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Abstract: White matter (WM) injury, either visible on conventional magnetic resonance images (MRI)
or measurable by diffusion tensor imaging (DTI), is frequent in preterm born individuals and often
affects the corticospinal tract (CST). The relation between visible and invisible white mater alterations
in the reconstructed CST of preterm subjects has so far been studied in infants, children and up to ado-
lescence. Therefore, we probabilistically tracked the CST in 53 term-born and 56 very preterm and/or
low birth weight (VP/VLBW,< 32 weeks of gestation and/or birth weight< 1,500 g) adults (mean age
26 years) and compared their DTI parameters (axial, radial, mean diffusivity—AD, RD, MD, fractional
anisotropy—FA) in the whole CST and slice-wise along the CST. Additionally, we used the automatic,
tract-based-spatial-statistics (TBSS) as an alternative to tractography. We compared control and
VP/VLBW and subgroups with and without CST WM lesions visible on conventional MRI. Compared
to controls, VP/VLBW subjects had significantly higher diffusivity (AD, RD, MD) in the whole CST,
slice-wise along the CST, and in multiple regions along the TBSS skeleton. VP/VLBW subjects also
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had significantly lower (TBSS) and higher (tractography) FA in regions along the CST, but no different
mean FA in the tracked CST as a whole. Diffusion changes were weaker, but remained significant for
both, tractography and TBSS, when excluding subjects with visible CST lesions. Chronic CST injury per-
sists in VP/VLBW adults even in the absence of visible WM lesions, indicating long-term structural WM
changes induced by premature birth. Hum Brain Mapp 37:289–299, 2016. VC 2015 Wiley Periodicals, Inc.
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INTRODUCTION

Preterm birth (before 37 weeks of gestation) has a life-
long impact on neurodevelopment [Mwaniki et al., 2012].
Cognitive, motor and sensory deficits persist into adult-
hood and morbidity is inversely related to gestational age
at birth [Saigal and Doyle, 2008] and/or to birth weight.
As such, very preterm (VP, birth before 32 weeks of gesta-
tion) and/or VLBW (VLBW, <1,500 g) individuals have an
especially high risk of morbidity [Lawrence et al., 2014]
and although some of the deficits may improve [Marlow
et al., 1993], most studies report a persistence of functional
impairments into young adulthood [Allin et al., 2006; Sri-
pada et al., 2015].

The functional deficits in preterm born individuals are asso-
ciated with cerebral white matter (WM) and grey matter (GM)
abnormalities, coined as “encephalopathy of prematurity”
[Volpe, 2009a,b]. The dominant pathology is WM injury which
occurs in 50% or more of VP/VLBW [Pandit et al., 2013; Volpe,
2009a,b] and is a combination of focal deep periventricular
lesions visible on conventional magnetic resonance images
(MRI) and diffuse injuries uncovered only by advanced imag-
ing techniques such as diffusion weighted imaging and its
application, diffusion tensor imaging (DTI). DTI characterizes
the size and directional preference of tissue water diffusion
and provides objective measures that reflect tissue micro-
structure [Le Bihan et al., 2001]. DTI parameters such as axial,
radial and mean diffusivity (AD, RD, and MD, respectively)
as well as fractional anisotropy (FA) are usually altered in

preterm born subjects compared to controls (for a review see
[Pandit et al., 2013]). Such WM alterations have been reported
in infancy (reviewed in [Pannek et al., 2014]), childhood [de
Kieviet et al., 2014], adolescence (reviewed in [Ment et al.,
2009]) and in young adulthood [Allin et al., 2011; Eikenes
et al., 2011]. In general, various degrees of increased diffusiv-
ity and decreased anisotropy are observed, although not all
studies could replicate these findings [Li et al., 2014]. The
majority of studies found a consistent increase of diffusiv-
ity—mean or radial—but the anisotropy may not always be
decreased. A recent meta-analysis of DTI studies in infants,
children and adolescents [Li et al., 2014] found decreased FA
in multiple regions including the corpus callosum, superior
longitudinal fasciculus, external capsule, posterior thalamic
radiation and cingulum, but the same meta-analysis also
identified regions in the corona radiata with increased FA.

