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Preterm birth is associatedwith altered connectivity of neural circuits.We developed a tract segmentationmeth-
od that provides measures of tract shape and integrity (probabilistic neighborhood tractography, PNT) from dif-
fusion MRI (dMRI) data to test the hypotheses: 1) preterm birth is associated with alterations in tract topology
(R), and tract-averaged mean diffusivity (〈D〉) and fractional anisotropy (FA); 2) neural systems are separable
based on tract-averaged dMRI parameters; and 3) PNT can detect neuroprotective treatment effects.
dMRI datawere collected from87preterm infants (mean gestational age 29+1weeks, range 23+2 –34+6) at term
equivalent age and 24 controls (mean gestational age 39+6weeks). PNTwas used to segment eight major fascic-
uli, characterize topology, and extract tract-averaged 〈D〉 and FA.
Tract topology was altered by preterm birth in all tracts except the splenium (p b 0.05, false discovery rate [FDR]
corrected). After adjustment for age at scan, tract-averaged 〈D〉 was increased in the genu and splenium, right
corticospinal tract (CST) and the left and right inferior longitudinal fasciculi (ILF) in preterm infants compared
with controls (p b 0.05, FDR), while tract-averaged FA was decreased in the splenium and left ILF (p b 0.05,
FDR). Specific fasciculi were separable based on tract-averaged 〈D〉 and FA values. There was a modest decrease
in tract-averaged 〈D〉 in the spleniumof preterm infantswhohad been exposed to antenatalMgSO4 for neuropro-
tection (p = 0.002).
Tract topology is a biomarker of preterm brain injury. The data provide proof of concept that tract-averaged dMRI
parameters have utility for evaluating tissue effects of perinatal neuroprotective strategies.

© 2015 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Globally, preterm birth (defined as birth at b37 weeks of gestation)
affects around 11% of deliveries (Blencowe et al., 2013) and it is closely
associated with cerebral palsy, cognitive impairment and neuropsychi-
atric disease in later life (Kerr-Wilson et al., 2012; Moore et al., 2012).
Individuals born preterm are more likely to experience behavioral and
emotional disturbance (Clark et al., 2008; Elgen et al., 2012), autistic
spectrum disorder (Johnson et al., 2010), attention deficit hyperactivity
disorder (Bhutta et al., 2002) and psychiatric disease, and these
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problems persist into adulthood (Crump et al., 2010; Halmoy et al.,
2012; Moster et al., 2008; Nosarti et al., 2012).

White matter disease is a core feature of the encephalopathy of pre-
maturity and it is associatedwith reduced connectivity of neural circuit-
ry (Ball et al., 2013; Boardman et al., 2006; Fischi-Gomez et al., 2014;
Pandit et al., 2014; Woodward et al., 2006). Antenatal magnesium sul-
fate (MgSO4) is often given to women expected to deliver preterm be-
cause it is associated with reduced rates of cerebral palsy (Doyle et al.,
2007). However, there are uncertainties about its long-term effects,
and studies have not been designed or powered to investigate its influ-
ence on non-motor functions (Chollat et al., 2014; Doyle et al., 2014).
Biomarkers of tissue integrity in the tracts of neural systems that sub-
serve a range of functions are required to evaluate more pervasive neu-
roprotective effects.

Diffusion MRI (dMRI) and tractography enable measures of white
matter tract integrity to be determined in specific tracts-of-interest
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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(TOIs) (Basser et al., 2000). Tractography techniques use deterministic
(Conturo et al., 1999) or probabilistic (Behrens et al., 2007) approaches
to identify the major pathways, with tracts initiated at seed points and
typically constrained by operator-defined ‘waypoints’ through which
streamlines must pass or stop. Segmented pathways can then be ana-
lyzed as 3-dimensional regions-of-interest and water molecule diffu-
sion parameters extracted. Neonatal dMRI data present challenges to
tractography algorithms because of smaller head size, resolution diffi-
culties, wide anatomic variation, increased brain water content, and
lack of reference atlas data from typically developing newborns. Conse-
quently, neonatal studies have tended to focus on a relatively small
number of TOIs, none has provided information about tract topology,
and few have included control data.

