in VP/VLBW subjects compared to FT controls
with the respective p-values. Bold letters indicate statistical significance defined as p<0.05, FDR- corrected.
Abbreviations: ROI, region of interest.

Table S3.2: Group differences in ComBat-harmonized T1w/T2w ratio for VP/VLBW<FT.

Cortical ROI p-value Subcortical ROI p-value
Planum Polare <0.001 Right Caudate 0.016
Middle Temporal Gyrus, anterior division 0.644 Left Caudate 0.130
Supracalcarine Cortex 0.479

ROIs in which ComBat-harmonized T1w/T2w ratio was lower in VP/VLBW subjects compared to FT controls
with the respective p-value. Bold letters indicate statistical significance defined as p<0.05, FDR- corrected.
Abbreviations: ROI, region of interest.



Figure S3.3: ROI-based group comparison of T1w/T2w ratio after applying ComBat.

ROI-based group comparison with GM volume, sex and scanner as covariates. Statistical significance was defined
as p<0.05, FDR-corrected.

A. ROIs in which ComBat-harmonized T1w/T2w ratio was significantly higher in VP/VLBW subjects
compared to FT controls. The p-values are color-coded, red colors indicate lower p-values. Both
hemispheres are shown in medial and lateral views.

B. ROIs in which ComBat-harmonized T1w/T2w ratio was significantly lower in VP/VLBW subjects
compared to FT controls. The p-values are color-coded, darker blue indicates lower p-values. Both
hemispheres are shown in lateral views.

Abbreviations: FT, full-term; VP/VLBW, very preterm and/or very low birth weight.

S4: Voxel-wise multiple regression analyses

S4.1 Relationship between TIw/T2w ratio and variables of premature birth



To identify regionally specific correlation of T1w/T2w ratio and variables of premature birth in areas in which
T1w/T2w ratio was significantly greater in VP/VLBW individuals compared to FT controls, we performed voxel-
wise two-tailed multiple regression using SPM12 in the VP/VLBW group. T1w/T2w ratio was entered as
dependent variable, and GA, BW or INTI as independent variables, respectively. The analyses were restrained
within a mask of areas in which T1w/T2w ratio was significantly greater in VP/VLBW individuals compared to
FT controls, FDR-corrected. GM volume, sex and scanner were entered as covariates.

There were no areas in which there was a significant (p<0.05, FDR-corrected, cluster size >10 voxels) positive or

negative relationship between GA, BW or INTI, and T1w/T2w ratio.

S$4.2 Relationship between TIw/T2w ratio and cognitive performance

To identify regionally specific correlation of T1w/T2w ratio with cognitive performance in areas in which
T1w/T2w ratio was significantly greater in VP/VLBW individuals compared to FT controls, we performed two-
tailed multiple regression analyses in the VP/VLBW group in a voxel-wise approach using SPM12. TIw/T2w
ratio was entered as independent variable, and full-scale 1Q, verbal 1Q, or performance 1Q as dependent variables,
respectively. The analyses were restrained within a mask of areas in which T1w/T2w ratio was significantly greater
in VP/VLBW individuals compared to FT controls, FDR-corrected. GM volume, sex and scanner were entered as
covariates.

There were no areas in which there was a significant (p<0.05, FDR-corrected, cluster size >10 voxels) positive or

negative relationship between T1w/T2w ratio and full-scale 1Q, verbal 1Q, or performance IQ.

Table S5: Comparison between VP/VLBW subjects with MRI data and without MRI

data
VP/VLBW with MRI (n=101) VP/VLBW without MRI (n=159)
Mean SD Mean SD p value
GA (weeks) 30.5 +2.1 30.6 +2.3 0.656
BW (g) 1324 +313 1323 + 320 0.980
INTI 11.6 +3.8 12.1 +4.1 0.281
Full-scale IQ? (a.u.) | 94.1 +12.7 79.5 +22.9 <0.001

Statistical comparisons: GA, BW and FS-IQ with two sample t-tests. Bold letters indicate statistical significance
defined as p<0.05.

Abbreviations: BW, birth weight; GA, gestational age; INTI, intensity of neonatal treatment index; IQ, intelligence
quotient; SD, standard deviation; MRI, magnetic resonance imaging; VP/VLBW, very preterm and/or very low
birth weight.

