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Abstract

Objective We aimed to determine the timing for assessing birth status of the developing brain (i.e. brain maturity at birth) by
exploring the postnatal age-related changes in neonatal brain white matter (WM).

Methods The institutional review board approved this study and all informed parental consents were obtained. 133 neonates
(gestational age, 30-42 weeks) without abnormalities on MRI were studied with regard to WM development by diffusion tensor
imaging-derived fractional anisotropy (FA). Tract-based spatial statistics (TBSS), locally-weighted scatterplot smoothing
(LOESS) and piecewise linear-fitting were used to investigate the relationship between FA and postnatal age. FA along
corticospinal tract (CST), optic radiation (OR), auditory radiation (AR) and thalamus-primary somatosensory cortex (thal-
PSC) were extracted by automated fibre-tract quantification; their differences and associations with neonatal neurobehavioural
scores at various postnatal age ranges were analysed by Wilcoxon’s rank-sum test and Pearson’s correlation.

Results Using TBSS, postnatal age (days 1-28) positively correlated with FA in multiple WMs, including CST, OR, AR and thal-
PSC (p<0.05). On the other hand, when narrowing the postnatal age window to days 1-14, no significant correlation was found,
suggesting a biphasic WM development. LOESS and piecewise linear-fitting indicated that FA increased mildly before day 14 and
its growth accelerated thereafter. Both FA and correlations with neurobehavioural scores in postnatal age range 2 (days 15-28)
were significantly higher than in range 1 (days 1-14) (FA comparison: p<0.05; maximal correlation-coefficient: 0.693 vs. 0.169).
Conclusion Brain WM development during the neonatal stage includes two phases, i.e. a close-to-birth period within the first 14 days and
a following accelerated maturation period. Therefore, evaluations of birth status should preferably be performed during the first period.
Key Points

* Brain white matter development within the first two postnatal weeks resembles a close-to-birth maturation.

* Brain white matter development in the audio-visual, sensorimotor regions accelerates after two postnatal weeks.

* Postnatal age-related effects should be considered in comparing preterm and term neonates.
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Abbreviations

AR Auditory radiation

CST Corticospinal tract

DTI Diftusion tensor imaging

FA Fractional anisotropy

GA Gestational age

LOESS Locally-weighted scatterplot smoothing

MR imaging Magnetic resonance imaging
OR Optic radiation

TBSS Tract-based spatial statistics

thal-PSC Thalamus-primary somatosensory cortex
WM White matter

Introduction

Neonatal assessment at birth is a clinically indispensable
procedure for determining developmental status, and there-
by guide the appropriate care and timely intervention [1, 2].
In addition, birth status assessment of brain development
would facilitate the more in-depth identification of
neurodevelopmental maturity at birth [3-5]. However, im-
mediate evaluation following birth is practically
unachievable, particularly for extremely preterm neonates
who have remarkably unstable physiological signs and vul-
nerability [6, 7]. Clinical protocols used to assess neonatal
brain development, e.g. neuroimaging and
neurobehavioural assessments, are commonly performed
when neonates’ physiological status stabilizes after a few
days [8—10]. It is unclear how well such assessments reflect
developmental stage or abnormalities of the brain at birth, as
there is evidence that the extra-uterine environment can af-
fect the brain development trajectory together with genetic
and epigenetic factors [11]. For example, animal studies
have found accelerated brain white matter (WM)
myelination induced by elevated light stimulation [12, 13].
Such factors confound the precise evaluation of birth status.
Furthermore, abnormalities of preterm brain development
identified at a term-equivalent age [5, 11] may also be con-
founded. Therefore, how to correctly time birth status as-
sessment of neonatal brain development becomes a con-
cern. It is worth noting that Broekman et al have observed
no significant relationship between whole-brain WM mi-
crostructural metrics and postnatal age at magnetic reso-
nance (MR) imaging (days from birth to MR imaging visit;
range, 5—17 days) in term-born neonates [14]. This may
suggest the possible existence of a period close to the time
of birth during the neonatal stage wherein these assessments
can be performed. Detailing the postnatal age-related changes
in neonatal brain WM development may thus provide us with
solutions to determining the timing for evaluation of birth sta-
tus. To address this issue, diffusion tensor imaging (DTT)-de-
rived fractional anisotropy (FA), which allows in vivo
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quantification of brain WM microstructural changes [3,
15-17], was used to explore postnatal age-related changes.
Neonatal neurobehavioural assessment reflecting the develop-
mental status of functional abilities was used to validate post-
natally dynamic changes in brain WM.

