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Abstract
Background and Objectives
To investigate brain regional white matter development in full-term (FT) and very preterm
(VP) children at term equivalent and 7 and 13 years of age based on the ratio of T1- and T2-
weighted MRI (T1-w/T2-w), including (1) whether longitudinal changes differ between birth
groups or sexes, (2) associations with perinatal risk factors in VP children, and (3) relationships
with neurodevelopmental outcomes at 13 years.

Methods
Prospective longitudinal cohort study of VP (born <30 weeks’ gestation or <1,250 g) and FT
infants born between 2001 and 2004 and followed up at term equivalent and 7 and 13 years of
age, including MRI studies and neurodevelopmental assessments. T1-w/T2-w images were
parcellated into 48 white matter regions of interest.

Results
Of 224 VP participants and 76 FT participants, 197 VP and 55 FT participants had useable
T1-w/T2-w data from at least one timepoint. T1-w/T2-w values increased between term
equivalent and 13 years of age, with little evidence that longitudinal changes varied between
birth groups or sexes. VP birth, neonatal brain abnormalities, being small for gestational age,
and postnatal infection were associated with reduced regional T1-w/T2-w values in childhood
and adolescence. Increased T1-w/T2-w values across the white matter at 13 years were asso-
ciated with better motor and working memory function for all children. Within the FT group
only, larger increases in T1-w/T2-w values from term equivalent to 7 years were associated with
poorer attention and executive function, and higher T1-w/T2-w values at 7 years were asso-
ciated with poorer mathematics performance.

Discussion
VP birth and multiple known perinatal risk factors are associated with long-term reductions in
the T1-w/T2-w ratio in white matter regions in childhood and adolescence, which may relate to
alterations in microstructure and myelin content. Increased T1-w/T2-w ratio at 13 years
appeared to be associated with better motor and working memory function and there appeared
to be developmental differences between VP and FT children in the associations for attention,
executive functioning, and mathematics performance.
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Myelin is an important building block in the brain, ensheathing
axons for rapid transmission of nerve impulses. The ratio of
image intensity on T1- and T2-weighted MRI, that is, T1-w/
T2-w, may provide information on tissue characteristics in-
cluding microstructure and myelin content.1,2 A major advan-
tage of the T1-w/T2-w technique over other myelin mapping
approaches is its simplicity, making it more likely to be adopted
for clinical studies because it can be readily computed fromT1-w
and T2-w images that are routinely acquired in short time frames
during clinical MRI examinations.

Considering the maturation of oligodendrocytes to form
mature myelin is rapid during early childhood,3 and myelin
maturation continues into adolescence,4 the period from in-
fancy to adolescence is a critical time to study white matter
development and to investigate potential deviations from
typical white matter development. Compared with infants
born full term (FT; ≥37 weeks’ gestation), infants born very
preterm (VP; <32 weeks’ gestation) are known to have a
developmental myelination vulnerability.5

Sex-related differences in myelin development are poorly
documented, with conflicting findings.3 More evidence is re-
quired to demonstrate whether myelin dysmaturation is a
mechanism by which perinatal factors such as neonatal brain
abnormalities, intrauterine growth restriction, postnatal in-
fection, and bronchopulmonary dysplasia disrupt VP brain
development.6–9

The neurodevelopmental consequences of differing myelina-
tion trajectories from infancy to adolescence remain to be de-
termined. Alterations to myelin development in VP children
may help explain their higher rates of neurodevelopmental
impairments compared with FT children.10–13

The specific aims were as follows:

1. Compare T1-w/T2-w values in 48 major white matter
regions between VP and FT groups and boys and girls at
term equivalent and 7 and 13 years of age and determine
whether the longitudinal development of T1-w/T2-w
values from term equivalent to 13 years of age differs
between VP and FT groups or between sexes

2. Determine whether perinatal variables, including mod-
erate to severe brain abnormality, being small for
gestational age, infection, and bronchopulmonary dys-
plasia, are related to cross-sectional or longitudinal T1-w/
T2-w values in VP children

3. Determine whether cross-sectional or longitudinal
changes in T1-w/T2-w values are related to intelligence,

motor, working memory, attention, language, executive
functioning, memory and learning, academics, and
behavioral functioning at age 13 years in all children
and whether relationships differed between birth groups.

Methods
Participants
Participants were recruited from The Royal Women’s Hospital
in Melbourne, Australia, as part of the Victorian Infant Brain
Study prospective longitudinal cohort. The VP group com-
prised surviving children born at <30 weeks’ gestation or very
low birth weight (<1,250 g) who did not have genetic or
congenital abnormalities, all recruited at birth. The FT group
comprised healthy children born at ≥37 and ≤42 weeks’ ges-
tation, recruited at birth and 2 years of age. Participants were
followed up at age 7 and 13 years corrected for prematurity.
Perinatal and neurodevelopmental data collection is detailed in
eAppendix 1, links.lww.com/WNL/B725.

Standard Protocol Approvals, Registrations,
and Patient Consents
The study was approved by the Human Research and Ethics
Committees of The Royal Women’s and The Royal Child-
ren’s Hospitals. Parents gave written informed consent for
their child to participate.

MRI Acquisition
At each time point, participants underwent a brainMRI scan at
The Royal Children’s Hospital without sedation. At term-
equivalent age, infants were scanned using a 1.5T General
Electric MRI scanner and structural T1-weighted images and
T2-weighted images were acquired. At 7 and 13 years, MRI was
an optional part of the follow-up and participants were required
to pass a mock MRI to proceed with the scan. At 7 years’
corrected age, children were scanned using a 3T Trio Siemens
MRI scanner and we acquired T1-w images and T2-w images.
At 13 years’ corrected age, children were scanned on the same 3
Tesla Trio Siemens MRI scanner, again with T1-w images and
T2-w images being acquired. Full MRI details including MRI
acquisition measures are provided in eAppendix 1, links.lww.
com/WNL/B725.

Tissue Segmentation
At term-equivalent age, total CSF volumes were obtained from
the T2-w images using the morphologically adaptive neonatal
tissue segmentation (MANTiS) technique.14 At age 7 and 13
years, CSF volumes were obtained from the T1-w images using
Statistical Parametric Mapping version 12 (fil.ion.ucl.ac.uk/
spm/www.fil.ion.ucl.ac.uk/spm/).

