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Abstract: Very preterm (PT) birth (�32 weeks of gestation) carries a high risk for an adverse neurode-
velopmental outcome. In recent years, the importance of neurocognitive deficits in the language
domain has been increasingly recognized, which can be well-characterized using neuropsychological
testing and noninvasive imaging approaches. We compared former early PT born children and adoles-
cents (PT, n 5 29, 20M) and typically developing children (TD, n 5 19, 7M), using conventional fMRI
group analyses as well as functional connectivity analyses. We found only small regions with signifi-
cantly different group activation (PT > TD) but significantly stronger connectivity between superior
temporal lobe (STL) language regions in TD participants. There were also significant differences in
local and global network efficiency (TD > PT). Surprisingly, there was a stronger connectivity of STL
regions with non-STL regions both intrahemispherically and interhemispherically in PT participants,
suggesting the coexistence of reduced and increased connectivity in the language network of former
PTs. Very similar results were obtained when using task-based versus resting state functional connec-
tivity approaches. Finally, lateralization of functional connectivity correlated with verbal comprehen-
sion abilities, suggesting that a more bilateral language comprehension representation is associated
with better performance. Our results underline the importance of interhemispheric crosstalk for lan-
guage comprehension. Hum Brain Mapp 35:3372–3384, 2014. VC 2013 Wiley Periodicals, Inc.
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INTRODUCTION

Prematurity, that is, birth before the 37th week of gesta-
tion, is associated with a high risk of an unfavorable neu-
rodevelopmental outcome. This is particularly true for
children born very preterm (PT), or with very low birth-
weight (�32 weeks of gestation, �1500 g birth weight). In
this group in particular, the relevance of neurocognitive
impairments (in addition to more overt neurological
impairment such as cerebral palsy) is increasingly recog-
nized: they contribute significantly to the long-term prog-
nosis of the former PTs [Allen, 2008; Doyle and Anderson,
2010; Latal, 2009; Marlow, 2004; SCPE, 2000; Zwicker and
Harris, 2008].

Language is increasingly recognized to feature consis-
tently among the cognitive domains impaired in former
early PTs, with both expressive and receptive language
being affected. As a complex cognitive process, under-
standing and producing language is represented not only
in distinct nodes, but in complex networks in the brain.
These nodes and networks are increasingly well-described,
not least because language can be assessed comprehen-
sively using both neuropsychological testing and non-
invasive imaging approaches; language may therefore
serve as a model to further understand early adverse inter-
ference with normal brain development. Language net-
works are known to undergo developmental changes, and
an impairment of the connections underlying these net-
works must be expected to underlie at least some of the
observable difficulties in language disorders [Barre et al.,
2011; Bitan et al., 2010; Friederici et al., 2011; Luu et al.,
2011; Reidy et al., 2013; Staudt, 2010]. Using functional
imaging, previous studies have shown differences in con-
nectivity between distinct language regions between for-
mer PTs and typically developing (TD) children. In these
studies, increases in functional connectivity (i.e., higher
temporal coherence in timecourses between brain regions)
were found between distinct language regions in former
PTs, interpreted to reflect a compensatory mechanism
[Constable et al., 2013; Gozzo et al., 2009]. In contrast to
this, a recent study investigated the structural connectivity
between temporal language regions in a large cohort of
former early PTs and TD children, using diffusion MRI.
This group reported decreased structural connectivity
between both hemispheres in former PTs, which was pre-
dicted by the individual degree of language impairment
[Northam et al., 2012]. Previous studies also support the
notion of altered structural connectivity in PT-born adoles-
cents [Mullen et al., 2011]. These seemingly contradictory
findings (increased functional, but decreased structural
connectivity) are at present difficult to reconcile.

In this study, we therefore aimed to assess functional
connectivity between language regions in former very
early PTs and TD children and adolescents. Specifically,
we were interested in investigating whether evidence for
both increased and decreased connectivity can be found,
and whether possible group differences are detectable

using traditional task-based as well as resting state func-
tional magnetic resonance imaging (fMRI) data for connec-
tivity analyses.

SUBJECTS AND METHODS

Former very early PT were recruited as a follow-up
from previous studies on the effect of early postnatal
human cytomegalovirus infection [Bevot et al., 2012; Goelz
et al., 2013; Maschmann et al., 2001; Neuberger et al.,
2006]. As such, all were born in or before the 32nd week
of pregnancy, constituting early prematurity, and all but 2
were born at <1500 g, constituting very-low birthweight.
TD children and adolescents were recruited by public
announcements; in the course of the study, a small num-
ber of participants were recruited by word of mouth. For
both groups, standard MR contraindications applied; in
addition, TD participants were excluded if there was a
personal history of neurological/psychiatric disorders,
perinatal infection, hearing or vision deficits (other than
refraction anomalies), or prematurity. Overall, data from
56 subjects was acquired, but imaging data from 8 partici-
pants had to be discarded due to subject motion (see
below). This left data from 48 children and adolescents for
analyses, 19 TD (12F; mean age 5 12.84 6 2.03 years) and
29 PT (9F; mean age 5 14.66 6 1.24 years). Further demo-
graphic data of these children are listed in Table I. Parents
of all participants provided written informed consent, and
all participants verbally assented. Procedures were in
accordance with the ethical regulations set forth in the
declaration of Helsinki in its latest version, and the ethics
committee of the medical faculty of the Eberhard Karls
University T€ubingen approved the study.