Materials and methods

The institutional review board approved this retrospective
study and informed parental consent was obtained for all study
participants.

Participants

Between December 2010 and September 2017, 664 neonates
who underwent MR imaging examinations were retrospec-
tively recruited from the department of neonatology at the first
author’s affiliation. 251 neonates (gestational age [GA] range,
30-42 weeks) who met the following inclusion criteria were
enrolled: successful completion of MR imaging examination;
postnatal age range of 1-28 days at MR imaging; birth size
appropriate for GA; and normal neurodevelopment outcome
atage of 630 months (assessed by the Bayley Scales of Infant
Development, second edition).

Neonates with abnormalities on MR images and/or neona-
tal diseases, such as cerebral infection, congenital malforma-
tion, metabolic disorders, punctate white matter lesions, dif-
fuse excessive high signal intensity, periventricular
leukomalacia, cortical infarction and intracranial haemorrhage
(diagnosed by supplementary susceptibility weighted imag-
ing, if necessary) were excluded. Neonates with MR imaging
artefacts affecting data analysis were excluded. Furthermore,
neonates of mothers with gestational diabetes, hypertension,
hypoglycaemia and a history of alcohol during pregnancy
were also excluded.

MR imaging data acquisition

The MR imaging data were acquired using a 3.0-T scanner
(Signa HDxt, GE Healthcare, Milwaukee, WI, USA) with an
8-channel head coil. The brain MR imaging was carried out on
the neonates during natural sleep (i.e. adopting sleep depriva-
tion and/or feeding protocols); for neonates who could not
remain still, sedation using an oral administration of 10%
chloral hydrate (dose: 25-50 mg/kg) was used to reduce the
head motion during the examination. Given the potential risks
of chloral hydrate, patient selection, monitoring and manage-
ment were strictly performed according to guidelines [18];
adverse drug reactions within 24 h following sedation were
also followed up. Earplugs and sponge-mats were used for
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hearing protection. Heart rate, transcutaneous oxygen satura-
tion and respiration rate were synchronously monitored. The
MR imaging protocols included three-dimensional T1-
weighted imaging, T2-weighted imaging and DTI (Table 1).

The MR images were independently reviewed by two ex-
perienced radiologists with 5 and 7 years, respectively, of
paediatric MRI experiences in consensus.

Neonatal neurobehavioural development
assessment

Using neonatal behavioural neurological assessment
(Chinese) [19] and Dubowitz neurological assessment as ref-
erences [20], two neurobehavioural categories, i.e., behaviour
(six items) and active tone (four items), were used to assess
neonatal functional abilities within 5 days before or after MR
imaging. Each item was scored on a three-point scale (0, 1 and
2). Two neonatologists with 25 and 30 years of experience,
respectively, independently conducted the assessments in
consensus.

DTI processing and statistical analysis

DTI processing and data harmonisation DTI data were proc-
essed using the FMRIB software library (www.fmrib.ox.au.
uk/fsl). Brain Extraction Tool was used to extract the brain and
FMRIB’s Diffusion Toolbox was used to correct the eddy
currents and head motion-induced distortions, to estimate the
diffusion tensor and to calculate the FA mappings. Combat
harmonisation [21] for FA data between two DTI protocols
was performed because of their significant differences (p<0.
001; see details in Online Supplemental Material).

Tract-based spatial statistics (TBSS) TBSS was performed by
an optimised pipeline for neonates [22]. All of the FA im-
ages were normalised to the Johns Hopkins neonatal

template. The aligned FA image of each subject was
projected onto the mean FA skeleton (threshold=0.15).
General linear model (GLM) was used to separately assess
the relationships between FA and postnatal age at MR im-
aging (day) for preterm (n=57), term (n=76) and all neo-
nates (n=133). Relationships between FA and background
characteristics (maternal age, education level and family
socioeconomic status) were first evaluated to determine
whether these characteristics should be considered as co-
variates in addition to the set covariates, i.c. GA, adjusted
anthropometric indicators (birth weight, head circumfer-
ence and crown-heel length), and sex. Birth anthropomet-
ric indicators were adjusted for GA because of their con-
firmed strong relationships (p<0.05). GLM was performed
using GA as a covariate for the limited number of preterm
and term neonates. The number of permutations was set to
5,000. The results of all tests were considered significant
when p<0.05 after family-wise error rate correction with
threshold-free cluster enhancement.