WM injury frequently affects the motor pathways and is
strongly associated with motor impairments [Scheck et al.,
2012; Staudt et al., 2003], ranging from minor motor dysfunc-
tion to most severe motor disability, cerebral palsy. Together
with other impairments, motor deficits have detrimental
effects on long-term functional outcomes of preterm-born
individuals [Anderson, 2014; Bracewell and Marlow, 2002].
Therefore, characterizing structural alterations along the cor-
ticospinal tract (CST) is of particular clinical neuroscientific
interest. So far, WM alterations within the CST have been
studied in infants and children [Bassi et al., 2011; Estep et al.,
2014], as well as adolescents [Groeschel et al., 2014], but
beyond reports of widespread WM changes found in whole
brain analyses in adults [Allin et al., 2011; Eikenes et al.,
2011], no study focussed on the reconstructed CST in adults.
Thus, we aimed to assess group differences in WM changes
of the CST between VP/VLBW and term-born adults by
DTI and to evaluate the impact of visible lesions on DTI
parameters in and along the CST.

METHODS

Subjects

Study participants were recruited from the prospective
Bavarian Longitudinal Study (BLS), a geographically defined
whole-population sample of VP/VLBW and term-born indi-
viduals who were followed up from birth into young adult-
hood [Riegel et al., 1995; Wolke and Meyer, 1999]. Following
completion of adult behavioral assessments eligible partici-
pants were invited for a later MRI examination (including

Abbreviations

ANOVA Analysis of variance
BET Brain extraction tool
BLS Bavarian Longitudinal Study
CST Corticospinal tract
DTI Diffusion tensor imaging
FA Fractional anisotropy
FLAIR Fluid-attenuation inversion recovery
GM Grey matter
MRI Magnetic resonance images
SES Socioeconomic status
TBSS Tract-based spatial statistics
TFCE Threshold-free cluster enhancement
VLBW Very low birth weight
VP Very preterm
WM White matter
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the DTI protocol). Before entering this MRI substudy, each
participant was carefully screened for MR-related contraindi-
cations (e.g., pregnancy, claustrophobia, or ferromagnetic or
electrical implants). MRI examinations were conducted either
at the Department of Radiology of the University Hospital
Bonn, Germany, or at the Department of Neuroradiology,
Technische Universit€at M€unchen, Germany. The study com-
plies with the Code of Ethics of the World Medical Associa-
tion (Declaration of Helsinki), local ethics committees at each
of the two sites approved the study, and all participants gave
informed consent prior to examination.

VP/VLBW participants were recruited from the whole
population of at-risk infants born alive in Southern Bava-
ria, Germany, between January 1985 and March 1986 who
required admission to one of the 16 children’s hospitals
within the first 10 days of life (N 5 7,505; 10.6% of all live
births)[Wolke and Meyer, 1999]. Of this basic cohort, 682
children were born VP/VLBW. 172 died during initial hos-
pitalization and 12 died between discharge and 26 years
assessments. Seven parents did not give consent to partici-
pate, while 43 parents and their children were non-
German speakers and had to be excluded as cognitive
assessments could not be administered. No contact infor-
mation was available for 37 VP/VLBW adults. Of the eligi-
ble 411 VP/VLBW survivors, 260 (63.3%) participated in
26-years follow-up assessments [Daamen et al., 2014], with
104 (25.3%) undergoing the additional MRI examination.

A comparison sample of term-born born infants (GA >36
weeks) was recruited from normal postnatal wards in the
same obstetric hospitals as VP/VLBW participants. Of the ini-
tial 916 control children alive at 6 years, 350 were randomly
selected as term controls, using the stratification variables sex
and family socioeconomic status (SES) to be comparable with
the VP/VLBW cohort at age 6 years 3 months. Of these, 308
were eligible for 26 year follow-up assessments, with 229

(74.4%) participating in the psychological assessments, and
110 (35.6%) completing the additional MRI examination.

From this MRI sample, 109 subjects, 53 term born and
56 VP/VLBW, were selected (see Table I), following exclu-
sion of datasets with moderate-to-severe artifacts (n 5 85)
(see detailed description under Methods: Quality Check)
and exclusion of subjects without a complete DTI measure-
ment (n 5 20).

Clinical measures

Birth-related parameters such as gestational age, birth
weight and a 21 items neonatal optimality score [Prechtl,
1967; Wolke and Meyer, 1999], which measured the extent
of neonatal clinical complications, were available from the
neonatal assessments (see [Gutbrod et al., 2000]). Tests of
motor function were available for age 6 and 8 years: the
Beery Developmental Test of Visual-Motor Integration
[Beery, 1982] and the test of motor impairment [Stott et al.,
1984]. At age 26 several cognitive [Eryigit Madzwamuse
et al., 2014] but no motor tests were available.