TABLE I. Demographic data from all participants

TD participants
Early PT born

participants P-value

Age (years) 12.84 6 2.03 14.66 6 1.24 0.002a

Gender
composition

7 M, 12 F 20 M, 9 F 0.028b

Handedness
Score (EHI)

0.66 6 0.55 0.55 6 0.6 n.s.a

MEL (years) 14.16 6 3.33 12.62 6 2.72 n.s.a

Verbal
comprehension

112.53 6 10.43 100.1 6 19.4 0.015c

Gestational age
(weeks)

– 28.27 6 1.97 –

Birth weight (g) – 1130 6 303 –
Postnatal hCMV – 11/29 –

2, Data not available or test not meaningful; EHI, Edinburgh
handedness inventory score.
aWilcoxon signed rank test.
bChi-square test.
cStudent’s t-test.
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Subject Characterization

All TD participants were born at term (>37 weeks of ges-
tation); for the PT participants, gestational age, and birth
weight were drawn from clinical charts. For assessing recep-
tive language abilities, the verbal comprehension subscale
of the HAWIK-IV [Petermann and Petermann, 2007], the
German version of the Wechsler Intelligence Scale for Chil-
dren, was used. Subject handedness was assessed using the
Edinburgh Handedness Inventory (EHI) [Oldfield, 1971],
which is well-applicable also in children [Wilke et al., 2008].
PT subjects were assessed regarding the presence of cerebral
palsy [SCPE, 2000] and characterized using the bimanual
fine motor function rating scale (BMFM) [Beckung and
Hagenberg, 2002] and the gross motor function classifica-
tion system (GMFCS) [Palisano et al., 1997]. Both scales
range from 0 (no impairment) to V (severe impairment); any
occurrence of a score of I–V was considered pathological.
Finally, maternal education level (MEL) was assessed in
years of maternal education, as this was shown to be of sub-
stantial relevance for the neurocognitive outcome in former
PTs [Voss et al., 2012].

MR-Imaging and Data Preprocessing

Children were imaged on a 1.5 T MR-scanner (Siemens
Avanto, Erlangen, Germany), using a 12-channel head coil.
For functional series, echoplanar imaging (EPI, 40 axial sli-
ces of 3 mm thickness, no gap, matrix 5 64 3 64, yielding
a voxel size of 3 3 3 3 3 mm3 with TR/TE 5 3000/40 ms)
was used to acquire 110 volumes in 5:30 min in an inter-
leaved fashion. From all studies, the first ten image vol-
umes were removed to allow for the stabilization of
longitudinal magnetization, leaving 100 images for analy-
ses. For data processing, a structural T1-weighted 3D-data
set was also acquired (176 sagittal slices of 1 mm thick-
ness, no gap, matrix 5 256 3 256, yielding a voxel size of
1 3 13 1 mm3 with TR/TE 5 1300/2.92 ms). All images
were read by an experienced pediatric neuroradiologist for
incidental findings as well as for signs of early brain injury
(such as enlarged ventricles or white matter abnormalities
indicative of periventricular leucomalacia) [Volpe, 2009].
Additionally, a gradient-echo B0-fieldmap was acquired
(with the same resolution and slice prescription as the
functional series and with TR/TE1j2 5 546/5.19j9.95 ms).

All processing and analysis steps were done employing
functionality available within SPM8 (Wellcome Trust
Centre for Neuroimaging, University College London, UK)
or using custom scripts and functions, running within
Matlab (The Mathworks, Natick). To minimize interpola-
tion artifacts [Grootoonk et al., 2000], seventh degree
B-spline interpolation [Unser, 1999] was used whenever
possible. Initially, slice timing was performed to correct
for timing delays introduced as part of the acquisition
scheme [Sladky et al., 2011]. Thereafter, functional images
were realigned [Friston et al., 1996] to correct for subject
motion, with the “quality” flag set to maximum. From

these rigid-body translations, total displacement at average
cortical distance (TDavg) was computed by combining
shifts and rotations along/around each principal axis; this
is a single, comprehensive feature describing subject
motion [Wilke, 2012]. “Excessive motion” was defined as
TDavg exceeding voxel size (3 mm) at more than one time
point; subjects with one dataset fulfilling this criterion
were rejected. Realignment over both sessions ensures that
both sessions are coregistered to each other; they were
also coregistered to the anatomical image. Finally, global
signal drifts were removed [Macey et al., 2004]. For statis-
tical analyses, images from the functional series were spa-
tially smoothed with a Gaussian filter of FWHM 5 6 mm.
The anatomical dataset of each subject was segmented into
tissue classes [Ashburner and Friston, 2005], employing
the so-called priorless segmentation functionality available
within the VBM8-toolbox [Gaser, 2012] and using custom-
made anatomical priors for spatial normalization [Wilke
et al., 2008]. These normalization parameters were then
applied to the native-space statistical parametrical maps
(see below); following inversion, they were also used to
back-transform the normalized-space masks into the indi-
vidual’s native space (see below). It should be noted that
the usage of customized priors for spatial normalization of
MRI data in children precludes reporting coordinates in
standard space.