Scatterplots with fitting between FA and postnatal age
Considering the complexity of brain development [23], a lo-
cally weighted scatterplot smoothing model (LOESS), which
requires no assumptions regarding linear or non-linear pat-
terns within the data [23-25], was used to study the postnatal
age-related changes in mean adjusted FA. Four visual, audito-
ry and sensorimotor WMs extracted using the Johns Hopkins
atlas were selected as regions of interest (ROIs). These regions
were optic radiation (OR), auditory radiation (AR),
corticospinal tract (CST) and thalamus-primary somatosenso-
ry cortex (thal-PSC). The inflection point of the LOESS fitted
curve was determined as the second derivation closest to zero.
Furthermore, piecewise linear fitting was employed to explore
the respective relationships of adjusted FA with postnatal age
at various postnatal age ranges that were divided by the inflec-
tion points. FA was adjusted using multiple linear regression
with GA, adjusted anthropometric indicators and sex as
covariates.

Table 1 Magnetic resonance

imaging protocols and scanning Scanning parameters 3D- T2WI DTI protocoll DTI protocol2
parameters TIWI

Repetition time (ms) 10 4,200 5,500 11,000

Echo time (ms) 4.6 120 95 69.5

Field of view (cm) 24 18 18 18

Matrix acquisition 240%240 256x256 128x128 128x128

Slice thickness (mm) 1 4 4 2.5

Number of excitations 1 1.5 1 1

Direction number - - 35 30

b value (sfmm?) - - 1000 600

3D-TI1WI three-dimensional fast spoiled gradient echo T1-weighted imaging, 72WI/ transverse fast spin-echo T2-
weighted imaging, DT7 diffusion tensor imaging
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Comparison of FA along the fibre tracts at various postnatal
age ranges DTI-based 3D automated fibre-tract quantification
(AFQ) was performed to study differences in FA at various
postnatal age ranges [26]. The aligned FA images obtained
following the TBSS procedure were projected onto the
Johns Hopkins probabilistic maps of fibre tracts [27]. FA
along the bilateral OR, AR, CST and thal-PSC were extracted.
Mean FA at the cross-section perpendicular to the fibre tract
was calculated. The fibre tract was divided into 100 segments,
and the cross-section was each segment’s vertical section (de-
noted as sections 0—-100). FA was first adjusted using the re-
gression model described above. The Wilcoxon rank sum test
was then used to compare differences in adjusted FA at vari-
ous postnatal age ranges.

Correlations between FA and neurobehavioural scores at var-
ious postnatal age ranges Pearson correlation analyses be-
tween neurobehavioural scores and mean FA within the bi-
lateral CST, OR, AR and thal-PSC were performed to eval-
uate the differences in the relationship between FA and neu-
rological development at various postnatal age ranges.

All regression analyses were performed using SPSS soft-
ware (SPSS version 17.0; SPSS, Inc., Chicago, IL, USA). The
scatterplots, calculation of the inflection point of LOESS
curves, piecewise linear fitting and correlation analyses were
performed using MATLAB software (MATLAB version
R2012b; The Mathworks, Inc., Natick, MA, USA). p-values
<0.05 were considered statistically significant.

Results
Participant demographics

Of the 251 neonates, 133 (GA range, 30-42 weeks) without
abnormalities on MRI within 28 days after birth were included
(Fig. 1, Table 2).

Relationship between postnatal age and brain WM FA

TBSS results found that birth indicators, i.e. GA and birth
weight, showed significant correlations with FA (see details
in Online Supplemental Material), while no correlation was
found in background characteristics (i.e. maternal age, educa-
tion level and family socioeconomic status).

For preterm neonates, postnatal age (days 1-28) posi-
tively correlated with FA in regional WM, e.g. CST
(p<0.05, corrected; Fig. 2a), while for term neonates, sig-
nificant correlations were found in more WM regions, e.g.
CST and OR (p<0.05, corrected; Fig. 2b). No correlation
was found in postnatal ages 1-14 days in either the preterm
or the term group.