Image Acquisition

The MRI measurements were performed in Bonn (n 5 48) at
the Department of Radiology, University Hospital Bonn, Ger-
many, and in Munich (n 5 61) at the Department of Neuroradi-
ology, Technische Universit€at M€unchen, Germany (see Table
I). We used 3 Tesla scanners (Table I) with a 8-channel head
coil for all measurements. Due to scanner upgrades, both sites
had to shift from 3T Achieva TX to complementary 3T Ingenia
systems, which necessitated slight adaptions of scan sequence
parameters. The possible impact of different scanners on the
study results was statistically tested and is reported.

Diffusion-weighted images for DTI were acquired with
a single-shot spin-echo echo-planar imaging sequence (rep-
etition time TR 20163 ms, echo time TE 47 ms, flip angle
908, 75 slices, matrix 112x112, voxel size 2x2x2 mm), with
b-values of 0 and 1,000 s/mm2 and a gradient scheme
with 32 non-collinear diffusion directions.

Whole brain, high-resolution T1-weighted (T1w) images
were obtained with a 3D- Turbo Field Echo sequence (TR
7.7 ms, TE 3.93 ms, flip angle 158, 180 slices, matrix 256 3

256, voxel size 1 3 1 3 1 mm, parallel acquisition with
SENSE 2), and were used for coregistration purposes and
identification of gross anatomical changes.

For identification of visible WM changes we recorded 3D
fluid-attenuation inversion recovery (FLAIR) images (TR
4,800 ms, inversion time TI 1,600 ms, SENSE 5) and T2-w
images (3D turbo spin echo with flip angle sweep 358, TR
2,500 ms, flip angle 908, SENSE 4). Both FLAIR and T2-w
images were acquired with fat suppression, 360 overcontig-
uous slices, matrix 512 3 512, acquired voxel size 1 3 1 3

1 mm, reconstructed voxel size 0.5 3 0.5 3 0.5mm.

TABLE I. Birth and scanner related measures

(mean (standard deviation)) for the subjects included

in the study, by group. Group differences were tested

with a chi-squared test (gender and MRI site) or

an independent samples t-test (age, gestational age,

and birth weight).

All controls All VP/VLBW
P-valuen 5 53 n 5 56

Age, years 27.09 (0.79) 26.89 (0.6) 0.154
Sex, f/m 17/36 20/36 0.843
Gestational age at

birth, weeks
39.64 (1.06) 30.38 (1.86) <0.001*

Birth weight, grams 3336 (482) 1335 (316) <0.001*
Optimality score 0.42 (0.69) 9.16 (2.53) <0.001*
MRI site (n)
Bonn:Achieva 8 3 0.132
Bonn Ingenia 10 27 0.005*
Munich Achieva 19 23 0.537
Munich Ingenia 16 3 0.003*
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Data Analysis

The software package FSL v5.0 (FMRIB Software Library,
Oxford, UK—http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/) [Jenkinson
et al., 2012] was used to analyze CST WM integrity, applying
two methods: probabilistic tractography and tract-based spatial
statistics (TBSS, [Smith et al., 2006]).

Preprocessing

We first corrected the raw DTI images for motion and
eddy current effects by linear registration to the first b0
volume. Then we skull-stripped the result with the brain
extraction tool (BET) [Smith, 2002]. Finally we fitted the
tensor model with DTIFIT (FSL) to obtain the diffusion
maps: FA, AD (k1), RD (k2 1 k3)/2 and MD
(k1 1 k2 1 k3)/3.

Quality check

Apart from careful visual inspection of raw data, we also
used the fitting residuals (the sum-of-squared error maps
generated by DTIFIT) to identify data corrupted by artifacts.
In case of poor fitting due to motion artifacts (signal loss), we
either discarded the whole dataset or, if less than four vol-
umes (gradients) were corrupted, we discarded those vol-
umes [Heemskerk et al., 2013] and refitted the remaining
data. Poor fitting also occurred due to other, non-correctable
artifacts such as projection of skull-fat onto the brain (ghost-
ing) [Tournier et al., 2011] due to insufficient fat suppression
[Sarlls et al., 2011] and/or unfortunate head positioning. In
these cases, we carefully rated the artifact intensity by a four-
point visual rating scale - no/minimal artifact (n 5 72), weak
(n 5 37), medium (n 5 23) or strong artifact (n 5 62). For this
study, out of the pool of n 5 194 full DTI datasets initially
available, we excluded datasets rated as medium or strong
artifact (n 5 85).