An alternative technique for segmenting TOIs is provided by proba-
bilistic neighborhood tractography (PNT). In this method, single seed
point tractography is used to segment the same TOI across a group of
subjects by modeling how individual tracts compare with a predefined
reference in termsof length and shape (Bastin et al., 2010; Clayden et al.,
2006; Clayden et al., 2007). To achieve this, candidate seed points are
automatically placed in a cubic neighborhood of native space voxels,
with the tract that best matches the reference tract chosen as its repre-
sentation in each subject (Bastin et al., 2010; Clayden et al., 2006;
Clayden et al., 2007). The output includes tract-averagedwater diffusion
tensor parameters, mean diffusivity (〈D〉) and fractional anisotropy
(FA), and the goodness-of-fit of the best-matched tract to the reference
(R). The approach has been useful for mapping white matter change in
normal development (Clayden et al., 2012), ageing (Bastin et al., 2010;
Penke et al., 2010), and amyotrophic lateral sclerosis (Bastin et al.,
2013). PNT overcomes the bias inherent to user-defined waypoint
placement, does not require thresholding of connectivity values, and is
unique in providing information about tract topology.

In this paper, we generated an atlas of reference tracts for eight TOIs
using PNT to test the hypotheses that: 1) tract topology, and tract-
averaged 〈D〉 and FA, are altered by preterm birth; 2) TOIs are separable
in the newborn brain based on water diffusion parameters; and 3) PNT
is sensitive to detecting perinatal neuroprotective treatment effects.

2. Methods and materials

2.1. Participants

Ethical approval was obtained from the National Research Ethics
Service (South East Scotland Research Ethics Committee), and informed
written parental consent was obtained. Preterm infants were recruited
from the Royal Infirmary of Edinburgh between July 2012 and Septem-
ber 2014. Infants were eligible if they had a birthweight b1500 g and/or
were born at b31 completed weeks3 postmenstrual age (PMA). Exclu-
sion criteria for the study were infants with congenital infection,
major chromosomal abnormalities, cystic periventricular leucomalacia,
post-hemorrhagic ventricular dilatation and porencephalic cysts. Healthy
term-born control infants were recruited from antenatal clinics and post-
natal wards.

MRI data from 24 healthy infants born at full term and 87 preterm
infants (mean PMA at birth 29+1 weeks, range 23+2–34+6 weeks)
were acquired at term equivalent age (mean PMA 39+6 weeks, range
37+5–42+5 weeks) (Table 1). Infants were examined in natural sleep
with pulse oximetry, temperature and electrocardiography data moni-
toring. Ear protection was used for each infant, comprising earplugs
placed in the external ear and neonatal earmuffs (MiniMuffs, Natus
Medical Inc., CA).

2.2. MR image acquisition

A Siemens Magnetom Verio 3 T MRI clinical scanner (Siemens AG,
Healthcare Sector, Erlangen, Germany) and 12-channel phased-array
head coil were used to acquire: T1-weighted MPRAGE volume (~1 mm3
resolution), T2-weighted STIR (~0.9 mm3 resolution), T2-weighted
FLAIR (~1 mm3 resolution), and dMRI (11 T2- and 64 diffusion encoding
direction (b = 750 s/mm2) single-shot spin-echo echo planar imaging
(EPI) volumes with 2 mm isotropic voxels) data.

2.3. Image analysis

dMRI data were pre-processed using FSL tools (FMRIB, Oxford, UK;
http://www.fmrib.ox.ac.uk). This included brain extraction, and remov-
al of bulk infant motion and eddy current induced artifacts by register-
ing the diffusion-weighted to the first T2-weighted EPI volume for each
subject. Using DTIFIT, 〈D〉 and FA volumes were generated for every
subject. BedpostX/ProbTrackX algorithm was run with its default
parameters: 2-fiber model per voxel, 5000 probabilistic streamlines
for each tract with a fixed separation distance of 0.5 mm between suc-
cessive points to generate the underlying white matter connectivity
data (Behrens et al., 2003, 2007).