Glossary
FDR = false discovery rate; FLIRT = FMRIB linear image registration tool; FT = full term; JHU = Johns Hopkins University;
M-CRIB-WM = Melbourne Children’s Regional Infant Brain White Matter; VP = very preterm.
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T1-w/T2-w Image Analysis
T1-w andT2-w images were bias field corrected.15 TheT1-w and
T2-w images were coregistered using the FMRIB linear image
registration tool (FLIRT) from the FunctionalMRI of the Brain
Software Library (FSL).16 The ratio of the T1-w to T2-w image
(i.e., the whole brain T1-w/T2-wmap) was calculated. The term
equivalent T2-w images17 and the T1-w images for the 7- and
13-year time points18 were brain extracted, then registered to
the respective T2-w images from the Melbourne Children’s
Regional Infant BrainWhiteMatter (M-CRIB-WM) atlas19 and
the T1-w images from the matching Johns Hopkins University
(JHU) adult white matter template20 using FLIRT and non-
linear registration with advanced normalization tools.21 The
combined linear and nonlinear transformation matrices were
then applied to the whole brain T1-w/T2-w maps to bring them
into the M-CRIB-WM or JHU template space. The T1-w/T2-w
map from each participant was then normalized by the mean of
T1-w/T2-w values in the CSF for each different sequence profile
acquired within the term equivalent time point, as well as the
mean T1-w/T2-w values in the CSF for all participants at the 7-
and 13-year time points, to account for intensity differences
across sequences and scanners over time. The normalized
whole brain T1-w/T2-w maps in template space were par-
cellated into white matter regions of interest using the
M-CRIB-WM19 or JHU adult white matter labels atlas20 as
appropriate. Average T1-w/T2-w values for 48 regions for each
participant were calculated at the 3 time points. T1-w/T2-w
values across all regions were averaged to create an additional
mean white matter T1-w/T2-w value.

Statistical Analyses
Analyses were conducted using Stata 15.0. For aim 1, linear
mixed effects modeling was used. Models were applied to all the
available T1-w/T2-w data for VP and FT children from term
equivalent to 13 years of age, separately for each white matter
region of interest. Group (VP or FT) and sex (male or female)
were included as fixed effects, with a random intercept to allow
for correlations between the repeated observations within par-
ticipants at the different assessment time points. Age was in-
cluded as a 3-level variable (term equivalent, 7, or 13 years of
age). Although age is continuous, it was decided to treat age as
discrete due to the narrow range of observation times compared
with the intervals between the time points. Interactions were
included to investigate whether longitudinal changes in T1-w/
T2-w values differed between VP and FT children (group by
time) and between sexes (sex by time), or if there were sex
differences inT1-w/T2-w values based on birth group (group by
sex). “Linear combinations” and “margins” commands were
used to report results for birth group or sex differences in T1-w/
T2-w values at each time point and in between time points.22 p
Values were corrected for multiple comparisons across regions
using the false discovery rate (FDR) based on Benjamini and
Yekutieli (first method), as previously described.23

For aim 2, linear mixed effects modeling was used in a similar
fashion. The perinatal factors (moderate to severe brain ab-
normality, small for gestational age, postnatal infection, and

bronchopulmonary dysplasia) were included as fixed effects,
with a random intercept to allow for correlations between the
repeated observations within participants at the different as-
sessment time points. Again, age was included as a 3-level
variable (term equivalent, 7, or 13 years of age). Interactions
were included to investigate whether longitudinal changes in
T1-w/T2-w values differed between the categories of the
perinatal factors. Sex was included in the model as a covariate.
p Values were FDR-corrected across regions.

For aim 3, linear regression models were applied to all available
T1-w/T2-w data for VP and FT children, separately for each
region of interest at each time point, as well as the change from
term equivalent to 7 years of age, and the change from 7 to 13
years of age. Change over time for each region was calculated as
follows: (T1-w/T2-w value at time 2 − T1-w/T2-w value at time
1)/(age at MRI in years at time 2 − age at MRI in years at time
1). Sex, age at neurodevelopmental assessment, and social risk
at 13 years were included as covariates. Interactions were
included to examine whether relationships between cross-
sectional T1-w/T2-w values or changes in T1-w/T2-w values
over time and neurodevelopmental outcomes differed between
groups (VP or FT). pValues were FDR-corrected across regions.

Throughout this article, FDR-adjusted p values are interpreted
on a continuous scale representing the strength of evidence
against the null hypothesis of no association, with smaller FDR-
adjusted p values representing stronger evidence.

Data Availability
The datasets generated or analyzed during the current study
are available from the corresponding author on reasonable
request. TheMRI data are not publicly available due to ethical
restrictions.

Results
Participants
A total of 224 VP participants were recruited at birth and 76 FT
participants were recruited (44 at birth and 32 at age 2 years).
At approximately term equivalent age, 224 VP and 44 FT eli-
gible infants were scanned without sedation, of whom 207 VP
and 42 FT infants were scanned within the desired window of
38–42 weeks’ gestation. At 7 years’ corrected age, 198 VP and
70 FT children were followed up, of whom 159 VP and 36 FT
children were scanned. At 13 years’ corrected age, 179 VP and
61 FT children were followed up, of whom 140 VP and 48 FT
children were scanned. The main reasons for loss to follow-up
included families declining or withdrawing from the study,
living in other countries, or not being contactable.

A total of 139 VP and 19 FT infants had good-quality T1-w and
T2-w scans to use forT1-w/T2-wmaps at term-equivalent age, 141
VP and 34FT children haduseableT1-w/T2-wdata at 7 years, and
76 VP and 29 FT children had useable T1-w/T2-w data at 13
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years; 197 VP and 55 FT children had useableT1-w/T2-w data for
at least one time point, and all these children were included in the
analyses. Exclusion of scans was due to motion or other artifact in
the MRI.

Characteristics of participants with useable data are summa-
rized in Table 1. Rates of perinatal characteristics listed in
Table 1 were similar between participants included in the
study and those initially recruited but not included in the
study (data not shown).