Probabilistic tractography

We used probabilistic tractography [Behrens et al., 2003] to
reconstruct the CST in each hemisphere and subject from
seed to target regions defined in the standard space of the
Montreal Neurological Institute (MNI152) template [Giorgio
et al., 2010]. The distribution of diffusion directions at each
voxel was reconstructed with BEDPOSTX (FSL) with two
crossing fibers modeled per voxel. The probabilistic tractog-
raphy algorithm repeatedly sampled up to 5,000 of these
directions and generated a probabilistic streamline between
seed and target. We used a seed in the cerebral peduncle at
z 5 222, a target in the precentral gyrus at z 5 56 and termi-
nation masks below the seed and above the target regions.
To remove spurious connections in the final CST path we
only selected those voxels through which at least 20 samples
passed [Giorgio et al., 2010]. This method has been shown to
robustly reconstruct the CST even in subjects with distorted
anatomical features such as enlarged ventricles [Jurcoane

et al., 2014]. The FA, AD, MD and RD parameters in the left
and right CST were then extracted and compared between
the VP/VLBW and control groups, once with and again
without white-matter lesions. Furthermore, we also gener-
ated a slice-wise tract profile containing the DTI parameters
along the superior–inferior axis of the CST and identified the
levels that were significantly different between the groups.

Tract-based-spatial-statistics (TBSS)

We used TBSS as an alternative, supportive method for our
main probabilistic tractographic approach. TBSS is a voxelwise
statistical analysis of diffusion data, which creates a thinned,
skeletonized mean FA image (of FA values above 0.2) from all
subjects’ FA data non-linearly aligned to the standard MNI152
brain. This skeletonized FA image represents the centers of all
tracts common to all the subjects onto which each subject’s FA,
AD, MD or RD data is projected and statistically compared.
We used “randomise” (FSL) with 5,000 permutations, and
multiple comparisons correction by means of threshold-free
cluster enhancement (TFCE, [Smith and Nichols, 2009]) to
compute the group differences between the VP/VLBW and
the control group within the skeleton masked with the
average-CST (from probabilistic tractography).

Visible lesions in the WM were identified on the FLAIR
and T2-weighted images by an experienced neuroradiolo-
gist (EH), who noted whether lesions were present and if
yes, whether they were located along the CST. We then
used this information to analyze the DTI data of the CST in
subjects with and without lesions along the tract. Volumes
of the lateral ventricles (enlargement) and corpus callosum
(thinning) in T1-w images were visually evaluated and
quantified based on T1-w image segmentation (see Support-
ing Information Figure). Values beyond one standard devia-
tion from the mean volume of control subjects are reported.

Statistics

Statistical analysis was performed with FSL [Jenkinson
et al., 2012] and with R Statistics package (version 3.2.1)
(http://www.R-project.org/, [R Core Team, 2014]).

We used independent samples t-tests to compare VP/
VLBW and controls. For categorical variables, we used a chi-
squared test. We assessed the correlation between DTI
parameters in the CST and birth-related variables or motor
scores with Pearson’s correlation coefficient. Differences
between subgroups with and subgroups without WM lesions
were explored with the analysis of variance (ANOVA). We
considered a P value< 0.05 as statistically significant and we
used a Bonferroni correction for multiple comparisons for the
tests along the CST profile.

RESULTS

The CST was successfully reconstructed in every single
subject.
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Whole Sample Analysis

Axial, radial and mean diffusivity were all higher in
VP/VLBW than in controls (Table II and Fig. 1), both for
the whole CST (Fig. 1a) and along the tract in the corona
radiata near the lateral ventricles and the centrum semi-
ovale, as well as in selected portions of the capsula interna
and the brain stem (Fig. 1b). FA was not different between
the groups for the whole tract but VP/VLBW had higher
FA in the CST at the level of the corona radiata.

TBSS (Fig. 2) also revealed higher diffusivities (AD, RD,
MD) in the CST of the VP/VLBW subjects compared to
controls and the location of these differences followed the

TABLE II. Results of group comparisons (t-test) for the

DTI parameters of probabilistically tracked CST

All controls All VP/VLBW
P-valuen 5 53 n 5 56

FA 0.498 (0.023) 0.503 (0.021) 0.256
AD (1023s/mm2) 1.162 (0.035) 1.193 (0.042) <0.001*
RD (1023s/mm2) 1.006 (0.042) 1.027 (0.054) 0.024*
MD (1023s/mm2) 0.723 (0.018) 0.740 (0.028) <0.001*

Significant differences P < 0.05 are marked with asterisk.