2.4. Reference tracts and model training data

Eight reference TOIs were created using PNT in standard space from
the tractography output produced from a training set of 20 term
controls: genu and splenium of corpus callosum, left and right projec-
tions of the corticospinal tract (CST), cingulum cingulate gyri (CCG)
and inferior longitudinal fasciculi (ILF). Briefly, a set of ‘candidate’ tracts
were generated by seeding within a 7 × 7 × 7 neighborhood of native
space voxels centered around a standard space seed point located with-
in the center of thewhitematter structure-of-interest and transferred to
the native space of each control. These standard space seed points were
defined using an age specific T2-weighted neonatal template (http://
www.brain-development.org) (Kuklisova-Murgasova et al., 2011).
Then, an experienced observer (DA) selected candidate tracts from
each control subject that best matched the anatomical shape of the
white matter structure-of-interest. Using these visually-assessed ‘best-
matching’ tracts, tract shape models were fitted to the tractography
data using maximum likelihood (Clayden et al., 2007), thereby captur-
ing the shape and length variation amongst the controls3 tracts. Once
the reference tracts and shape models had been created, PNT was re-
run over a neighborhood of 3 × 3 × 3 voxels centered on the reference
tract and transferred to native space for all participants; the seed point
that produced the best matching tract to the reference was then deter-
mined. All the computational analysis was implemented in TractoR
(http://www.tractor-mri.org.uk) (Clayden et al., 2011).

2.5. Tractography analysis

Two experienced raters (DA, MEB) visually assessed the best-
matched tracts. Any subject with deviated, aberrant or truncated path-
ways that were not anatomically plausible representations of the TOI
were excluded from further analysis (Table 2). The tractography
masks of the best match tracts were applied to the 〈D〉 and FA volumes,
which permitted tract-averaged values of these biomarkers to be deter-
mined for each TOI in every subject. Finally, the goodness-of-fit of the
best match tract to the reference (R) was determined from the log-
ratio between the matching likelihood of the chosen candidate tract
and the matching likelihood of the reference tract under the model.
The more negative the R value, the less good the fit between the refer-
ence and best match tract.

2.6. Volumes of lateral ventricular system

The lateral ventricles were segmented in 59 out of 101 subjects for
whom high resolution T1w and T2w structural data were available
(10 controls and 49 preterms). An atlas-based image segmentation ap-
proachwas used that included lateral ventricles and choroid plexus, but
excluded the third and fourth ventricle, cavum septum pellucidum and
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Table 1
Demographic information for the participants.

Preterm at term equivalent age (n = 79) Controls (n = 22)

PMA birth/weeks (mean and range) 29+1 (23+2 –34+6) 39+6 (38+1–41+5)
Birth weight/kg (mean and range) 1.16 (0.550–1.635) 3.550 (2.870–4.670)
PMA at image acquisition/weeks (mean and range)⁎ 40 (37+5–42+5) 42 (39.0–45+3)
Weight at image acquisition (mean and range)⁎ 2.890 (2.060–3.920) 3.628 (2.870–4.500)
Orbitofrontal head circumference at image acquisition (mean and range)⁎ 34.7 (31.0–38.0) 36.1 (32.6–39.0)
Gender/M:F 41:38 10:12
Complete course of antenatal steroidsa 57 (72%) 0
Antenatal MgSO4 for fetal neuroprotection 40 (51%) 0
Bronchopulmonary dysplasiab 22 (28%) n/a

⁎ Indicates a statistically significant difference between groups (p ≤ 0.01).
a Defined as first dose dexamethasone N24 h before birth.
b Defined as need for supplemental oxygen and/or respiratory support at 36 weeks3 PMA.
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vergae (Serag et al., 2012). This was done so that lateral ventricular size
could be added as a co-variate to account for possible partial volume ef-
fects in the model testing independent effects of antenatal MgSO4 on
dMRI parameters, and to investigate correlation between R and ventric-
ular size.