Functional Series

From each subject, two functional series were acquired.
First, a beep story dataset (BSD) was acquired, using a
modified story-listening task [Wilke et al., 2005]. In the
active condition, subjects listen to simple children’s stories
of 30 s duration. From each story, 6–8 key words were
removed and replaced by a sinus tone (a “beep”), which
makes the story harder to follow and induces a stronger
left-inferior frontal involvement [Wilke et al., 2005]. In the
control condition, subjects listen to different sinus tones in
the range of human language. Participants are instructed
to pay close attention to the stories and are quizzed after
the exam with a set of six control questions, one for each
story. Performance on this test below chance level was
considered grounds to reject the dataset. Second, a resting
state dataset (RSD) was acquired, where participants were
instructed to “lie still with eyes closed.” The order of both
tasks was always the same, but other series (including the
fieldmap) were acquired in the intermediate.

Conventional Group Analyses (BSD)

Functional MRI data from the BSD was analyzed using the
framework of the general linear model [Friston et al., 1995]
on the first (individual subject) level, including the motion
fingerprint (three traces and their shifted versions) [Wilke,
2012] as covariates of no interest. Following transformation of
the parameter maps to normalized space, second-level
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random effects group analyses [McGonigle et al., 2000] were
performed (see below).

Connectivity Between Language Regions

Connectivity was assessed in both functional datasets,
using the group activation results from the BSD as a func-
tional localizer. In essence, the superior temporal lobe
(STL) activation clusters from the second-level group anal-
yses (see below) were back-transformed into each individ-
ual’s native space by inverting the spatial normalization
deformation field. From these native-space regions, all
timecourses were extracted. This results in different num-
bers of timecourses stemming from noncorresponding
brain regions, consequently requiring standardization
prior to comparisons. This was achieved by sorting them
along an anterior-posterior gradient and by condensing
them into 50 time courses, now representing 50 anterior-
to-posterior subregions along each subject’s STL. Prior to
analyses, motion effects and linear trends as well as global
signal changes observable in the CSF class were removed
from the data [Birn, 2012; Power et al., 2012; Schwarz and
McGonigle, 2009] using functionality available within the
REST toolbox [Xiao-Wei et al., 2011], and minimal robust
smoothing in the time domain was applied to safeguard
against outliers [Garcia, 2010]. Time courses from subre-
gions in either hemisphere were then compared with those
from the opposite hemisphere, resulting in a 50 3 50 cor-
relation matrix for each subject, reflecting interhemispheric
functional connectivity between STL language areas. For
each subregion, the average correlations with all subre-
gions in the other hemisphere was calculated (allowing for
a regional assessment of interhemispheric connectivity
between language regions), and the area under the curve
of these regional connectivity measures was calculated
(allowing for a global assessment of interhemispheric con-
nectivity between language regions). This was done for
both functional series, assessing both task-based as well as
non task-based functional connectivity [Rehme et al.,
2013]. The main results shown are those from the task-
based connectivity analyses; the (very similar) results from
the non task based connectivity analyses are described
below and are shown in more detail in Supporting Infor-
mation figures (see below).

Network Analyses

Connectivity between STL language regions was also
assessed in terms of network efficiency on the local as well
as the global level. For the former, the sum of significant
connections is related to the sum of possible connections
from each of the 50 subregions; for the latter, the inverse
of the path length of significant connections between sub-
regions is calculated [Bullmore and Sporns, 2012; Power
et al., 2010]. For all analyses, a group threshold of 60%
was enforced as recently suggested, ensuring that spurious

results stemming from only a small number of participants
are ruled out [de Reus and van den Heuvel, 2013].

Connectivity of STL Language Regions

with Non-STL Regions

To rule out nonspecific effects secondary to a globally
altered functional connectivity, we also assessed connectiv-
ity on the hemispheric level. To this effect, connectivity
was assessed from each language region (left or right STL)
to the rest of the ipsilateral and contralateral hemisphere
(exclusive of the STL). To investigate laterality effects, a
lateralization index [Wilke and Lidzba, 2007] was com-
puted from these values, reflecting the lateralization of
functional connectivity from each region. The LI is a com-
posite measure that allows assessing the balance between
two contributing sides; therefore, a change in this value
may be brought about by both an increase on the one as
well as a decrease on the other side. It is one of the most-
used parameters for hemispheric specialization in lan-
guage research [Wilke and Lidzba, 2007] and is computed
by dividing the difference between both sides by its sum;
it is therefore normalized to itself and may take on values
ranging from 21 (completely right) to 1 (completely left).