Figure 1.

Probabilistic tractography. Differences in diffusion parameters

(FA, AD, RD and MD)—between VP/VLBW and control adults

in the probabilistically tracked whole CST (a) and along the

z-axis of the CST (b). Approximate levels of the brain stem

(BS), capsula interna (CI), corona radiata (CR) and centrum

semiovale (CSO) are marked along the CST. Significant differen-

ces P< 0.05 are marked with asterisk; for comparisons along

the z-axis Bonferroni correction for multiple comparisons was

used. Left and right CST are averaged.
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pattern found in the tractography analysis. TBSS found no
regions of higher FA but uncovered regions (in the cen-
trum semiovale and the brain stem) of lower FA in the
CST of the VP/VLBW subjects.

In the VP/VLBW group, 28 (50%) subjects had no visi-
ble WM hyperintensities on the MR FLAIR or T2 images,
18 (32%) had WM hyperintensities affecting the CST and
10 (18%) had hyperintensities in the WM outside the CST
or in the periventricular regions. In the control group, 42
subjects (79%) had normal MRIs, three (6%) had hyperin-
tensities in the CST and eight (15%) subjects had hyperin-
tensities outside the CST (see Fig. 3). On the T1w
conventional MRI images, the visual inspection as well as
the volume quantification (see Supporting Information Fig-
ure) showed that half of VP/VLBW had enlarged ven-
tricles with undulating ventricular borders and callosal
thinning, while only one tenth of controls had enlarged
ventricles with undulating ventricular borders and less
than one fifth of controls had callosal thinning.

We found no significant correlations between diffusion
parameters (FA, AD, RD, MD) and birth-related variables
(gestational age, birth weight and optimality score), or
motor scores at age 8.

Subgroup Analysis

A rerun of the tractography and TBSS analyses in sub-
groups without visible WM hyperintensities in the CST
showed weaker, but still significant effects, similar to the
whole sample analysis (Table III). Post hoc comparisons
using the Tukey HSD test indicated that mean AD and
MD in the CST were significantly higher in both, VP/
VLBW without WM lesions and VP/VLBW with WM
lesions, compared to controls (Table III, contrasts 1–3 and
1–4). VP/VLBW subjects with lesions in the CST tended to
have higher AD (P 5 0.07) than VP/VLBW subjects with-
out CST lesions (Table III, contrast 2–4).

Exploratory Analyses of Confounding Factors

Right-left asymmetry

In both VP/VLBW and controls, the diffusivity values
(AD, RD, MD) were significantly higher in the left
hemisphere [VP/VLBW F(1,110)> 6, P< 0.05; controls
F(1,104)> 6, P< 0.05] whereas the FA did not differ between
the two sides. However, the main group effect (VP/
VLBW>controls) was significant in each hemisphere. Table II

Figure 2.

TBSS in the CST and right and left CST profiles (probabilistic

tracking). Differences in diffusion parameters (FA, AD, RD and

MD) between VP/VLBW and adult controls. Comparisons in the

CST (in yellow) after TBSS and slice-wise along the z-axis of the

CSTafter probabilistic tracking. The significant TBSS skeleton vox-

els (P< 0.05, with TFCE correction) along the CST are overlaid

onto the MNI template brain. On the right and left of each brain,

the slice-wise CST profiles resulting from probabilistic tractogra-

phy are depicted for each diffusion parameter and significant dif-

ferences (Bonferroni corrected for multiple comparisons) are

marked with asterisk. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]
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and Figure 1 therefore depict the comparison of DTI values in
the whole CST (right and left averaged). TBSS analysis of
right-left symmetry also confirmed the higher diffusivities in
the left hemisphere in both the VP/VLBW and control
subjects.

Scanner effects

During the acquisition period of almost three years
(beginning of 2011 until end of 2013), both MRI sites
shifted from a Philips Achieva 3T to a Philips Ingenia 3T
scanner for reasons that were independent of the present
study. As a result, the DTI data in this study arise from
four different scanners—albeit, two thirds of the data do
come from two scanners (see Table I). Nevertheless, we
could replicate the main group effects reported above (dif-
fusivity VP/VLBW>controls) in each of the two scanners
with most subjects and therefore we report here the
pooled results of all subjects and scanners.

Artifacts

The analysis (tractography and TBSS) of a subset of data
(n 5 72, 36 VP/VLBW, 36 controls) free from any kind of arti-
facts delivered the same effects as of those presented here.