T1-w/T2-w Trajectories, Group and
Sex Differences
In all children, there was evidence that T1-w/T2-w values in
most white matter regions (except the left superior cerebellar
peduncle and the right uncinate fasciculus) increased between
term equivalent and 7 years of age (eTable 1A, links.lww.com/
WNL/B725). There was evidence that T1-w/T2-w values in all
white matter regions increased between 7 and 13 years of age
(eTable 1B). There was little evidence that changes in T1-w/
T2-w values over time differed between VP and FT groups
(eTable 1, A and B) or between sexes (eTable 2, A and B).

There was little evidence that T1-w/T2-w values differed be-
tween VP and FT groups at term-equivalent age (eTable 3A,
links.lww.com/WNL/B725). At 7 years of age, there was evi-
dence that T1-w/T2-w values in the right and left cingulum
(cingular part) were lower in the VP compared with the FT
group (eTable 3B). At 13 years of age, there was evidence that
T1-w/T2-w values in the right and left cingulum (cingular part),
right cingulum (hippocampal part), and left tapetum were
lower in the VP compared with the FT group (eTable 3C).
Post hoc analyses indicated these group differences remained
present after additionally adjusting for multiple births and so-
cial risk. T1-w/T2-w values from key regions are displayed in
Figure 1.

There was little evidence that T1-w/T2-w values differed be-
tween boys and girls at term-equivalent age (eTable 4A, links.
lww.com/WNL/B725). At 7 years, there was evidence that
T1-w/T2-w values were higher in girls than boys, mainly for
the whole white matter, splenium of the corpus callosum, left
anterior and superior corona radiatae, left superior fronto-
occipital fasciculus, bilateral posterior thalamic radiations, and
the right tapetum (Figure 2; eTable 4B). At 13 years of age,
there was little evidence that T1-w/T2-w values differed be-
tween boys and girls (eTable 4C). There was little evidence of
birth group by sex interactions for T1-w/T2-w values in any
region (p > 0.74; data not shown).

Neonatal Brain Abnormality
There was little evidence that moderate to severe brain ab-
normality was associated with T1-w/T2-w values at term-
equivalent age in VP children, except for the right fornix
(crus)/stria terminalis (Figure 3A; eTable 5A, links.lww.com/
WNL/B725). However, there was evidence that moderate to
severe brain abnormality was associated with lower T1-w/T2-w

values in the corpus callosum, cingulum (cingular parts), and
left tapetum at age 7 years (Figure 3B; eTable 5A), and in the
corpus callosum, fornix (column and body), cingulum (cin-
gular parts), and tapeta at age 13 years (Figure 3C; eTable 5A).
There was little evidence that moderate to severe brain ab-
normality was associated with changes in T1-w/T2-w values
over time (eTable 5B).

Small for Gestational Age
There was little evidence that being small for gestational age
was associated with T1-w/T2-w values at term equivalent or
13 years of age in VP children (eTable 6A, links.lww.com/
WNL/B725). However, there was evidence that being small
for gestational age was associated with lower T1-w/T2-w
values at age 7 years in many regions (Figure 4A; eTable 6A).
There was evidence that being born small for gestational age
was associated with less increase in T1-w/T2-w between term
equivalent and 7 years compared with those born appropriate
for gestational age, largely in the same regions that differed at
7 years (Figure 4B; eTable 6B), but little evidence for such a
relationship with changes in T1-w/T2-w values from 7 to 13
years of age (eTable 6B).

Postnatal Infection
There was little evidence that postnatal infection was associ-
ated with T1-w/T2-w values at term equivalent or 7 years of
age in VP children (eTable 7A, links.lww.com/WNL/B725).
However, there was evidence that infection was associated
with lower T1-w/T2-w values, with the greatest evidence for
the pontine crossing tract, corticospinal tracts, and medial
lemnisci at 13 years of age (Figure 4C; eTable 7A). There was
little evidence that infection was associated with changes in
T1-w/T2-w values over time (eTable 7B).

Bronchopulmonary Dysplasia
There was little evidence that bronchopulmonary dysplasia was
associated with T1-w/T2-w values at any age in VP children
(eTable 8A, links.lww.com/WNL/B725) or with changes in
T1-w/T2-w values over time (eTable 8B).

Intelligence
There was little evidence that T1-w/T2-w values at any age
(eTable 9, A–C, links.lww.com/WNL/B725), or the change
over time between term equivalent and 7 years of age
(eTable 9D), were associated with IQ at 13 years. However,
there was weak evidence that faster increases in T1-w/T2-w
values between 7 and 13 years of age were associated with
higher IQ, across all children, mainly for the left uncinate
fasciculus (Figure 5A; eTable 9E).

Motor
There was little evidence of associations betweenT1-w/T2-w
values at term equivalent (eTable 10A, links.lww.com/
WNL/B725) or 7 years of age (eTable 10B) and motor
outcomes. There was evidence that higher T1-w/T2-w values
in most brain regions at 13 years of age were associated with
better motor functioning across all children (Figure 5B;
eTable 10C). There was little evidence of associations
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between changes in T1-w/T2-w values over time and motor
outcome (eTable 10, D and E).

Working Memory
There was little evidence of associations between T1-w/T2-w
values at term equivalent (eTable 11A, links.lww.com/WNL/
B725) or 7 years of age (eTable 11B) and working memory
outcomes across all children. There was evidence that higher
T1-w/T2-w values in most brain regions at 13 years of age were

associated with concurrent higher working memory scores
across VP and FT children (Figure 5C; eTable 11C). There
was little evidence of associations between changes in T1-w/
T2-w values over time and working memory performance
(eTable 11, D and E).