Statistics

For the conventional group analyses of the BSD, a
second-level random effects group analysis was performed
[McGonigle et al., 2000], using an ANOVA model with
subject age, gender, handedness, and postnatal hCMV-
infection status as covariates of no interest, and prematur-
ity status as grouping variable. Age (in months) and hand-
edness (as EHI scores) were provided as continuous
variables, while gender and postnatal hCMV infection sta-
tus were binary variables. For whole-brain analyses,
results were thresholded at P � 0.01, FWE-corrected for
multiple comparisons. For assessing group differences
within the global activation pattern, activation differences
were thresholded at P � 0.001, uncorrected on the voxel
level. In both cases, an additional extent threshold of k 5 10
voxels was used to safeguard against spurious activation.

All other statistical analyses were carried out using func-
tionality from Matlab’s statistics toolbox (V8.1). Intrasubject
connectivity analyses (testing similarities between time-
courses) were performed using Pearson’s correlation coeffi-
cient [Rehme et al., 2013]. Where significance was derived
directly from this data, significance was assumed at r 5

0.324 (corresponding to P � 0.001 with n 5 100 data
points). Demographic variables were compared using chi-
square tests for categorical variables (or, in the case of low
frequency of occurrence [<5], Fisher’s exact Test) and Stu-
dent’s t-tests for continuous variables. Derivative values
were analyzed using an ANOVA (for group differences) or
a partial regression model (for correlations), again using
subject age, gender, handedness, and postnatal hCMV-
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infection status as covariates of no interest. Significance was
assumed at P � 0.05. A Kolmogorov-Smirnoff-Lilliefors test,
a 2-sided goodness-of-fit test, was used to ensure a normal
distribution; if this condition was not met, the nonparamet-
rical Wilcoxon’s rank sum test was used, data was rank-
transformed prior to submitting it to an ANOVA
(ANOVAR), or the nonparametrical Spearman’s rank corre-
lation was used within the partial correlation framework.

RESULTS

Demographic Details

There was a significant difference in gender composition
(Chi-square, P 5 0.028), age (Wilcoxon, P 5 0.002) and
language comprehension (t-test, P 5 0.015) between the
groups. There was no significant difference in MEL or
handedness score between the groups (see Table I for fur-
ther demographic details). MRI changes compatible with
early white matter lesions were seen in 7 PT participants,
in the form of slight ventricular enlargements. No cerebral
abnormalities were seen in TD participants; the difference
between groups was significant (Fisher’s exact test, P 5

0.032). One child in the PT group was found to have bilat-
eral spastic cerebral palsy (with a BMFM-score of 2 and a
GMFCS-score of 3). No neurological abnormalities were
seen in TD participants; the difference between groups
was not significant (Fisher’s exact test).

Conventional Group Analyses (BSD)

Over the whole group, the expected activation pattern
of bilateral STL and left inferior frontal activation was
seen (Fig. 1, top panels). Additionally, bilateral cerebellar
co-activation was seen. Within these regions, there were
no regions where TD participants showed stronger activa-
tion than PT participants. However, there were distinct
clusters in both temporal lobes and in the left cerebellum
where PT participants showed stronger activation than TD
participants (Fig. 1, bottom panels).

Connectivity Between Language Regions

In a first step, it was ensured that the extracted native-
space brain regions did not differ in size between the
groups, which was not the case for the left (mean number
of voxels 5 797.75, SD 5 147.53) or the right side (mean
number of voxels 5 678.77, SD 5 147.31; ANOVAR).

For the task-based functional connectivity derived from
the BSD, a roughly symmetrical pattern of interhemispheric
connectivity between subregions within both STL language
regions was found, with an apparently more pronounced
connectivity between midposterior subregions (Fig. 2, left).
This pattern was similar, but generally, less pronounced in
the PT participants, with the strongest differences in connec-
tivity between left-anterior to right-middle subregions (Fig.

2, right). The overall strength of connectivity between lan-
guage regions in both hemispheres was significantly stron-
ger in TD participants (ANOVA, P 5 0.032 and P 5 0.035).
For the non task-based functional connectivity derived from
the RSD, a similar pattern could be observed, although with
a lower level of connectivity (Supporting Information Fig.
S1). Again, the overall strength of connectivity between STL
language regions was significantly stronger in TD partici-
pants (ANOVA, P 5 0.019 and P 5 0.018).

Network Analyses

When assessing network efficiency, local efficiency was
significantly lower in PT participants than in TD partici-
pants, in both STL language regions and both datasets
(ANOVA, P 5 0.016 and P 5 0.013 [BSD] and P 5 0.008
and P 5 0.008 [RSD]). There was a significant group dif-
ference in global efficiency in the left STL in the BSD only
(ANOVAR, P 5 0.014); there were no differences in global
efficiency in either region in the RSD (Fig. 3 and Support-
ing Information Fig. S2).