DISCUSSION

DTI revealed significant WM alterations along the CST in
adult VP/VLBW subjects compared to term-born individu-
als. These alterations were significant regardless of the pres-
ence or absence of CST WM lesions, which were visible in
FLAIR and T2-w images, and suggest diffuse CST injury (not
visible on conventional MRI) that persists into adulthood.

In line with previous findings [Pandit et al., 2013; Volpe,
2009a,b] about half of the VP/VLBW subjects had various
degrees of brain abnormalities visible on conventional
MRI (enlarged ventricles, thinning of the corpus callosum
or WM lesions).

Figure 3.

FLAIR MR images in six subjects—three control subjects (a, b, c) and three VP/VLBW subjects

(d, e, f). Left panel (a, d) shows subjects without WM hyperintensities while mid and right panels

show subjects with WM intentisities (arrows) along the CST (b, e) or outside it (c, f). The CST

is marked with a black outline. [Color figure can be viewed in the online issue, which is available

at wileyonlinelibrary.com.]
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Our study extends previous findings of altered WM
microstructure in VP/VLBW subjects. There are reports on
widespread WM disturbances in younger adults who were
born preterm [Allin et al., 2011; Eikenes et al., 2011]. These
changes affect the corpus callosum, the superior longitudi-
nal fasciculi, the corona radiata [Allin et al., 2011] and also
the CST [Eikenes et al., 2011; Groeschel et al., 2014]. Higher
MD and lower FA are the usual findings but higher FA is
not uncommon (for a meta-analysis see [Li et al., 2014]).
However, the diffusion properties and their relation to visi-
ble WM lesions in the CST of preterm-born subjects have so
far been only reported in infants [Bassi et al., 2011], children
[Estep et al., 2014] and adolescents [Groeschel et al., 2014]
but not in adults. Previous studies demonstrated that WM
pathology visible on conventional MRI leads to increased
diffusivity, which is suggestive of increased water content
in the affected WM tracts [Counsell et al., 2003]. We found

such increased diffusivity even in the absence of visible WM
lesions suggesting even more subtle WM alterations in the
CST of VP/VLBW. These alterations may be related to the
“encephalopathy of prematurity” [Volpe, 2009a] since the
CST is an early myelinating tract running in the periventric-
ular area through part of its course and may be particularly
vulnerable to injury [Estep et al., 2014]. In infants, Bassi et al.
[Bassi et al., 2011] also found such diffuse injury extending
beyond the lesion boundaries but they limited their observa-
tion to FA. Estep et al [Estep et al., 2014] demonstrated
higher diffusivities in the right CST of VP children with
moderate-to-severe visible WM alterations compared to VP
children without WM alterations. They interpreted these
findings as reflecting disrupted fiber tracts, reduced myelin,
and/or lower axonal density.

Compared with controls adolescents born preterm have
significantly altered diffusion parameters at several levels

TABLE III. ANOVA with CST WM lesions as grouping variable (groups 1–4)

Controls Controls VP/VLBW VP/VLBW

ANOVA

1. Without CST
lesions

2. With CST
lesions

3. Without CST
lesions

4. With CST
lesions

n 5 50 n 5 3 n 5 38 n 5 18

Age, years 27.09 (0.78) 27.11 (1.07) 26.91 (0.58) 26.86 (0.67) F(3,105) 5 0.7071, P 5 0.5499
Gestational age

at birth, weeks
39.76 (0.94) 37.67 (1.15) 30.47 (1.87) 30.17 (1.89) F(3,105) 5 349.1, P< 0.001*

1-2: P 5 0.09
1-3: P< 0.001*
1-4: P< 0.001*
2-3: P< 0.001*
2-4: P< 0.001*
3-4: P 5 0.891

Birth weight, grams 3356 (473) 3007 (627) 1321 (311) 1363 (331) F(3,105) 5 222.9, P< 0.001*
1-2: P 5 0.47
1-3: P< 0.001*1-4: P< 0.001*
2-3: P< 0.001*
2-4: P< 0.001*
3-4: P 5 0.98

FA 0.50 (0.02) 0.50 (0.05) 0.50 (0.02) 0.51 (0.02) F(3,105) 5 0.6359, P 5 0.593
AD (1023s/mm2) 1.16 (0.03) 1.19 (0.05) 1.19 (0.03) 1.21 (0.05) F(3,105) 5 8.688, P< 0.001