Attention
There was little evidence that T1-w/T2-w values at any age
were associated with attention outcomes across all children

Table 1 Characteristics of the Participants With Useable T1-Weighted/T2-Weighted Data for at Least 1 Time Point

Very preterm (n = 197) Full term (n = 55) p Value

Gestational age at birth, wk 27.5 (1.9), 22–32 39.1 (1.3), 37–42 <0.001

Birth weight, g 961 (223), 414–1,425 3,330 (518), 2,220–4,290 <0.001

Birth weight SD scorea −0.58 (0.94) 0.09 (0.92)b <0.001

Small for gestational agea 18 (9.1) 1 (2.5)b 0.16

Multiple birth 87 (44.2) 3 (5.5) <0.001

Male sex 100 (50.8) 29 (52.7) 0.80

Administered antenatal corticosteroids 175 (89.3)c 0 (0)b <0.001

Administered postnatal corticosteroids 18 (9.2)c 0 (0)b 0.05

Bronchopulmonary dysplasiad 67 (34.0) 0 (0)b <0.001

Postnatal infectione 70 (35.5) 0 (0)b <0.001

Moderate to severe neonatal brain abnormalityf 51 (26.0)c 0 (0)b <0.001

Cerebral white matter 35 (17.9)c 0 (0)b 0.004

Cortical gray matter 34 (17.4)c 0 (0)b 0.004

Deep gray matter 44 (22.5)c 3 (7.5)b 0.03

Cerebellar 49 (25.0)c 0 (0)b <0.001

Cystic periventricular leukomalaciag 7 (3.6) 0 (0)b 0.22

Intraventricular hemorrhage grade 3 or 4g 6 (3.1) 0 (0)b 0.26

Higher social risk at age 13 years 89 (56.3)h 13 (28.3)i 0.001

Postmenstrual age at term-equivalent MRI, wk 40.5 (1.1), 38.1–42.9j 40.9 (1.0), 38.7–42.3k 0.10

Age at term-equivalent MRI, y 0.01 (0.03), −0.18-0.05j 0.02 (0.02), −0.02–0.04k 0.14

Age at 7-year MRI, y 7.5 (0.3), 6.6–8.1l 7.6 (0.2), 7.2–8.0m 0.11

Age at 13-year MRI, y 13.3 (0.3), 11.8–13.9n 13.2 (0.5), 12.3–14.2o 0.35

All ages for the very preterm group have been corrected for prematurity; p values are derived from t tests for continuous variables and χ2 tests for
dichotomous variables. Values are mean (SD), minimum–maximum; mean (SD); or n (%).
a Birth weight SD score was calculated relative to the British Growth Reference dataset. Small for gestational age was defined as birth weight z score < −2 SD.2
b n = 40.
c n = 196.
d Bronchopulmonary dysplasia was defined as requirement for supplemental oxygen at 36 weeks.
e Postnatal infection was defined as proven sepsis or necrotizing enterocolitis.
f Scored on term-equivalent age MRI using the Kidokoro et al.43 qualitative reporting system.
g Cystic periventricular leukomalacia and intraventricular hemorrhage were recorded from cranial ultrasound; intraventricular hemorrhage was graded
according to Papile et al.44
h n = 158.
i n = 46.
j n = 139.
k n = 19.
l n = 141.
m n = 34.
n n = 76.
o n = 29.
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(eTable 12, A–C, links.lww.com/WNL/B725). There was
evidence of group interactions for the association between
T1-w/T2-w values between term equivalent and 7 years of age
and attention in all regions except pontine crossing tract and
left superior cerebellar peduncle, where higher T1-w/T2-w
values in FT children only were associated with poorer at-
tention scores (Figure 6A; eTable 12D). There was little ev-
idence that T1-w/T2-w values between 7 and 13 years of age
were associated with attention outcomes (eTable 12E).

Executive Function
There was little evidence that T1-w/T2-w values at any age
were associated with executive functioning outcomes across
all children (eTable 13, A–C, links.lww.com/WNL/B725).
There was evidence of group interactions for the association
between T1-w/T2-w values between term equivalent and 7
years of age and executive function, where higher T1-w/
T2-w values in almost all regions (with trends for genu and
splenium of corpus callosum and fornix column and body)
in FT children only were associated with poorer executive
functioning scores (Figure 6B; eTable 13D). There was
little evidence that T1-w/T2-w values between 7 and 13

years of age were associated with executive functioning
(eTable 13E).

Mathematics
There was little evidence of associations between T1-w/T2-w
values at term equivalent and mathematics performance
across all children (eTable 14A, links.lww.com/WNL/B725).
There was evidence for group interactions for the associations
between T1-w/T2-w values at 7 years of age and mathematics,
where higher T1-w/T2-w values in many regions in FT chil-
dren only were associated with poorer mathematics perfor-
mance (Figure 6C; eTable 14B). There was little evidence
that T1-w/T2-w values at 13 years (eTable 14C), or the
change in T1-w/T2-w values over time, were associated with
mathematics performance across all children (eTables 4D
and 14E).

Reading, Spelling, Language, Memory and
Learning, Behavior
There was little evidence for associations between T1-w/T2-w
values and reading (eTable 15, A–E, links.lww.com/WNL/
B725), spelling (eTable 16, A–E), language (eTable 17, A–E),

Figure 1 T1-w/T2-w Trajectory in Key Regions for Very Preterm Compared With Full-Term Birth

False discovery rate–corrected p values for
cross-sectional and trajectory group differ-
ences are provided.
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memory and learning (eTable 18, A–E), or behavioral scores
(eTable 19, A–E).

Discussion
We found that T1-w/T2-w values in many white matter re-
gions increased from term equivalent to 13 years of age in all
children, which may reflect ongoing development, such as
white matter microstructural organisation and myelination

throughout childhood.3,4 We did not find evidence that
changes in T1-w/T2-w values at term-equivalent age or over
time differed between VP and FT children, despite there
being some group differences evident at both 7 and 13 years.
This lack of evidence for a relationship may reflect normal
development in the population rather than a VP group dif-
ference, lack of statistical power, limitations with the T1-w/
T2-w technique, or scan heterogeneities across time points.
We previously investigated brain development from infancy
to adolescence in the same cohort, based on volumetric

Figure 2 Associations Between T1-w/T2-w Values and Sex at 7 Years of Age

Regression coefficients derived from linear mixed ef-
fects models incorporating time, group, and sex with
interaction terms. Positive coefficients indicate higher
T1-w/T2-w values in boys compared with girls; negative
coefficients indicate lower T1-w/T2-w values in boys
compared with girls. CI = confidence interval.
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measures including global white matter and corpus callosum
volume.24 The current study makes an important advance in
knowledge by investigating the development of 48 white
matter regions based on the T1-w/T2-w measure that is
thought to provide greater sensitivity to tissue characteristics
such as microstructure or myelin content.