Connectivity of STL Language Regions with Non-

STL Regions

When assessing connectivity between left and right STL
language regions and the rest of the ipsilateral and

Figure 1.

BSD: top panels: whole-group activation pattern in conventional,

second-level random effects analyses, rendered on the custom-

made gray matter prior, thresholded at P 5 0.01, FWE-

corrected; bottom panels: activation difference (PT > TD), over-

laid on the custom-made T1 reference dataset, thresholded at

P 5 0.001, uncorrected. Note only minor group activation dif-

ferences. [Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]
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contralateral hemisphere, there was evidence for a signifi-
cant increase in connectivity in all connections in former
PT participants in the task-based functional connectivity
analyses (BSD; ANOVA, all P < 0.05). In the non task-
based functional connectivity analyses, only the group dif-
ference in connectivity between the left STL and the con-
tralateral hemisphere remained significant (RSD;
ANOVAR, P 5 0.005); all other differences between groups
did not reach significance (Fig. 4 and Supporting Informa-
tion Fig. S3). When calculating a lateralization index from
the connectivity to left- versus right-sided brain regions,
there was a strong correlation in the BSD of the resulting
LIs with the verbal comprehension subscale (partial Spear-
man’s rho 5 20.445, P 5 0.002), indicating that stronger
laterality (i.e., weaker bilaterality) is associated with a
lower language performance. There was no correlation of
this index with verbal comprehension in the RSD.

DISCUSSION

In summary, we found evidence for an impairment of
interhemispheric functional connectivity between STL lan-
guage regions in former early PTs, in both task-based and
non task-based functional connectivity analyses, despite
only small group activation differences in conventional
fMRI group analyses. This is not a nonspecific effect as
global connectivity was increased, rather than reduced,
between STL language regions and non-STL regions in PT
subjects, both intrahemispherically and interhemispheri-
cally. Finally, lateralization of connectivity between STL
language regions correlated strongly with verbal compre-

hension measures, indicating that a more bilateral pattern
of connectivity is associated with higher language abilities.
Our results are summarized in Table II.

Task-Based fMRI Results

When performing conventional second-level random
effects analyses [McGonigle et al., 2000], the expected pat-
tern of activation [Wilke et al., 2005] in STL language
regions was seen over the whole group. There are distinct,
but not overly large areas of activation differences within
language regions between both groups (PT > TD, Fig. 1),
although it should be noted that no single region showed
stronger activation in the TD > PT contrast. It is also inter-
esting to note the activation difference in the left cerebel-
lum, substantiating the recently reported role of this
structure in pathological language processing in former PT
children [Constable et al., 2013]. However, these results
suggest that the overall pattern of task-based activation is
not dramatically different between former PTs and TD
participants, when appropriate covariates are included in
the statistical model. In our cases, this included motion
parameters [Wilke, 2012] on the first and age, gender,
handedness, and postnatal hCMV-infection status on the
second level. While the influence of age, gender, and
handedness on fMRI language activation patterns is well-
documented [Bitan et al., 2010; Lidzba et al., 2011; Plante
et al., 2006; Szaflarski et al., 2012], the impact of the latter
has yet to be described in full [Bevot et al., 2012; Goelz
et al., 2013; Vollmer et al., 2004]. While the detailed explo-
ration of this effect was not the aim of this study, the

Figure 2.

BSD: functional connectivity matrix between right and left STL

language regions, for TD (left) and early PT born (right) partici-

pants. Color indicates strengths of correlation between regions.

Gray bars: average connectivity for each region. Note overall

significantly stronger connectivity in TD participants as com-

pared to PT participants, pronounced in middle and posterior

regions; cf. Supporting Information Figure S1 and see text for

details. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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importance of postnatal inflammatory processes in the eti-
ology of PT brain damage is increasingly recognized [Levi-
ton et al., 2013; Volpe, 2009], and such an early infection
in only some participants must consequently be consid-
ered a potential bias. We therefore opted to account for
this effect by including it as a covariate of no interest.

Functional Connectivity Analyses

The lack of substantial group differences in the conven-
tional fMRI group analyses suggests that the observable
differences in language performance (cf. Table I) is more
likely due to alterations in the interaction between regions.
A reduced structural connectivity between temporal lobe
language regions was recently reported in former early
PTs [Northam et al., 2012]. In particular, fibers traversing
the posterior part of the corpus callosum were reduced,
whereas fibers connecting anterior parts of the temporal
lobe via the anterior commissure were still preserved in

those children with good language skills, conforming and
extending previous results [Mullen et al., 2011]. Based on
these earlier reports and the fact that bilateral STL lan-
guage activation can robustly be achieved using our child-
friendly beep story task [Wilke et al., 2005], we decided to
focus on these regions in this study. Abnormalities in the
corpus callosum are among the more widely reported
abnormalities in former early PTs [Hart et al., 2008;
Nosarti et al., 2004; Thompson et al., 2012], very likely as a
consequence of the (primarily posterior) white matter
pathology occurring in the complex “encephalopathy of
prematurity” now known to affect the very immature
brain in several ways [Volpe, 2009]. This large white mat-
ter structure is among the main pathways that connect the
two hemispheres, and an early onset, specific impairment
must be expected to affect language network formation,
language acquisition and, ultimately, performance [Bitan
et al., 2010; Friederici, 2011; Friederici et al., 2011; Hinkley
et al., 2012]. Indeed, our results are in agreement with
these recent findings in that we detect a decreased

Figure 3.