2.7. Statistical analysis

The distributions of 〈D〉, FA and R in each tract were assessed for nor-
mality using the Shapiro–Wilk test. TheMann–WhitneyU test was used
to compare R values between groups; Spearman3s rho was used to in-
vestigate correlations between R and PMA at scan. Because age at scan
differed between the two cohorts, and water diffusion parameters are
dynamic over this developmental period, GLM univariate ANOVA was
used to investigate the effect of prematurity on these biomarkers in
each TOI with gestational age as a fixed factor and PMA at scan as a co-
variate. Type 1 error was controlled using false discovery rate (FDR)
(p b 0.05).

To investigate the effect of antenatal MgSO4 exposure on tract-
averaged 〈D〉 and FA, and R, independent of potential confounders, we
first examined the association between these biomarkerswith the follow-
ing factors: exposure to a complete course of antenatal steroids, exposure
to antenatal MgSO4, gender and the presence of bronchopulmonary dys-
plasia (BPD). Significant factors in the bivariate analysis (p b 0.05) were
included in a multivariate linear regression model that included PMA at
birth. SPSS 21.0 (SPSS Inc., Chicago, USA) was used for analysis.

3. Results

3.1. Participants

FA volumes were blurred in eight preterm infants and two controls
due to motion; these subjects were removed from further analysis
leaving 79preterm and 22 control infants in the analysis sample (demo-
graphic shown in Table 1). Two preterm infants required laser
Table 2
Mean (SD) for tract-averaged mean diffusivity (〈D〉) and fractional anisotropy (FA) for eight tr

Acceptable tracts Mean diffusivity D (×10−3 mm2/s)

Preterm
(n = 79)

Control
(n = 22)

Preterm Control Unadj
p-valu

Genu 74 22 1.498 (0.080) 1.362 (0.068) b0.00
Splenium 68 22 1.570 (0.152) 1.363 (0.067) b0.00
Left CCG 71 18 1.372 (0.095) 1.298 (0.044) 0.00
Right CCG 65 18 1.350 (0.062) 1.286 (0.053) b0.00
Left CST 79 21 1.227 (0.067) 1.157 (0.062) b0.00
Right CST 79 21 1.178 (0.064) 1.107 (0.049) b0.00
Left ILF 76 19 1.654 (0.237) 1.409 (0.071) b0.00
Right ILF 78 21 1.710 (0.254) 1.503 (0.163) 0.00

⁎ Adjusted p-values are corrected for postmenstrual age at scan and bold type indicates signifi
FDR corrected)
treatment for retinopathy of prematurity and 1 had a grade 3 intraven-
tricular hemorrhage (IVH) identified on cranial ultrasound.

3.2. Segmentation of tracts-of-interest

Fig. 1 displays the reference TOIs that were identified reliably in the
control training set in standard space. Across both preterm and control
subjects, visual assessment of the individual segmented tracts indicated
that PNT provided anatomically acceptable representations of the TOI
for the vast majority of tracts (Table 2); for the preterm cohort this
ranged from 100% (79/79) for CST to 82% (65/79) for right CCG.

3.3. Effect of preterm birth on tract topology

The distribution of Rwas negatively skewed for all TOIs. There was a
significant difference in R between groups, with the preterm cohort
having larger negative values, and hence greater topological difference
from the reference compared to controls for all TOIs except the
splenium (Table 3). Fig. 2 illustrates the range of values for R observed
in the preterm cohort and how they correspond to tract shape for
genu. There were no significant correlations between age at scan and
R, with the exception of left CST. R correlated with ventricular volume
for left ILF (p = 0.009) and left CST (p = 0.004), but not with any
other TOI.

3.4. Effect of preterm birth on tract-averaged dMRI parameters

Table 2 shows tract-averaged water diffusion parameter values for
each TOI for all participants. In bivariate analysis, tract-averaged 〈D〉
was higher in all tracts in preterm infants at term equivalent age com-
pared with term controls, while FA was lower in all tracts except the
right CCG. After adjusting for PMA at scan, tract-averaged 〈D〉 was in-
creased in preterm infants at term equivalent age compared with con-
trols in genu (F = 17.57, p b 0.001), splenium (F = 19.22, p b 0.001),
left ILF (F = 8.92, p = 0.004) and right ILF (F = 8.36, p = 0.005).
acts-of-interest.