At 7 years of age, VP children had lower T1-w/T2-w values in
the cingulum (cingular part) than FT children. At 13 years of
age, VP children had lower T1-w/T2-w values than FT chil-
dren in the cingulum (cingular and hippocampal part) and
tapetum. This may suggest an adverse effect of VP birth on
white matter properties such as microstructural organization

Figure 3 Associations Between T1-w/T2-w Values and Brain Abnormality

(A–C) Regression coefficients derived from linear mixed effects models incorporating time, perinatal exposure, and sex with a time interaction for the very
preterm group only. For individual time points, positive coefficients indicate higher T1-w/T2-w values in those with perinatal exposure compared with those
without; negative coefficients indicate lower T1-w/T2-w values in thosewith perinatal exposure comparedwith thosewithout. For trajectories, positive coefficients
indicate T1-w/T2-wvalues increasedmoreover time in thosewhohad theperinatal exposure comparedwith thosewhodidnot; negative coefficients indicateT1-w/
T2-w values increased less over time in those who had the perinatal exposure compared with those who did not.CI = confidence interval.
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and myelin content, which may become more widespread
with age. The only other study to compare T1-w/T2-w values
between VP and FT children found lower values across much
of the white matter in VP compared with FT 4-year-old
children, including in the cingulum (cingular and

hippocampal parts), consistent with the current study.25 The
vulnerability of the cingulum could be explained by its on-
going maturation, which continues into adulthood.26 An-
other study found changes that may be consistent with lower
myelin content in 8-year-old children born preterm in the

Figure 4 Associations Between T1-w/T2-w Values and Small for Gestational Age and Infection

(A–C) Regression coefficients derived from linear mixed effects models incorporating time, perinatal exposure, and sex with a time interaction for the very
preterm group only. For individual time points, positive coefficients indicate higher T1-w/T2-w values in those with the perinatal exposure compared with those
without; negative coefficients indicate lower T1-w/T2-w values in those with the perinatal exposure compared with those without. For trajectories, positive
coefficients indicate T1-w/T2-w values increasedmore over time in thosewho had the perinatal exposure comparedwith thosewho did not; negative coefficients
indicate T1-w/T2-w values increased less over time in those who had the perinatal exposure compared with those who did not. CI = confidence interval.
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temporal and motor segments of the corpus callosum
compared with FT children based on quantitative T1
relaxometry,27 similar to our current finding in the tapetum,
part of the callosal bundle providing interhemispheric tem-
poral connections.

At 7 years of age only, T1-w/T2-w values were higher in girls
than boys for several white matter regions. Some previous
diffusion tensor imaging studies found no sex differences
in white matter microstructural development during
childhood.3,28 However, others, in line with the current

Figure 5 Associations Between T1-w/T2-w Values and 13-Year Neurodevelopmental Outcomes (IQ, Motor, and Working
Memory Outcomes)

(A–C) Regression coefficients derived from linear regressionmodels adjusted for sex, age at assessment, and social risk at 13 years. For individual time points,
positive coefficients indicate higher T1-w/T2-w valueswere associatedwith better scores; negative coefficients indicate lower T1-w/T2-w valueswere associated
with better scores. For trajectories, positive coefficients indicate T1-w/T2-w values increased more over time in those with better scores; negative coefficients
indicate T1-w/T2-w values increased less over time over time in those with better scores. CI = confidence interval.
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study, have found higher fractional anisotropy in the
splenium of the corpus callosum of female children.29 Sex
differences in the brain during development may be hor-
monally influenced.30

Moderate to severe neonatal brain abnormality was a key
perinatal risk factor associated with lowerT1-w/T2-w values in
VP children. It is well documented that neonatal brain ab-
normalities are associated with poorer brain growth and

Figure 6 Associations Between T1-w/T2-w Values and 13-Year Neurodevelopmental Outcomes (Attention, Executive
Function, and Mathematics Outcomes)

(A–C) Regression coefficients derived from linear regressionmodels adjusted for sex, age at assessment, and social risk at 13 years. For individual time points,
positive coefficients indicate higher T1-w/T2-w valueswere associatedwith better scores; negative coefficients indicate lower T1-w/T2-w valueswere associated
with better scores. For trajectories, positive coefficients indicate T1-w/T2-w values increased more over time in those with better scores; negative coefficients
indicate T1-w/T2-w values increased less over time over time in those with better scores. CI= confidence interval.
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development in VP populations, including similar regions to
the current study: corpus callosum, fornix, cingulum, and
tapetum.7,31,32 Our findings are also in line with previous
studies showing associations between intrauterine growth
restriction and impaired brain growth and development.33,34

Postnatal infection was related to lower T1-w/T2-w values in
the pontine crossing tract, corticospinal tracts, and medial
lemnisci in VP 13-year-old children. These white matter re-
gions are involved in sensorimotor functions, suggesting a
possible neurobiological underpinning for the link between
postnatal infection and neurosensory and motor impair-
ments.35 Others have also found that infection leads to white
matter injury in VP populations.6 Our findings based on the
T1-w/T2-w technique provide increased support for an ad-
verse effect of these perinatal risk factors on development of
white matter properties such as myelin or microstructure in
VP children.

A faster rate of increase in T1-w/T2-w values in the left un-
cinate fasciculus between age 7 and 13 years was related to
higher IQ scores. However, given that our effect size for the
left uncinate fasciculus was similar to effect sizes for the as-
sociations betweenT1-w/T2-w values in other regions and IQ,
we acknowledge that this specific association may have oc-
curred by chance. In contrast, we found strong evidence that
T1-w/T2-w values throughout the white matter at age 13 years
were related to motor scores in all children. This is in line with
our previously reported associations between white matter
microstructure in widespread regions and motor
outcomes.7,36 Also at 13 years of age, higherT1-w/T2-w values
in most white matter regions were associated with concurrent
higher working memory scores across VP and FT children.
Associations included tracts connecting frontoparietal re-
gions, as well as other white matter tracts previously shown to
be involved in working memory: the splenium of the corpus
callosum and uncinate fasciculus.37 Although working mem-
ory is known to be vulnerable in VP children,12 associations
between T1-w/T2-w values and working memory were similar
to those of FT children.