BSD: network analyses, assessing local (top panels) and global

(bottom panels) network efficiency of left (left panels) and right

(right panels) STL language regions, for TD (gray circles) and

early PT born (black triangles) participants. * indicates significant

difference in an ANOVA. Note consistently higher local network

efficiency in TD participants as compared to PT participants, but

only minor differences in left STL global efficiency; cf. Supporting

Information Figure S2 and see text for details.
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interhemispheric connectivity between STL language
regions in former PTs, with a more pronounced reduction
in mid- to posterior-temporal brain regions (Fig. 2). When
assessing network properties such as local or global effi-
ciency, the PT group scores significantly worse than the
TD participants (Fig. 3), again suggesting that the interac-
tion between both STL language regions is substantially
altered. Interestingly, these differences were detectable not
only in the task-based analysis of the BSD but very simi-
larly in the analysis of non task-based functional connec-
tivity from the RSD (Supporting Information Figs. S1 and
S2). This is remarkable in so far as the brain was not
engaged in an overt language task during the acquisition
of the latter dataset, arguing for a more persistent, not
wholly task-dependent impairment. Although a certain

“spill-over” effect from previous tasks must be expected
[Gordon et al., 2013; Waites et al., 2005], the RSD was not
acquired directly after the BSD but, in most cases, follow-
ing either a diffusion MRI sequence or the vowel identifi-
cation task, a productive language/visuospatial task with
visual stimulation [Ebner et al., 2011; Wilke et al., 2006].
Hence, a task involving auditory stimulation or language
perception in no case preceded the second dataset, making
such a contamination less likely. For an additional discus-
sion regarding the difference between the here-used non
task-based functional connectivity and typical resting state
analyses, see below.

It is important to delineate whether observed connectiv-
ity differences between brain regions are specific (i.e.,
attributable to the region and/or domain under study) or

Figure 4.

BSD: intrahemispheric (left) and interhemispheric (right) con-

nectivity of left and right STL language regions, for TD and

early PT born (PT) participants. * indicates significant difference

in an ANOVA. Note consistently higher connectivity of STL

language regions with non-STL language regions both intrahe-

mispherically and interhemispherically, in PT participants; cf.

Supporting Information Figure S3 and see text for details.

[Color figure can be viewed in the online issue, which is avail-

able at wileyonlinelibrary.com.]
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unspecific (i.e., attributable to global differences in connec-
tivity). From our further analyses, it is apparent that con-
nectivity between both STL language regions was not
unspecifically reduced in PT participants. Indeed, when
assessing the connectivity of these regions with all other
regions in the ipsilateral or contralateral hemisphere, PT
participants show a consistently and significantly stronger
overall connectivity in the analyses of the BSD. In the RSD
analyses, this remains significant for the connectivity of
the left temporal lobe with the right hemisphere (Fig. 4
and Supporting Information Fig. S3). These results are
very interesting not only because they now allow to clas-
sify the above-identified connectivity differences between
the language regions as a specific impairment, but also
because they allow to reconcile seemingly contradictory
results from previous studies, namely reports on decreased
structural [Mullen et al., 2011; Northam et al., 2012] and
increased functional [Constable et al., 2013; Gozzo et al.,
2009] connectivity in former PTs. Although there are
important differences between our current and previous
studies (such as examining older children and adolescents,
and using functional instead of anatomical localizers), our
results demonstrate that it is well possible that both
weaker and stronger connectivity may be present within
the language network. Taken together, the accumulated
body of evidence suggests that the former may be lesion-
driven (e.g., due to an alteration of the posterior corpus
callosum), while the latter may be part of a compensatory
mechanism (e.g., via alternative pathways such as the
anterior commissure, or via a stronger intrahemispheric
connectivity). However, it must be pointed out that prema-
turity status and language comprehension impairment are
so inherently (and significantly) linked [Barre et al., 2011;
Reidy et al., 2013] that separating their influence is statisti-
cally challenging, if not impossible. If separate, large-
enough groups were available that do or do not not show

impairment in language functions following prematurity,
it would be easier to ascribe the observable group differen-
ces to one factor only (particularly if language impairment
changes with age) [Luu et al., 2011]. As it is, it is difficult
to tease apart independent contributions of prematurity
and impaired language comprehension. This distinction
may seem academic, as it is clear that it is prematurity
that leads to language impairment and not vice versa.
However, atypical lateralization of language has also been
described in specific language impairment [Bernal and Alt-
man, 2003; Whitehouse and Bishop, 2008]; to ascertain that
the effects are specifically ascribable to prematurity, not
unspecifically to “language problems,” it would therefore
require a group with comparable difficulties in language
comprehension who were not born prematurely (in addi-
tion to term-born children with no impairment). Only such
a 2 3 2 design (modeling both language impairment and
prematurity) would ultimately allow disentangling the
nature of the here-observed group differences.