@ Springer

After controlling for birth indicators and sex, postnatal
age (days 1-28) of all neonates had a significant correla-
tion with FA in regional WM, such as the corpus
callosum, OR, AR, CST and thal-PSC (p<0.05,
corrected; Fig. 2c). However, no correlation was found
in postnatal ages 1-14 days.

Scatterplots of postnatal age versus brain WM FA

In all neonates, the LOESS fitted curve for CST indicated
that an inflection point (day 14, second derivation = -
8.04x107%) divided the postnatal age timeline (days 1-28)
into two phases. Similarly, three respective inflection
points were also observed for OR (day 13, second deriva-
tion = -7.25X10'6), AR (day 12, second derivation
8.04x10°) and thal-PSC (day 14, second derivation = -
6.13x107). These suggested that a time point near day 14
may be seen as an inflection point during the neonatal
stage. Piecewise linear fitting results indicated that adjust-
ed FA only slightly varied before this point, while it sig-
nificantly increased thereafter (Slops at two phases: CST,
0.003 vs. 0.010; OR, 0.003 vs. 0.007; AR, 0.002 vs. 0.009;
thal-PSC, 0.002 vs. 0.007) (Fig. 3a).

The biphasic changes of adjusted FA were also observed in
preterm and term neonates (Fig. 3b and c; see details in Online
Supplemental Material).

Comparisons of FA along fibre tracts
between postnatal age range 1 (days 1-14) and range
2 (days 15-28)

The LOESS results suggested that a time point near 14
days divided the postnatal age timeline (days 1-28) into
two phases. Therefore, comparisons of FA along the select-
ed WM tracts were performed between postnatal age range
1 (days 1-14, n=96) and range 2 (days 15-28, n=37).

In the CST, the adjusted FA in range 2 was higher than
that in range 1 in the initial, middle and terminal segments
(left CST, sections 0-24 and 34-81; right CST, sections
0-86; p<0.05) (Fig. 4a). In the OR, higher adjusted FA
was observed in age range 2 than in range 1 in the left
initial and terminal segments (sections 0-29 and 57-91;
p<0.05) and the right initial, middle and partial terminal
segments (sections 0—76; p<0.05) (Fig. 4b). In the AR, we
found higher adjusted FA in range 2 than in range 1 main-
ly in the initial and middle segments (left AR, sections 0—
69; right AR, sections 0-71; p<0.05) (Fig. 4c). Along the
thal-PSC, higher adjusted FA was found in range 2 in the
initial and middle segments than in range 1 (left thal-PSC,
sections 0-72; right thal-PSC, sections 0-69; p<0.05)
(Fig. 44d).

The higher adjusted FA in range 2 than those in range 1 were
also observed in preterm (mainly located at the initial segments)
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Fig. 1 Flow chart for determining
the study subjects based on the
inclusion and exclusion criteria.
Age range 1 and range 2 denotes

Neonates underwent MRI between Dec 2010
and Sep 2017 (n=664)

postnatal age range 1 (days 1-14)
and range 2 (days 15-28),
respectively. PWML punctate
white matter lesion, H/E hypoxic
ischaemic encephalopathy;
DEHSI diffuse excessive high

+ Lack of neurodevelopmental outcome
record (n=266);

+ Abnormal neurodevelopmental outcome
(n=84).

Exclusion

A4

signal intensity

Participants with normal neurodevelopmental
outcome (n=314)

" Inclusion procedure

M Incomplete MRI exam (n=63)

\

Participants fulfilled the inclusion criteria
(n=251)

Exclusion procedure

O Neonates with abnormalities on MR
images and/or neonatal diseases (n=113)
» Cerebral infection (n=2);
« Congenital malformation (n=1);
» Metabolic disorders (n=4);
+ PWML (n=66); HIE (n=3);
» DEHSI (n=11);
» Periventricular leukomalacia (n=2);
» Cortical infarction (n=2);
« Intracranial hemorrhage (n=15);
« Others (n=7).
O Neonates with MR image artifacts (n=5)

Exclusion

Eligible subjects (n=133)

\

/\

Preterm neonates (n=57)

‘ Term neonates (n=76)

O\

N

Agerange1 || Agerange2 | | Age rangel || Age range2
group group group group
(n=41) (n=16) (n=55) (n=21)

and term neonates (mainly located at the initial and middle
segments) (see details in Online Supplemental Material).