1-2: P 5 0.689
1-3: P 5 0.017*
1-4: P< 0.001*
2-3: P 5 1
2-4: P 5 0.688
3-4: P 5 0.077

MD (1023s/mm2) 0.72 (0.02) 0.74 (0.02) 0.74 (0.02) 0.75 (0.03) F(3,105) 5 6.839, P< 0.001*
1-2: P 5 0.756
1-3: P 5 0.032*
1-4: P< 0.001*
2-3: P 5 1
2-4: P 5 0.778
3-4: P 5 0.182

RD (1023s/mm2) 1.00 (0.04) 1.02 (0.07) 1.02 (0.05) 1.04 (0.07) F(3,105) 5 2.23, P 5 0.089

When the overall ANOVA indicated a significant effect, post hoc comparisons (all combinations of subgroups) using the Tukey HSD test
have also been performed. The post hoc contrasts 1–3 and 1–4 denote the difference between control subjects without visible CST lesions
and VP/VLBW without (1–3), respectively VP/VLBW with CST lesions (1–4). Contrast 3–4 shows the influence of CST lesions within
the VP/VLBW group. Mean (standard deviation) are also provided and significant differences are marked with asterisk.
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along the cortico-spinal, thalamo-cortical and transcallosal
pathways [Groeschel et al., 2014]. A crucial aspect of these
findings is that while MD was consistently increased along
the CST, FA was decreased in single fiber regions (i.e., in
the internal capsule) and increased in crossing fiber
regions (i.e. in the centrum semiovale). Our results confirm
these findings, albeit, only in part: our TBSS analysis
showed decreased FA in the capsula interna but also in
the centrum semiovale. While we found no regions of
increased FA with TBSS, these were uncovered by the
probabilistic tractography, which showed higher FA in
VP/VLBW in the corona radiata near the lateral ventricles.
Corroborating our results from the two modalities (TBSS
and tractography) may explain why we found no signifi-
cant FA difference between VP/VLBW and controls in the
CST as a whole: If parts of the CST exhibit higher FA and
parts exhibit lower FA, it is unlikely that the average of
these FA values are significantly different.

Supporting our findings Groeschel et al. [2014] found
that alterations in the CST in adolescents were weaker but,
at least for FA, were maintained when analyzing only the
subjects without visible WM injury.

Increased overall diffusivity may actually suggest
chronic injury [Aung et al., 2013] and elevated water con-
tent [Counsell et al., 2003]. Reduced anisotropy is usually
associated with less myelin and/or lower axonal density
[Estep et al., 2014; Song et al., 2002] but there are few
explanations for increased FA. One explanation discussed
by Groeschel et al [Groeschel et al., 2014] is related to
crossing fibers, where selective FA decreases in one of the
crossing fibers may result in apparent FA increases in the
other fiber. More precisely, FA along the CST could be
artificially induced by a decrease in FA in a perpendicular
tract crossing in the same voxel. Another explanation
would be a mechanical stress of fibers running near the
lateral ventricles. We previously could show that ventricu-
lar enlargement causes an increase of FA values along the
CST [Jurcoane et al., 2014]. Our finding [Jurcoane et al.,
2014] was in patients with normal pressure hydrocephalus
but adults born preterm also have a significant enlarge-
ment of their ventricles compared to adults born term
[Nosarti et al., 2002].

Currently it is still not clear how big the impact of struc-
tural CST abnormalities upon motor function may be. A
recent review of studies examining cerebral palsy concluded
that decreased FA and increased MD within descending
motor tracts, particularly the CST, reflect tract integrity and,
hence, correlate with the clinical severity of cerebral palsy
[Scheck et al., 2012]. However, it would be hard to draw
such clear-cut conclusions in preterm-born individuals with
milder motor impairments. On one hand, tests for motor
function also engage cognitive abilities and disentangling
the two is not trivial. On the other hand, there is a high vari-
ability in used methodologies between studies, which some-
times leads to contradictory findings. Nevertheless, some
studies [Skranes et al., 2007; van Kooij et al., 2012] found

associations between gross and/or fine motor functions and
diffusion parameters: motor proficiency correlated posi-
tively with anisotropy and negatively with diffusivity, not
only in the CST and the posterior limb of the internal cap-
sule but also in the corpus callosum, the superior longitudi-
nal fasciculus, fornix, cingulum and other tracts (for a
review see Pandit et al [Pandit et al., 2013]). Sripada et al
[Sripada et al., 2015] recently revealed that visual–motor
performance in VLBW adults correlates positively with FA
in several WM bundles and these correlations are primarily
driven by an increase in radial diffusivity. A limitation of
our study is the absence of motor functional scores at the
time of MRI, at age 26. Motor functioning tests were only
available at age 8 and we found no correlation with the DTI
parameters. Moreover, even if we had found such an associ-
ation, the interpretability of such correlations would have
been limited due to the long time gap. We plan a follow-up
study of the same subjects in the next recruitment phase in
which the motor function shall also be investigated and the
combination with motor functional MRI may further clarify
the impact of microstructural CST abnormalities on motor
function.