Somewhat unexpectedly, larger increases in T1-w/T2-w values
from term equivalent to 7 years of age in almost all white
matter regions in FT children only were associated with
poorer attention and executive functioning scores. Also
unintuitive was the finding that higher T1-w/T2-w values at 7
years of age in many regions, in FT children only, were as-
sociated with poorer mathematics performance. It could be
that the period up to 7 years represents a transitional de-
velopmental phase whereby lower T1-w/T2-w values appear
to be developmentally advantageous to later functioning. In-
deed, from around 2 years of age to puberty, rapid synaptic
pruning is occurring.38 Alternatively, T1-w/T2-w values, at
least in early childhood, may not be sensitive measures to
predict later neurodevelopmental functioning. Although the
interpretation of these findings is unclear, it appears that the
relationships were only present for the FT group, which may
indicate a developmental disadvantage for the VP group.

We acknowledge that the T1-w/T2-w ratio technique is sen-
sitive but not specific to tissue characteristics including white
matter microstructure and myelin content. T1-w/T2-w values
may be influenced by the mobility of water between the in-
tracellular and extracellular spaces and the accumulation of
water in the extracellular space.39,40 Also, T1-w and T2-w
image intensities are sensitive to different pathologic states,
such as infection, inflammation, edema, and brain hemor-
rhage, which may affect the interpretation of the T1-w/T2-w
values. Comparison with other MRI metrics may aid in
interpreting the T1-w/T2-w findings. For example, we ob-
served some overlap between the regions with lower T1-w/
T2-w values in the VP compared with FT group (cingulum
and tapetum) and the regions that had lower axonal fiber
density in the VP group in a recent fixel-based analysis of
diffusion MRI data based on the same cohort.41 This suggests
that these 2 techniques provide complimentary but unique
information about the underlying white matter properties. To
potentially gain greater insight on the biological properties
underlying T1-w/T2-w measurements, future studies could
examine the correlation between T1-w/T2-w measures and
other MRI measures sampled from identical white matter
regions.42 In addition, validation of the T1-w/T2-w measures
with histologic data is needed to provide more direct in-
formation on the mechanisms underlying our findings. The
current study is one of very few studies with longitudinal MRI
data for VP and FT children, but the longitudinal study design
presented challenges, such as loss to follow-up over time and
change in scanner and sequence acquisition measures be-
tween the time points. However, technology is continually
evolving, so changes in MRI scanners and techniques are
likely to be a limitation of any study that extends over such a
long period as our study. The mixed models naturally handle
the missing data by enabling individuals with a measurement
from at least one time point to be included in the analysis,
which helps to mitigate potential bias due to drop out. Al-
though we attempted to account for intensity differences
between scanners and sequences by scaling the T1-w/T2-w
values by CSF intensities, this normalization method assumes
that CSF will have stable behavior under T1-w and T2-w se-
quences and that the linear relationships between image in-
tensity and T1-w and T2-w relaxation times are constant
throughout the image, which are approximately accurate but
may not always be the case. Given these limitations, we ac-
knowledge that our results must be interpreted with caution
and validated by future studies, preferably using quantitative
myelin imaging techniques and, if possible, with identical
scanners and sequences over time.

Our findings suggest that the T1-w/T2-w measure increases in
the white matter from infancy to adolescence. Those born VP
may have reduced T1-w/T2-w values in the cingulum and ta-
petum in childhood and adolescence compared with those born
FT. There were some sex differences at age 7, with girls dis-
playing higher T1-w/T2-w values. Reduced T1-w/T2-w values
over childhood were associated with multiple known perinatal
risk factors in VP children, including brain abnormality, being

Neurology.org/N Neurology | Volume 98, Number 9 | March 1, 2022 e935

Copyright © 2021 American Academy of Neurology. Unauthorized reproduction of this article is prohibited.

http://neurology.org/n


born small for gestational age, or infection. Higher T1-w/T2-w
values at 13 years were associated with better motor andworking
memory functioning in all children. Earlier T1-w/T2-w measures
were negatively related to 13-year attention, executive func-
tioning, and mathematics measures within the FT group only.
These findings increase knowledge around the typical and
atypical development of white matter regions based on the
T1-w/T2-w ratio technique from infancy to early adolescence
and associated neurodevelopmental outcomes.

Acknowledgment
The authors thank members of the Victorian Infant Brain
Studies and Developmental Imaging groups at the Murdoch
Children’s Research Institute for their ideas and support,
Michael Kean and Radiographers at The Royal Children’s
Hospital for acquisition ofMRIs, and the families and children
who participated in this study.

Study Funding
This study was supported by the AustralianNational Health and
Medical Research Council (Centre for Clinical Research Ex-
cellence 546519, 1060733, and 1153176; project grants 237117,
491209, and 1066555; Senior Research Fellowship 1081288
and Leadership Fellowship 1176077 to P.A.; Career De-
velopment Fellowship 1085754 and 1160003 to D.T., 1141354
to J.L.Y.C., and 1127984 to K.J.L.; Early Career Fellowship
1012236 toD.T.), USNational Institutes of Health HD058056,
United Cerebral Palsy Foundation, Leila Y. Mathers Charitable
Foundation, the Brown Foundation, Murdoch Children’s Re-
search Institute, The Royal Children’s Hospital, The Royal
Children’s Hospital Foundation (RCH1000 to J.Y.-M.Y.), De-
partment of Paediatrics, The University of Melbourne, the
Victorian Government’s Operational Infrastructure Support
Program, and an Australian Government Research Training
Program scholarship and Monash Graduate Excellence Schol-
arship (to C.K.).

Disclosure
The authors report no disclosures relevant to the manuscript.
Go to Neurology.org/N for full disclosures.

Publication History
Received by Neurology May 17, 2021. Accepted in final form
December 13, 2021.