Pearson’s correlations of FA with neurobehavioural
scores during postnatal age range 1 (days 1-14)
and range 2 (days 15-28)

During postnatal range 1 (days 1-14), no significant cor-
relation between neurobehavioural scores (behaviour and
active tone) and mean FA in the CST, OR, AR and thal-
PSC was found. Specifically, Pearson’s correlation coeffi-
cients ranged from 0.026 to 0.169. In contrast, in age range
2 (days 15-28), significant correlations with higher

Pearson’s coefficients of 0.542—-0.693 in the CST, OR,
AR and thal-PSC were observed (Table 3).

Discussion

To determine the proper timing for birth status assessment, the
postnatal age-related changes in WM development were ex-
plored. Our results indicate that within approximately 2 weeks
after birth, postnatal age presents no significant correlation
with WM FA. However, as a whole, significant correlations
of FA with postnatal age are observed during postnatal days 1—
28. These may reflect the considerable effect of postnatal age

@ Springer
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Table 2 Participant demographics

Clinical characteristics

Preterm/term 57/76
Males/females 82/51
Gestational age (weeks)* 37.1£29

Birth weight (g)*
Adjusted birth weight (g)*

2,670.0 +843.2
2,670.0 +£492.1

Head circumference (cm)* 32.64 £3.17
Adjusted head circumference (cm)* 32.64 £2.38
Crown-heel length (cm)* 4742 £ 431
Adjusted crown-heel length (cm)* 47.42+£3.19
Postnatal age at MRI (day)” 115+64
5-min Apgar® 9.37+£0.95
10-min Apgar® 9.76 £ 0.54
Neonatal neurobehavioural assessment”
Behaviour 945+ 145
Active tone 5.85+1.66
Background characteristics
Maternal age (y)* 28.89 +4.06
Mother no high school education 88 (133)
Prenatal smoking exposure 0(133)
Minority ethnicity 0(133)
Family socioeconomic status®
Professional/managerial 20 (133)
Technical/skilled 32 (133)
Semiskilled/unskilled/unemployed 81 (133)

Neonates with no abnormalities on MRI scanned within 28 days after
birth
? Data represented as mean =+ standard deviation

®Of 133 neonates, 101 neonates had the recorded neurobehavioural
assessment

¢ Assessed using the Elley-Irving socioeconomic index

on brain development. As suggested by our results, early post-
natal WM development may include two phases. The first

aQ Preterm neonates (n = 57) b

Term neonates (n = 76)

occurs before the approximately 2-week time point, and the
second follows with an accelerated maturation.

Considering the interactions between genetic and epigenet-
ic factors in WM development [28], some typical birth indi-
cators, maternal characteristics and family socioeconomic fac-
tors were studied. Our results agreed with previous findings
[14]. Specifically, typical birth indicators (e.g. GA and birth
weight) had significant correlations with FA, while maternal
characteristics and family socioeconomic factors had no cor-
relations. In light of this, we used birth factors as covariates in
order to eliminate confounding effects on WM maturity.

Correlations of FA in term neonates with GA and post-
natal age were studied separately; a significant correlation
was found in GA while no significant result in postnatal age
during postnatal days 5—17 was found [14]. Similarly, our
LOESS and piecewise linear fitting results found that an
inflection point near the 14-week time point divided the
postnatal timeline into two phases. Before this point, adjust-
ed FA varied slightly, although it increased considerably
thereafter. A similar phenomenon was also observed in both
preterm and term neonates. All of the above mentioned ob-
servations support the definition of a close-to-birth period
and further suggest that the first 2 weeks after birth may
closely resemble birth conditions, and could thus be referred
to as the close-to-birth period.