We found a significant right-left asymmetry with higher
diffusivities (AD, RD, MD) in the left hemisphere in both
VP/VLBW and controls. A significant right-left asymmetry
has been reported previously [Fabiano et al., 2005; Klingberg
et al., 1999; Naganawa et al., 2003] but to date this phenom-
enon has not been properly explained. Fabiano et al. [2005]
found higher diffusivity in several GM subcortical struc-
tures in the left hemisphere, but no right-left differences
were reported in the WM. Naganawa et al [Naganawa et al.,
2003] also found higher diffusivity on the left side in a large
cohort of 294 healthy subjects in several regions including in
the thalamus and temporal WM but these were not constant
over age groups, gender and laterality, leading the authors
to admit that they do not yet have a reasonable explanation
for their findings. We did not find any asymmetries in the
anisotropy of the CST but some studies [Klingberg et al.,
1999] reported higher FA on the right side of the brain,
which they interpreted as a physiological finding in normal
development. Estep et al [Estep et al., 2014] found higher
diffusivities in the right CST of children with visible WM
lesions and interpreted them in the context of developmen-
tal changes and non-dominance of the right hemisphere.
Most studies, however, have not reported hemispheric
asymmetries of diffusion parameters either because they
did not search for it or because many studies usually col-
lapse left and right hemispheres, potentially masking left-
right differences. Another, more trivial explanation for these
findings may be a scanner-related (coil inhomogeneity) left-
right gradient. This could be investigated by scanning the
same subjects while lying face up and face down in the scan-
ner (or lying on their left and right side), but to our knowl-
edge, no such systematic analysis has been performed so
far. Thus, until this issue is thoroughly investigated, caution
is advised in interpreting these asymmetries as pathology.
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Methodical Issues

We used two independent methods—tractography and
TBSS—to investigate the diffusion changes in the CST of VP/
VLBW adults and their relation to visible WM lesions. TBSS
is widely used in the analysis of WM [Bassi et al., 2011;
Eikenes et al., 2011] but TBSS biases analysis towards regions
of high WM anisotropy and underestimates the regional
extent of any abnormalities[Bassi et al., 2011]. Probabilistic
tractography does not suffer from these disadvantages; it
reconstructs a complete fiber tract in individual subjects, irre-
spective of inter-subject anatomical differences or WM qual-
ity and tracks even through regions of high uncertainty due
to fiber crossings or WM lesions. That is why we focused on
probabilistic tractography and used TBSS primarily as a con-
firmatory analysis for our tractography findings.

We carefully quality-checked our data and excluded
data with severe artifacts. However, we did include data-
sets (n 5 37) with weak artifacts resulting from insufficient
fat-suppression. We chose to do this because the analysis
(tractography and TBSS) of the subset of data (n 5 72, 36
VP/VLBW, 36 controls) free from any kind of artifacts
delivered the same results as those presented here.
Although our results were replicated even when including
all datasets available (n 5 194), that is, with severe artifacts,
inclusion of data severely affected by artifacts is strongly
discouraged [Heemskerk et al., 2013; Sarlls et al., 2011;
Tournier et al., 2011]. Until further research determines the
impact of severe artifacts from insufficient fat suppression
onto the resulting parameter maps, and the suitability of
such data for further analysis, we chose to limit our pres-
ent report to datasets without such severe artifacts.

A limitation of our study is the use of four MRI-
scanners. However, all scanners had the same manufac-
turer and field strength (Philips 3 Tesla) and parameters of
the MR-sequences were very similar. As there were no sig-
nificant scanner-group interactions and main group effects
were significant in each of the two scanners with most
subjects, we assume that the reported effects were not pri-
marily driven by this limitation.

CONCLUSION

The diffuse perinatal WM damage in VP/VLBW-sub-
jects even in the absence of visible WM lesions, indicates
long-term structural white-matter changes induced by pre-
mature birth.
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