References
1. Glasser MF, Van Essen DC. Mapping human cortical areas in vivo based on myelin

content as revealed by T1- and T2W MRI. J Neurosci. 2011;31(32):11597-11616.
2. Ganzetti M, Wenderoth N, Mantini D. Whole brain myelin mapping using T1- and

T2W MR imaging data. Front Hum Neurosci. 2014;8:671.
3. Lebel C, Deoni S. The development of brain white matter microstructure. Neuro-

image. 2018;182:207-218.

Appendix Authors

Name Location Contribution

Deanne K.
Thompson

Murdoch Children’s Research
Institute, Parkville,
Melbourne, Australia

Conception or design of the
work, acquisition, analysis, or
interpretation of the data,
drafting or substantively
revising the work

Joseph
Y.M. Yang

The Royal Children’s Hospital,
Parkville, Melbourne,
Australia

Conception or design of the
work, acquisition, analysis, or
interpretation of the data,
drafting or substantively
revising the work

Appendix (continued)

Name Location Contribution

Jian Chen Murdoch Children’s Research
Institute, Parkville,
Melbourne, Australia

Acquisition, analysis, or
interpretation of the data

Claire E.
Kelly

Murdoch Children’s Research
Institute, Parkville,
Melbourne, Australia

Acquisition, analysis, or
interpretation of the data,
drafting or substantively
revising the work

Chris L.
Adamson

Murdoch Children’s Research
Institute, Parkville,
Melbourne, Australia

Acquisition, analysis, or
interpretation of the data

Bonnie
Alexander

The Royal Children’s Hospital,
Parkville, Melbourne,
Australia

Acquisition, analysis, or
interpretation of the data

Courtney
Gilchrist

School of Health and
Biomedical Sciences, RMIT
University, Bundoora,
Melbourne, Australia

Drafting or substantively
revising the work

Lillian G.
Matthews

Turner Institute for Brain and
Mental Health, Monash
University, Clayton,
Melbourne, Australia

Acquisition, analysis, or
interpretation of the data,
drafting or substantively
revising the work

Katherine
J. Lee

Murdoch Children’s Research
Institute, Parkville,
Melbourne, Australia

Acquisition, analysis, or
interpretation of the data,
drafting or substantively
revising the work

Rod W.
Hunt

The Royal Children’s Hospital,
Parkville, Melbourne,
Australia

Conception or design of the
work

Jeanie L.Y.
Cheong

The Royal Women’s Hospital,
Parkville, Melbourne,
Australia

Conception or design of the
work

Megan
Spencer-
Smith

Turner Institute for Brain and
Mental Health, Monash
University, Clayton,
Melbourne, Australia

Drafting or substantively
revising the work

Jeffrey J.
Neil

Washington University School
of Medicine, St. Louis, MO

Drafting or substantively
revising the work, analysis or
interpretation of the data

Marc L.
Seal

Murdoch Children’s Research
Institute, Parkville,
Melbourne, Australia

Drafting or substantively
revising the work

Terrie E.
Inder

Brigham and Women’s
Hospital, Harvard Medical
School, Boston, MA

Conception or design of the
work, drafting or substantively
revising the work

Lex W.
Doyle

The Royal Women’s Hospital,
Parkville, Melbourne,
Australia

Conception or design of the
work, drafting or substantively
revising the work

Peter J.
Anderson

Turner Institute for Brain and
Mental Health, Monash
University, Clayton,
Melbourne, Australia

Conception or design of the
work, acquisition, analysis, or
interpretation of the data,
drafting or substantively
revising the work

e936 Neurology | Volume 98, Number 9 | March 1, 2022 Neurology.org/N

Copyright © 2021 American Academy of Neurology. Unauthorized reproduction of this article is prohibited.

https://n.neurology.org/lookup/doi/10.1212/WNL.0000000000013250
http://neurology.org/n


4. Yakovlev PI, Lecours A. The myelogenetic cycles of regional maturation of the brain.
In: Minkowski A, ed. Regional Development of the Brain in Early Life. Blackwell Science;
1967.

5. Volpe JJ. Dysmaturation of premature brain: importance, cellular mechanisms, and
potential interventions. Pediatr Neurol. 2019;95:42-66.

6. Volpe JJ. Postnatal sepsis, necrotizing enterocolitis, and the critical role of systemic
inflammation in white matter injury in premature infants. J Pediatr. 2008;153(2):
160-163.

7. Kelly CE, Thompson DK, Chen J, et al. Axon density and axon orientation dispersion
in children born preterm. Hum Brain Mapp. 2016;37(9):3080-3102.

8. Barnett ML, Tusor N, Ball G, et al. Exploring the multiple-hit hypothesis of preterm
white matter damage using diffusion MRI. Neuroimage Clin 2017;17:596-606.

9. Thompson DK, Kelly CE, Chen J, et al. Early life predictors of brain development at
term-equivalent age in infants born across the gestational age spectrum. Neuroimage.
2019;185:813-824.

10. Treyvaud K, Doyle LW, Lee KJ, et al. Social-emotional difficulties in very preterm and
term 2 year olds predict specific social-emotional problems at the age of 5 years.
J Pediatr Psychol. 2012;37(7):779-785.

11. Pascal A, Govaert P, Oostra A, Naulaers G, Ortibus E, Van den Broeck C. Neuro-
developmental outcome in very preterm and very-low-birthweight infants born over
the past decade: a meta-analytic review. Dev Med Child Neurol. 2018;60(4):342-355.

12. Omizzolo C, Scratch SE, Stargatt R, et al. Neonatal brain abnormalities and memory
and learning outcomes at 7 years in children born very preterm.Memory. 2014;22(6):
605-615.

13. Anderson PJ. Neuropsychological outcomes of children born very preterm. Semin
Fetal Neonatal Med. 2014;19(2):90-96.

14. Beare RJ, Chen J, Kelly CE, et al. Neonatal brain tissue classification with morpho-
logical adaptation and unified segmentation. Front Neuroinform. 2016;10:12.

15. Tustison NJ, Avants BB, Cook PA, et al. N4ITK: improved N3 bias correction. IEEE
Trans Med Imaging. 2010;29(6):1310-1320.