FA

usted
e

Adjusted
p-value⁎

Preterm Control Unadjusted
p-value

Adjusted
p-value⁎

1 b0.001 0.21 (0.04) 0.25 (0.04) b0.001 0.428
1 b0.001 0.26 (0.04) 0.31 (0.04) b0.001 0.009
2 0.115 0.20 (0.03) 0.23 (0.03) b0.002 0.738
1 0.053 0.19 (0.03) 0.20 (0.02) 0.15 0.259
1 0.292 0.29 (0.03) 0.32 (0.02) b0.001 0.147
1 0.03 0.27 (0.03) 0.30 (0.02) 0.001 0.469
1 0.004 0.20 (0.03) 0.23 (0.02) b0.001 0.01
1 0.005 0.22 (0.03) 0.24 (0.02) 0.003 0.134

cant differences in tract-averaged values after adjustment (significance threshold p b 0.05,
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Table 3
Median (IQR/2) values of R for each tract. Significance testing carried out using Mann–
Whitney U test. Bold type indicates significant differences in R (p b 0.05, FDR corrected).

R

Preterm at term equivalent age Control p-Value

Genu −2.67 (2.08) −1.44 (1.68) 0.017
Splenium −5.42 (3.16) −3.08 (4.62) 0.108
Left CCG −1.88 (2.56) 0.57 (1.07) 0.001
Right CCG −1.18 (2.11) 0.03 (1.52) 0.034
Left CST −2.49 (1.22) −0.63 (0.71) b0.001
Right CST −2.10 (1.14) −0.97 (1.06) 0.006
Left ILF −0.28 (1.48) 0.83 (1.23) 0.016
Right ILF −2.26 (2.21) −1.03 (1.88) 0.023
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Tract-averaged FA was reduced in the splenium (F = 7.16, p = 0.009)
and left ILF (F=6.73, p=0.01) in preterm infants compared with con-
trols after adjustment for age at scan.

3.5. Major fasciculi are separable in the newborn period based on dMRI
parameters

Fig. 3 displays a scatterplot of tract-averaged 〈D〉 versus FA values for
the eight TOIs. This figure indicates that CST, CCG, splenium and, to a
lesser extent, ILF and genu are separable.

3.6. Effect of antenatal MgSO4 exposure on water diffusion parameters in
the major fasciculi at term equivalent age

Forty (51%) of the preterm cohort had been exposed to antenatal
MgSO4, and this was associated with lower 〈D〉 in splenium (mean
difference −0.089 mm2/s, 95% CI−0.161 to−0.017, p = 0.016).

In multivariate analysis, antenatal MgSO4 was associated with a
modest but significant decrease in 〈D〉 in splenium independent of age
at birth and BPD (beta 115.0, 95% CI 43.4–186.5, p = 0.002). Factors
included in the model were: PMA at birth because there was a differ-
ence between those who had [mean PMA 28+4 weeks] and had not
been exposed to antenatal MgSO4 [mean 29+6 weeks]; and BPD, be-
cause it influenced FA on univariate analysis (mean difference −0.03,
95% CI −0.05 to −0.005, p = 0.015). There was no effect of PMA at
scan, which did not differ between the two groups (mean 39+6 weeks
versus mean 40 weeks), or gender in univariate analysis, so these vari-
ables were not included.

Ventricular volumes were available for a subset of 28 of the treated
group and 21 of the untreated group. Therewas no significant difference
in ventricular volumebetween treated and untreated infants (8.4 versus
9.8 cm3, p=0.11), and in a subset analysis of infants where ventricular
volumewas entered into themodel, antenatalMgSO4 exposure retained
significance (beta 100.1, 95% CI 28.8–172.3, p=0.007). These data sug-
gest that the observed difference in 〈D〉 is unlikely to be attributable to
the partial volume effects from CSF.