2 Data are based on 97 VP/VLBW subjects with MRI data and 120 VP/VLBW subjects without MRI data



Tables

Table 1: Demographical, clinical and cognitive data

VP/VLBW (n=101) FT (n=109)
Mean SD Range Mean SD Range p-value
Sex (male/female) 58/43 64/45 0.850
Age (years) 26.7 +0.6 25.7-28.3 26.9 +0.7 25.5-28.9 0.147
GA (weeks) 30.5 +2.1 25-36 39.7 +1.1 37-42 <0.001
BW (g) 1325 +313 630—2070 3391 + 447 2120 -4670 <0.001
INTI (days) 11.6 +3.8 3-18 n.a. n.a n.a. n.a
GM (mm?) 683.1 +62.9 524.0-839.3 714.0 +56.4 555.1-861.2 <0.001
Full-scale 1Q* 94.1 +12.7 64—131 102.4 +11.9 77 -130 <0.001
Verbal 1Q* 98.8 +14.0 62 —137 105.7 +14.2 77— 143 0.001
Performance 1Q* 89.8 +13.5 56118 98.5 +104 69 — 125 <0.001
Scanner n % n % 0.001
Bonn Achieva 3T 5 5.0 11 10.1
Bonn Ingenia 3T 33 32.7 17 15.6
Munich Achieva 3T 60 59.4 64 58.7
Munich Ingenia 3T 3 3.0 17 15.6

Statistical comparisons: sex and scanner with y? statistics; age, GA, BW, GM, full-scale IQ, verbal IQ and

performance 1Q with two sample t-tests. Bold letters indicate statistical significance defined as p<0.05.

Abbreviations: BW, birth weight; FT, full-term; GA, gestational age; GM, grey matter; INTI, intensity of neonatal
treatment index; 1Q, intelligence quotient; SD, standard deviation; VP/VLBW, very preterm and/or very low

birthweight.

2 Data are based on 97 VP/VLBW and 106 FT-born individuals.

Table 2: Relationship between T1w/T2w ratio and variables of premature birth

Risk factor T1w/T2w ratio Beta coefficient p-value

GA VP/VLBW>FT -0.065 0.530
VP/VLBW<FT 0.246 0.017

BW VP/VLBW>FT 0.082 0.460
VP/VLBW<FT 0.314 0.004

INTI VP/VLBW>FT -0.028 0.781
VP/VLBW<FT -0.114 0.273

Beta coefficients and p-values from linear regression analysis in the VP/VLBW group between the T1w/T2w ratio
in areas in which it was significantly smaller in VP/VLBW individuals compared to FT controls, and areas in
which it was significantly greater in VP/VLBW individuals compared to FT controls, respectively, as dependent
variables, and variables of premature birth as independent variables. GM, sex and scanner were entered as




covariates. Bold letters indicate statistical significance after FDR correction using the Benjamini-Hochberg
procedure.

Abbreviations: BW, birth weight; FT, full-term; GA, gestational age; INTI, intensity of neonatal treatment index;
VP/VLBW, very preterm and/or very low birthweight.

Table 3: Relationship between T1w/T2w ratio and cognitive performance

T1w/T2w ratio Cognitive performance | Beta coefficient p-value

VP/VLBW>FT Full-scale 1Q 0.037 0.715
VP/VLBW<FT Full-scale 1Q 0.111 0.258
VP/VLBW>FT Verbal 1Q 0.093 0.360
VP/VLBW<FT Verbal 1Q 0.189 0.057
VP/VLBW>FT Performance 1Q -0.048 0.633
VP/VLBW<FT Performance 1Q -0.020 0.838

Beta coefficients and p-values from linear regression analysis in the VP/VLBW group between the T1w/T2w ratio
in areas in which it was significantly smaller in VP/VLBW individuals compared to FT controls, and areas in
which it was significantly greater in VP/VLBW individuals compared to FT controls, respectively, as independent
variables, and full-scale IQ as dependent variable. GM, sex and scanner were entered as covariates. Bold letters
indicate statistical significance after FDR correction using the Benjamini-Hochberg procedure.

Abbreviations: FT, full-term; IQ, intelligence quotient; VP/VLBW, very preterm and/or very low birthweight.

Table 4: Relationship between T1w/T2w ratio in left and right superior temporal gyrus

and cognitive performance

T1w/T2w ratio Cognitive performance | Beta coefficient p-value

Left STG Full-scale IQ 0.190 0.007
Right STG Full-scale 1Q 0.109 0.111
Left STG Verbal 1Q 0.205 0.004
Right STG Verbal 1Q 0.120 0.082
Left STG Performance 1Q 0.116 0.103
Right STG Performance 1Q 0.065 0.344

Beta coefficients and p-values from linear regression analysis in the VP/VLBW group between the T1w/T2w ratio
in areas in which it was significantly smaller in VP/VLBW individuals compared to FT controls, and areas in
which it was significantly greater in VP/VLBW individuals compared to FT controls, respectively, as independent
variables, and full-scale IQ as dependent variable. GM, sex and scanner were entered as covariates. Bold letters
indicate statistical significance after FDR correction using the Benjamini-Hochberg procedure.

Abbreviations: FT, full-term; IQ, intelligence quotient; VP/VLBW, very preterm and/or very low birthweight.
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