Task-Based Versus Non task-Based Connectivity

For our connectivity analyses, we used both task-based
(BSD) and non task-based (RSD) analyses. While the latter
is increasingly used to assess low-frequency fluctuations
within the so-called resting state networks [Biswal et al.,
1995], the former is employed to assess connectivity
between brain regions engaged in an active task [Newton
et al., 2007]. It was recently suggested that both
approaches are complementary and that they may reflect
slightly different aspects of connectivity [Kellermann et al.,
2013; Rehme et al., 2013]. There are several interesting
points that can be made when comparing the results from
both analyses: first, there is a uniformly greater level of
connectivity between STL language regions in the BSD

TABLE II. Summary of conducted analyses and significant results

Dataset Analysis Cf. Figure Outcome

BSD Second Level Random Effects Analysis 1 PT > TD
Connectivity between STL language regions 2 TD > PT
Local network efficiency in STL 3 TD > PT (L, R)
Global network efficiency in STL TD > PT (L)
Intrahemispheric connectivity 4 PT > TD (L, R)
Interhemispheric connectivity PT > TD (L, R)
Lateralization of connectivity NA Correlation with verbal

comprehension
RSD Connectivity between STL language regions S1 TD > PT

Local network efficiency in STL S2 TD > PT (L, R)
Global network efficiency in STL n.s.
Intrahemispheric connectivity S3 n.s.
Interhemispheric connectivity PT > TD (L)
Lateralization of connectivity NA n.s.

Note: strong overlap of results between the two datasets (i.e., task-based [BSD] vs. non task-based [RSD] approach); see text for details.
STL, superior temporal lobe; PT, former PT born participants; TD; typically developing participants; L, left; R, right; NA, not available;
n.s., not significant; >, significantly stronger or better.
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analyses, on all metrics (cf. Fig. 2 and Supporting Informa-
tion S1, Fig. 3 and Supporting Information S2, and Fig. 4
and Supporting Information S3). This in itself is to be
expected, given that language regions should be more
active and therefore (ideally) interacting more, when per-
forming a language task. At first, the striking similarity of
the results obtained from the RSD with those obtained
while performing an explicit language task (BSD) seems
surprising: most of the metrics used to describe both pop-
ulations are similarly (significantly) different between
them. However, these results are well in line with previ-
ous observations that the brain employs very similar net-
works during “rest” (once ironically termed “random
episodic silent thinking”) [Andreasen et al., 1995] and acti-
vation during a task [Smith et al., 2009], and only recently,
individual language networks were identified from
resting-state data [Tie et al., 2013]. Similar amplitude of
signal fluctuations were seen [Damoiseaux et al., 2006],
such that a lower coherence of the fluctuations might
explain the weaker pattern of connectivity when compar-
ing our BSD and RSD results. Further analyses regarding
the identification of networks and network nodes from
resting state analyses in children seem warranted, as the
outlook of substituting complex task execution with a
much more simple “lying in the scanner” task is promis-
ing for children in particular [Church et al., 2010; Vogel
et al., 2010]. However, the issue of motion, a substantial
confounding factor in resting state analyses [Birn, 2012;
Power et al., 2012], must always be considered as the
absence of visual stimuli is associated with more motion
in children [Yuan et al., 2009].

Hemispheric Lateralization of Connectivity and

Language Abilities

The analysis of connectivity has been suggested to be
particularly revealing when assessing hemispheric speciali-
zation [Stephan et al., 2007], and the transfer of informa-
tion may be one of the decisive factors for hemispheric
lateralization [Seghier et al., 2010]. We therefore calculated
a lateralization index from our connectivity results, relat-
ing intrahemispheric to interhemispheric connectivity. We
found a strong correlation of this metric with impaired
verbal comprehension, such that stronger laterality (i.e.,
weaker bilaterality) is associated with a lower language
performance. This is particularly interesting, for several
reasons. First, this observation is well in line with the
impaired connectivity on the structural level, also correlat-
ing with language impairment [Northam et al., 2012]. Fur-
ther, we previously reported a correlation of a less-
lateralized activation when listening to beep-stories and
higher scores on language tests in an independent sample
of healthy children [Lidzba et al., 2011], hypothesizing that
higher language abilities in children are reflected in a
more bilateral involvement of temporal language cortices.
Of note, while the significant correlation (r 5 20.445)