4. Discussion

We developed a single seed point tractography-based segmentation
algorithm (PNT) that incorporates tract shape modeling for use in neo-
nates, and have segmented reliably eight major fasciculi. The algorithm
is unique in providing a metric of tract topology, R, whichmeasures the
goodness-of-fit of the best matched tract with respect to an age specific
tract template, and enables the extraction of tract-averagedwater diffu-
sion parameters including 〈D〉 and FA.

The advantages of PNT over region-of-interest and voxel-based
methods for group-wise comparisons of 〈D〉 and FA are that it avoids
Fig. 1.Mean reference tract calculated from the control training data displayed in green and ov
and splenium (b, axial) of corpus callosum, left CCG (c, sagittal), right CCG (d, sagittal), left CST
the need forwaypoint placement and setting of connectivity thresholds,
and tracts are segmented in native space, which minimizes operator
bias and takes account of individual differences in white matter struc-
ture. The method uses connectivity data produced by a probabilistic
tractography algorithm, FSL3s BedpostX/ProbTrackX, that can model
multiple fiber populations and track through regions of reduced anisot-
ropy,whichhas particular utility in neonates. Furthermore, bymodeling
the tracts of thewhole study groupwith respect to reference tracts gen-
erated from an age specific training set, it is possible to perform group-
wise analyses to study perinatal influences on R, and tract-averaged 〈D〉
and FA.

The measurement R, which indicates how the length and shape of
the best-matched tract in each subject differs from reference tract topol-
ogy, was significantly altered in preterm infants at term equivalent age
compared with term controls in all tracts except splenium. To our
knowledge this is the first evaluation of tract topology differences in a
neonatal cohort. Our data suggest that tract shape change occurs inde-
pendently of 〈D〉 and FA, and is less influenced by age at scan than
these measures. Therefore, R may add value beyond other biomarkers
that are affected by age at scan, which can be challenging to standardize
in neonatal studies. Ameasure of tract shape is also particularly relevant
given the wide anatomic variability of the brain at this stage of life,
which is not captured in most tractography models. Further work is re-
quired to understand the functional correlates of R andwhether it alters
over time, but longitudinal studies of preterm infants suggest that alter-
ations in structure and connectivity that are apparent in the neonatal
period persist through early childhood into adulthood (Fischi-Gomez
et al., 2014; Nosarti et al., 2014; Pandit et al., 2014). Brain structure
and IQ are strongly heritable (Thompson et al., 2001; Toga and
Thompson, 2005), and the incorporation of geometric information
about tracts has proven useful for studying heritability of brain integrity
and connectivity inferred from dMRI in adults (Jin et al., 2011).We pro-
pose that R may offer a new tool for studying genetic contributions to
brain structure in the newborn, which to date has been investigated
using FA and morphometry but has not included shape analysis of
major fasciculi (Boardman et al., 2014).

Tract-averaged values of 〈D〉were higher and FA values were lower
in all eight TOIs in preterm infants at term equivalent age compared
with controls in bivariate analysis. After adjustment for PMA at scan,
which was necessary because both metrics change rapidly during peri-
natal brain development (Huppi et al., 1998), 〈D〉was only increased in
genu and splenium, while FA was reduced in the splenium and left ILF.
Our findings are in broad agreement with previous region-of-interest
(Counsell et al., 2006; Huppi et al., 1998; McKinstry et al., 2002; Rose
et al., 2007; Skiold et al., 2010), voxel-based (Gimenez et al., 2008;
Thompson et al., 2014), and tractography approaches (Aeby et al.,
2009; Anjari et al., 2007; Thompson et al., 2011), which show that pre-
term infants at term equivalent age have higher 〈D〉 and lower FA in
white matter compared with term controls, although the anatomic lo-
calization of these changes is inconsistent between studies and the
role of confounding morbidities is uncertain.

The relationship between water diffusion biomarkers and white
matter development is complex because the maturational processes of
axonal fasciculation, pre-myelination (proliferation of glial cell bodies,
extension of oligodendroglial processes, increase in macromolecules
and membrane density), and true myelination (ensheathment of
axons) are all anisotropic (Beaulieu, 2002; Nossin-Manor et al., 2013;
Zanin et al., 2011), and the sequence of these processes is not uniform
across neural systems. Therefore, while dMRI biomarkers provide sensi-
tive measures of tissue microstructure, they are also non-specific. We
found that tracts were separable based on water diffusion parameters,
with the greatest difference observed between CST, CCG and splenium.
erlaid on the age-specific standard space template. The tracts displayed are genu (a, axial)
(e, coronal), right CST (f, coronal), left ILF (g, sagittal), and right ILF (h, sagittal).