16. Jenkinson M, Bannister P, Brady M, Smith S. Improved optimization for the robust
and accurate linear registration and motion correction of brain images. Neuroimage.
2002;17(2):825-841.

17. Beare R, Chen J, Adamson CL, et al. Brain extraction using the watershed transform
from markers. Front Neuroinform. 2013;7:32.

18. Smith SM. Fast robust automated brain extraction. Hum Brain Mapp. 2002;17(3):
143-155.

19. Alexander B, Yang JY, Yao SHW, et al. White matter extension of the Melbourne
Children’s regional infant brain atlas: m-CRIB-WM. Hum Brain Mapp. 2020;41(9):
2317-2333.

20. Oishi K, Zilles K, Amunts K, et al. Human brain white matter atlas: identification and
assignment of common anatomical structures in superficial white matter.Neuroimage.
2008;43(3):447-457.

21. Avants BB, Tustison NJ, Song G, Cook PA, Klein A, Gee JC. A reproducible evalu-
ation of ANTs similarity metric performance in brain image registration. Neuroimage.
2011;54(3):2033-2044.

22. Williams R. Using the margins command to estimate and interpret adjusted predic-
tions and marginal effects. Stata J. 2012;12:308-331.

23. Benjamini Y, Drai D, Elmer G, KafkafiN, Golani I. Controlling the false discovery rate
in behavior genetics research. Behav Brain Res. 2001;125(1‐2):279-284.

24. Thompson DK, Matthews LG, Alexander B, et al. Tracking regional brain growth up
to age 13 in children born term and very preterm. Nat Commun. 2020;11(1):696.

25. Vandewouw MM, Young JM, Shroff MM, Taylor MJ, Sled JG. Altered myelin mat-
uration in four year old children born very preterm.Neuroimage Clin. 2019;21:101635.

26. Lebel C, Walker L, Leemans A, Phillips L, Beaulieu C. Microstructural maturation of
the human brain from childhood to adulthood. Neuroimage. 2008;40(3):1044-1055.

27. Travis KE, Castro MRH, Berman S, et al. More than myelin: probing white matter
differences in prematurity with quantitative T1 and diffusion MRI. Neuroimage Clin.
2019;22:101756.

28. Krogsrud SK, Fjell AM, Tamnes CK, et al. Changes in white matter microstructure in
the developing brain: a longitudinal diffusion tensor imaging study of children from 4
to 11years of age. Neuroimage. 2016;124(Pt A):473-486.

29. Schmithorst VJ, Holland SK, Dardzinski BJ. Developmental differences in white
matter architecture between boys and girls. Hum Brain Mapp. 2008;29(6):696-710.

30. Kaczkurkin AN, Raznahan A, Satterthwaite TD. Sex differences in the developing
brain: insights from multimodal neuroimaging. Neuropsychopharmacology. 2019;
44(1):71-85.

31. Thompson DK, Inder TE, Faggian N, et al. Corpus callosum alterations in very
preterm infants: perinatal correlates and 2 year neurodevelopmental outcomes.
Neuroimage. 2012;59(4):3571-3581.

32. Estep ME, Smyser CD, Anderson PJ, et al. Diffusion tractography and neuromotor
outcome in very preterm children with white matter abnormalities. Pediatr Res. 2014;
76(1):86-92.

33. De Bie HM, Oostrom KJ, Boersma M, et al. Global and regional differences in brain
anatomy of young children born small for gestational age. PLoS One. 2011;6(9):
e24116.

34. Rogne T, Engstrøm AA, Jacobsen GW, Skranes J, Østgård HF, Martinussen M. Fetal
growth, cognitive function, and brain volumes in childhood and adolescence. Obstet
Gynecol. 2015;125(3):673-682.

35. Cai S, Thompson DK, Anderson PJ, Yang JY. Short- and long-term neuro-
developmental outcomes of very preterm infants with neonatal sepsis: a systematic
review and meta-analysis. Children. 2019;6(12):131.

36. Dewey D, Thompson DK, Kelly CE, et al. Very preterm children at risk for de-
velopmental coordination disorder have brain alterations in motor areas. Acta Pae-
diatr. 2019;108(9):1649-1660.

37. Krogsrud SK, Fjell AM, Tamnes CK, et al. Development of white matter micro-
structure in relation to verbal and visuospatial working memory: a longitudinal study.
PLoS One. 2018;13(4):e0195540.

38. Huttenlocher PR, Dabholkar AS. Regional differences in synaptogenesis in human
cerebral cortex. J Comp Neurol. 1997;387(2):167-178.

39. Ganzetti M, Wenderoth N, Mantini D. Mapping pathological changes in brain
structure by combining T1- and T2WMR imaging data. Neuroradiology. 2015;57(9):
917-928.

40. Arshad M, Stanley JA, Raz N. Test-retest reliability and concurrent validity of in vivo
myelin content indices: myelin water fraction and calibrated T1 w/T2 w image ratio.
Hum Brain Mapp. 2017;38(4):1780-1790.

41. Kelly CE, Thompson DK, Genc S, et al. Long-term development of white matter fibre
density and morphology up to 13 years after preterm birth: a fixel-based analysis.
NeuroImage. 2020;220:117068.

42. Uddin MN, Figley TD, Solar KG, Shatil AS, Figley CR. Comparisons between multi-
component myelin water fraction, T1w/T2w ratio, and diffusion tensor imaging
measures in healthy human brain structures. Sci Rep. 2019;9(1):2500.

43. Kidokoro H, Neil JJ, Inder TE. New MR imaging assessment tool to define brain
abnormalities in very preterm infants at term. AJNR Am J Neuroradiol. 2013;34(11):
2208-2214.

44. Papile LA, Burstein J, Burstein R, Koffler H. Incidence and evolution of subependymal
and intraventricular hemorrhage: a study of infants with birth weights less than 1,500
gm. J Pediatr. 1978;92(4):529-534.

Neurology.org/N Neurology | Volume 98, Number 9 | March 1, 2022 e937

Copyright © 2021 American Academy of Neurology. Unauthorized reproduction of this article is prohibited.

http://neurology.org/n