observed here includes the whole sample, it was even
stronger (r 5 20.485) in the PT participants alone and sim-
ilarly strong in the TD group (r 5 20.386), where it fails
to reach significance only due to the smaller sample size.
Also, while PT participants scored significantly lower than
TD participants in the language comprehension subscale,
the mean of the PT participants was still within the low-
normal range (cf. Table I), in line with previous results
[Barre et al., 2011]. This suggests that a continuum exists
with regard to the relation of lateralized language percep-
tion and language abilities, including both the normal and
the abnormal range of language functions. All of these
results point towards a major role of interhemispheric con-
nectivity for the development of receptive language func-
tions in the developing brain. This is also suggested by the
observation that interhemispheric connectivity between
posterior language regions positively correlates with per-
formance [Schmithorst and Holland, 2007] and is impaired
by early white matter lesions in PT-born children [Reidy
et al., 2013]. In this context, it is interesting to remember
that the developing brain was suggested to generally rely
more on interhemispheric connectivity than the adult
brain, as long-reaching intrahemispheric connections only
develop later [Power et al., 2010]. This was also shown to
be relevant for the maturation of the language network
[Friederici et al., 2011] and nicely fits in with observations
that, in healthy children, hemispheric dominance for lan-
guage increases with age, as observable using fMRI [Sza-
flarski et al., 2012], MEG [Ressel et al., 2008], or diffusion
MRI [Brauer et al., 2011]. A stronger role of these intra-
hemsipheric connections in PT participants would be com-
patible with our findings of stronger intrahemispheric
connectivity (Fig. 4 and Supporting Information S3). Such
later-developing, intrahemispheric connections (not relying
as much on interhemispheric crosstalk) may potentially
also explain the catch-up of (particularly receptive) lan-
guage abilities observable in late childhood in some for-
mer PTs [Luu et al., 2011].

Methodological Considerations

Our PT participants were recruited following up on an
observational study aimed at assessing transmission rate
of early postnatal, vertical hCMV infection [Maschmann
et al., 2001; Neuberger et al., 2006]. This study was open
to all neonates at T€ubingen University Children’s Hospital
who were born at �32 weeks of gestation. However,
whenever children formerly born very PT are followed up,
there is the potential issue of a recruitment bias [Stang,
2003]: if only those subjects with less impairment are will-
ing to participate, this will skew comparisons relying on
the assumption that a representative sample was investi-
gated [Callanan et al., 2001]. For example, the low preva-
lence of cerebral palsy (n 5 1) in our patient group was
surprising. However, this study was not aimed at provid-
ing epidemiological information about the prevalence of
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(e.g.) language impairment, and a potentially skewed
recruitment as described above would only decrease, not
inflate, effect sizes. Further, when comparing the major
neonatological parameters (gestational age, birth weight,
postnatal hCMV infection, and gender) of the PT partici-
pants who took part in our study with those who did not
(i.e., were approached and declined [n 5 21], were
approached and excluded due to contraindications [n 5

10], or were lost to follow up [n 5 24]), neither their gesta-
tional age (28.45 62.33 weeks), birth weight (1108 6 310
g), or postnatal positive hCMV infection status (24/55),
nor their gender composition (41 M, 14 F) was significantly
different from our final sample (c.f. Table I). This indicates
that we were able to investigate a subgroup that was rep-
resentative of the whole group of very early PTs poten-
tially available for inclusion.

It should also be remembered that we examined two
groups that were not ideally matched. However, this
should only reduce power in analyses where age and gen-
der were included as covariates (as they will invariably
explain some of the “main” group differences); our result
are therefore most likely an under-, not overestimation of
a “true” group difference [Zuur et al., 2010]. Further, not
to investigate too small a brain region, we abstained from
assessing connectivity to, for example, the cerebellar acti-
vation clusters [Constable et al., 2013], as the signal-to-
noise ratio of such a small region near the edge of the field
of view was considered too limited. As functional local-
izers for frontal language functions [Ebner et al., 2011;
Wilke et al., 2006] were not available for all children, we
abstained from performing further analyses on additional
brain regions. Finally, although we assessed resting state
MRI data, our results were not restricted to the frequency
range conventionally considered to be reflecting resting
state networks, that is, 0-0.1 Hz [Birn, 2012; Biswal et al.,
1995] to ascertain comparability of results between task-
based and non task-based functional connectivity. Hence,
our results do not reflect resting state connectivity per se,
they rather reflect correlated fluctuations over time in a
broader frequency spectrum (although previous simula-
tions suggest that the lower frequencies assessed in classi-
cal resting state analyses will also dominate results when
not introducing a hard cutoff) [Cordes et al., 2001]. Simi-
larly, to resting state data processing, however, we
removed global as well as motion confounds from all our
time series [Birn, 2012; Power et al., 2012; Xiao-Wei et al.,
2011], these should therefore not unduly influence our
findings.

CONCLUSIONS

To conclude, we provide evidence for a substantial
impairment of functional connectivity, which was specific
to STL language regions in former early PTs, in the pres-
ence of only insubstantial group differences in a conven-
tional fMRI group analyses. Further, connectivity with

other brain regions was increased, not reduced, in PT
participants, suggesting the presence of both stronger
and weaker connectivity within the language network.
Finally, a more bilateral pattern of functional connectivity
between STL language regions was associated with better
language comprehension scores, underlining the rele-
vance of interhemispheric connectivity for language
comprehension.
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