Fig. 2. Illustration of the range of absolute goodness-of-fit values (R) observed in thepretermgroup for genuof the corpus callosumoverlaid on FAmaps. As values ofR become increasingly
negative, the deviation of tract topology from reference topology (Fig. 1a) increases.
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This suggests that adult patterning of neural systems (Bastin et al.,
2010) is present very early in development, and before the onset of
widespread myelination.

Systematic review of 5 randomized controlled trials shows that an-
tenatalMgSO4 reduces theburden of cerebral palsy and othermotor im-
pairments in the offspring of women who deliver very preterm (Doyle
Fig. 3. Scatterplot of tract-averaged FA against tract-averaged 〈D〉 in all segmented tracts
for every participant: genu (dark blue); splenium (yellow); CST (red); CCG (green); ILF
(purple).
et al., 2007), but there is some doubt about long term benefit and
none of the studies were designed to assess function in other domains
as a primary outcome (Chollat et al., 2014; Doyle et al., 2014). Magne-
sium is thought to act on a number of cellular targets and processes in
preterm brain injury, which are not restricted to motor systems, so it
is plausible that tissue effects might be apparent in other neural
systems. We found a modest but significant reduction in 〈D〉 in the
splenium of preterm infants who had been exposed to antenatal
MgSO4 compared with untreated infants, after adjustment for relevant
confounders. The splenium connects parietal, temporal and visual corti-
ces, so these data indicate that antenatalMgSO4 exposure has beneficial
tissue effects that extend beyond motor systems. Detailed evaluation
across all developmental domains of infants exposed to antenatal
MgSO4 is needed to understand fully its treatment effects. Finally, our
data suggest that tract-averaged water diffusion parameters may pro-
vide useful biomarkers to complement voxel-wise approaches (such
as Tract-based Spatial Statistics) for evaluating neuroprotective strate-
gies in the newborn (O3Gorman et al., 2015; Porter et al., 2010).

PNT has some limitations in neonates. First, wewere unable to iden-
tify uncinate and arcuate fasciculi in the training set although these
tracts can be segmented from adult data using PNT (Clayden et al.,
2007); this is likely due to lower resolution inherent to neonatal dMRI
or relative under-development of these tracts at term equivalent age.
Second, the success of PNT varied from 100% for CST to 82% for right
CCG in the preterm group, which may be explained by differential sus-
ceptibility to partial volume effects for different tracts. A further poten-
tial limitation relates to multiple testing: eight simultaneous tests were
carried out for the 〈D〉 and FA data respectively. Bonferroni correction is
inappropriate here because tract-averaged FA and 〈D〉 values are
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correlated across the brain (Penke et al., 2010), so we chose to control
the effects of multiple testing with FDR at a threshold of 0.05. Finally,
the choice of reference template is a potential source of bias: we chose
a reference based on healthy controls born at term because it provided
the most biologically ‘normal’ reference. Further work would be re-
quired to determinewhether a reference template drawn from a repre-
sentative sample of the entire study group influences the results.

5. Conclusions

We have shown that PNT, an automated single seed point
tractography method, segments TOIs with a high degree of accuracy in
the newborn brain. It is unique in providing information about tract to-
pology, and it enables calculation of tract-averaged dMRI biomarkers.
Tract topology is a marker of preterm birth that is relatively robust to
age at scan. We found that discrete neural systems can be separated
by water diffusion parameters, reflecting specific microstructural prop-
erties of tracts that are apparent in early life, and that tract-averaged
dMRI biomarkers provide a sensitive metric for evaluating risk factors
for preterm brain injury and neuroprotective treatment effects. The ap-
proachmay have utility for investigating early life determinants of long-
term neurologic and psychiatric disorders.
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