Using TBSS, postnatal age (days 1-28) of all neonates was
found to be statistically related to FA in regional WMs, in-
cluding CST, OR and AR. Following birth, the neonatal brain
is affected by postnatal factors (e.g. light and sound) and un-
dergoes rapid maturation in its visual, auditory and sensori-
motor functions [3]. Increasing FA in the corpus callosum and
the external capsule may, respectively, indicate the develop-
ment of commissural and association fibres [29-31]. In addi-
tion, significant correlations of FA with postnatal age in pre-
term neonates were mainly observed in motor-associated WM
regions, while term neonates displayed correlations in more
WM regions. As GA was controlled, these results may suggest

C Preterm & term neonates (n = 133)

Fig. 2 Correlations between fractional anisotropy (FA) and postnatal age
using a general linear model. (a) Preterm (n = 57), (b) term neonates (n =
76) and (c) all neonates (n = 133) within 28 days after birth. Green
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indicates the fibrous skeleton of brain white matter and the warm-toned
colours indicate positive correlations
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LOESS fitted curve
a All neonates (n = 133)

Piecewise linear fitted curve
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Fig. 3 Scatterplots, locally weighted scatterplot smoothing model
(LOESS) and piecewise linear fitted curve between adjusted fractional
anisotropy (FA) and postnatal age. (a) All neonates (n = 133), (b) preterm
(n=57) and (¢) term neonates (n = 76). Mean FA within the corticospinal
tract (CST), optic radiation (OR), auditory radiation (AR) and thalamus-
primary somatosensory cortex (thal-PSC) were extracted and studied with
postnatal age-related changes. The inflection point divided the postnatal
age timeline into two phases; yphase1 and Yphasc2 Were the respective linear

the weaker capacity of postnatal WM maturation in preterm
neonates when compared to term neonates.

Our AFQ results indicate that there were higher adjusted
FAs in postnatal age range 2 (days 15-28) than in range 1 (days
1-14) in the OR, AR, CST and thal-PSC. This reflects the on-
going myelination in the typical visual, auditory and sensori-
motor WM regions. Significant maturation rate differences in
the visual, auditory and sensorimotor regions may possibly be
correlated with the WM myelination sequence, i.e. central/

0 7 14 21

Postnatal age (day) Postnatal age (day)

fitted curves at two phases. In all neonates, FA was adjusted using a
multiple linear regression with gestational age, adjusted birth weight,
adjusted head circumference, adjusted crown-heel length and sex as co-
variates. Birth weight, head circumference and crown-heel length were
first adjusted for gestational age because of their confirmed strong rela-
tionships (p<0.05). In preterm and term neonates, FA was adjusted by
linear regression with gestational age due to the limited sample number

proximal portions develop earlier than peripheral/distal ones
[32-34]. Consequently, significant differences in adjusted FA
were predominantly observed at the initial and middle seg-
ments of all the WM tracts. It was worth noting that OR pre-
sented higher adjusted FA at wider terminal segments in the
left tracts than in the right, further suggesting the cerebral
lateralisation (left hemispheric dominance) in early brain
WM development [35]. This structural asymmetry may under-
pin the lateralisation of the somatosensory response that is
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Fig. 4 Comparisons of fractional anisotropy (FA) between postnatal age
range | (days 1-14) and postnatal age range 2 (days 15-28). (a)
Corticospinal tract (CST), (b) optic radiation (OR), (¢) auditory radiation
(AR) and (d) thalamus-primary somatosensory cortex (thal-PSC). The
selected fibre tract was divided into 100 segments denoted as sections

detected at birth [36]. In addition, such asymmetry patterns are
likely attributable to genetic programs during prenatal stage, as

@ Springer

Postnatal age range?2
(day 15~28)

Sagittal view
100. 400 100.
'Q §
.. 0?
1 ' - _‘_1 1 -
Left CST Right CST
aE
5mm'®
Sagittal view
1 e -1 00
Left OR 8 87 9
100
1
T e ee e 100
Right OR « 76 &
AE
5mm'®

Coronal view

Right AR Left AR
10074, 1 1a st 100
77V'\ ,vﬁg

100+ )\

1 1 100
€
5mm*®
Sagittal view
100 . V1o 100
.;\V / :'
[
1
17 15
Left thal-PSC Right thal-PSC
AE
5mm'®

B F<0.05

Adjusted FA
(residual by regression)

Adjusted FA
(residual by regression)

Adjusted FA
(residual by regression)

Adjusted FA
(residual by regression)

0.10 IR "N 0.35

FA value

036

Right CST.

0.33-

037
0.27 -
0.24 -
0.21

0.18 - =
23 39 55 71 87

Fiber tract site

o
w

0.27 -

o
NN
= X

M
o ™

Right OR

12 24 36

© © o O <

-
N
o

Fiber tract site

Right AR.

° o

0 18 36 54 72
Fiber tract site

o
N
~N

Right thal-PSC -

© © o o
S s NN
o o = X

©

%

N
h

14 28 42 56 70
Fiber tract site

o

0-100. FA was adjusted using multiple linear regression with gestational
age, adjusted birth weight, adjusted head circumference, adjusted crown-
heel length and sex as covariates. Birth weight, head circumference and
crown-heel length were first adjusted for gestational age because of their
confirmed strong relationships (p<0.05)

asymmetry of gene expression in the human embryonic cortex
has been found at a gestational age of 12 weeks [37].
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Table 3 Pearson correlations of

brain white matter fractional Corticospinal tract Optic radiation Auditory radiation Thalamus-primary
anisotropy (FA) with neonatal (CST) (OR) (AR) somatosensory
behaviour and active tone scores cortex (thal-PSC)
Postnatal age range 1 (days 1-14)
Behaviour 0.118 0.101 0.026 0.046
Active tone 0.169 0.082 0.064 0.114
Postnatal age range 2 (days 15-28)
Behaviour 0.693" 0.542° 0.554" 0.646"
Active tone 0.224 0.025 0.066 0.156

Scores of two items, i.e. behaviour and active tone, were used to correlate the FA within the typical white matter
regions of interest (ROIs), including corticospinal tract (CST), optic radiation (OR), auditory radiation (AR) and
thalamus-primary somatosensory cortex (thal-PSC)

Postnatal age represented the age at MRI, and difference in age between at MRI and at neurobehavioural

assessment was -0.8 = 1.7 days.

TSignificance level at p<0.05; p-values for CST, OR, AR and thal-PSC were 0.001, 0.014, 0.011 and 0.002,

respectively

Pearson’s correlations between neurobehavioural scores
and FA were higher in postnatal age range 2 (days 15-28) than
in range 1 (days 1-14). During the newborn stage, neonatal
neurobehavioural development also presented a biphasic
growth pattern; however, this was opposite to the WM FA,
i.e. slow after the rapid growth (see details in Online
Supplemental Material). It may be this that led to the particu-
larly different correlations with behaviour scales during the
two periods. These may further suggest accelerated WM mat-
uration during the range 2 period, and would support the pres-
ence of the two developmental phases of brain WM. In addi-
tion, we found weak correlations between FA and motor-
associated scales, especially for CST. This may be due to
asynchronous maturation of CST segments. Our findings were
consistent with those of previous studies [11].

Our results suggest that postnatal age may be an important
factor in investigating the neonatal WM maturation. MRI find-
ings in preterm neonates at term-equivalent age may reflect
combined preterm and postnatal factors. Some studies did not
take the postnatal factors into account, and imaging results usu-
ally directly compared infants born preterm at term-equivalent
age to term neonates when characterising developmental differ-
ences, e.g. differences in WM maturation [38—40], premature-
associated psychomotor delay [5] and regional developmental
abnormalities [11]. As suggested by our results, it may be worth
considering the postnatal age-related effects during analysis.

Our study had some limitations. The first was the small
sample size, especially for neonates aged 15-28 days.
Pearson correlations with neurobehavioural scores are thus
restricted for preterm and term groups. Larger samples are
required to assess changes in WM maturation at various post-
natal ages, and to determine a more specified close-to-birth
period for each WM tract. Second, although we used
Dubowitz neurological assessments as a reference, the effi-
ciency of our neurobehavioural assessments for preterm

neonates should be studied further in large-scale surveys.
Third, given the complexity of brain development, perinatal
factors (e.g. maternal antenatal steroids) potentially affecting
brain WM maturation should be considered in future analyses.
Additionally, a longitudinal study targeting early brain devel-
opment is required to better understand the respective roles of
natural growth and postnatal factors. Further multicentre lon-
gitudinal studies would be of great value in characterising
early brain development in the first month of life.

Conclusion

In conclusion, our findings indicate that postnatal age-related
changes in neonatal brain WM development present two
phases, the first is a close-to-birth period before approximately
14 days after birth, and the second is an accelerated develop-
ment period. Based on this, clinical protocols used to evaluate
the birth status of brain WM maturity may preferably be per-
formed during the first period.
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