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Mickaël Dinomais,1,2* Samuel Groeschel,1 Martin Staudt,1,3
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Université d’Angers, F-49000, France

3Clinic for Neuropediatrics and Neurorehabilitation, Epilepsy Center for Children and Adolescents,
Schön-Klinik Vogtareuth, Germany

r r

Abstract: Resting-state functional magnetic resonance imaging (fMRI) can be used to study the
functional connectivity in the somatosensory system. However, the relationship between sensory
network connectivity, sensory deficits, and structural abnormality remains poorly understood. Previ-
ously, we investigated the motor network in children with congenital hemiparesis due to middle
cerebral artery strokes (MCA, n ¼ 6) or periventricular lesions (PL, n ¼ 8). In the present study,
we validate the use of interleaved resting-state data from blocked fMRI designs to investigate the
somatosensory network in these patients. The approach was validated by assessing the predicted
‘‘crossed-over’’ connectivity between the cerebral cortex and the cerebellum. Furthermore, the
impact on the volume of gray-matter (GM) in primary (S1) and secondary (S2) somatosensory cor-
tex on functional connectivity measures was investigated. We were able to replicate the well-known
‘‘crossed-over’’ pattern of functional connectivity between cerebral and cerebellar cortex. The MCA
group displayed more sensory deficit and significantly reduced functional connectivity in the
lesioned S2 (but not in lesioned S1) when compared with the PL group. However, when account-
ing for GM volume loss, this difference disappeared. This study demonstrates the applicability of
analyzing resting-state connectivity in patients with brain lesions. Reductions of functional connec-
tivity within the somatosensory network were associated with sensory deficits, but were fully
explained by the underlying GM damage. This underlines the influence of cortical GM volume on
functional connectivity measures. Hum Brain Mapp 33:628–638, 2012. VC 2011 Wiley Periodicals, Inc.
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INTRODUCTION

Functional connectivity magnetic resonance imaging
(fcMRI) is known as the temporal co-occurrence of neuro-
nal activation between anatomically separate brain regions
[Friston et al., 1993; Lee et al., 2003]. In the recent years,
resting-state functional MRI is increasingly used to com-
plement traditional task-based fcMRI. The concept behind
resting-state is that spontaneous activation fluctuations
can be observed when the brain is not involved in an
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externally cued task. Biswal et al. [1995] demonstrated that the

spontaneous low-frequency (<0.08 Hz) blood oxygen level-de-

pendent signal fluctuations exhibited a significant level of

spatial coherence within the sensorimotor network in a task-

free (or ‘‘rest’’) setting. These brain resting-state networks were

found to be largely consistent with other measurements of the

brain organization such as task-evoked activations [Smith

et al., 2009] and anatomical connectivity [Damoiseaux and

Greicius, 2009]. Moreover, Fair et al. [2007] showed that the

interleaved resting-state data taken from previous blocked-

related functional magnetic resonance imaging (fMRI) designs

are well-suited for resting-state fcMRI analyses.
However, how functional connectivity is related to the

underlying cortical changes or damages remains to be
understood. Although one expects the functional outcome
of brain damage to be linked to gray-matter (GM) altera-
tions [Pinter et al., 2001], a recent study in schizophrenia
did not find a correlation between cortical GM reduction
and functional connectivity [Lui et al., 2009]. On the other
hand, the known changes of cortical GM volume during
development have been linked to changes in functional
connectivity [Jolles et al., in press; Uddin et al., 2010].

Early brain lesions have been shown to induce substan-
tial neural reorganization owing to the higher plasticity
in the developing brain. It has previously been shown
that unilateral injury to the developing brain can lead to
different patterns of reorganisation of the motor system
[Holmström et al., 2010; Staudt et al., 2004]. Many
patients with pre- or perinatally acquired, unilateral
lesions to the motor cortex or the cortico-spinal tract
develop ipsilateral cortico-spinal pathways to control the
paretic hand with the contra-lesioned hemisphere. This
type of reorganization is often observed following unilat-
eral periventricular brain lesions, which damage the cor-
tico-spinal tracts in the periventricular white matter
[Staudt et al., 2002]. Consequently, in this group of
patients with periventricular lesions (PL), the primary
motor cortex (M1) has been found to be represented in
the precentral gyrus ipsilateral to the paretic side. On
the contrary, in patients with perinatal unilateral middle
cerebral artery (MCA) stroke, M1 has been reorganized to
the contralateral precentral gyrus. But despite these inter-
or intra-hemispheric reorganizations of motor functions,
the primary somatosensory cortex (S1) has been demon-
strated to remain in the lesioned hemisphere in both
groups [Staudt et al., 2006a; Wilke et al., 2009b].

In recent fMRI study [Wilke et al., 2009b], regarding the
pattern of brain activation following sensory stimulation
tasks of the paretic hand, we could further demonstrate
that the predicted inverse relation between the cerebral
cortex and the cerebellum was preserved in these patients,
that is, passive movement of the paretic hand activated
predominantly the ipsilateral cerebellum and the contralat-
eral S1. This well-known ‘‘crossed-over’’ pattern was
recently confirmed by O’Reilly et al. [2010] in a group of
healthy subjects using resting-state functional MRI.

Therefore, the first purpose of the current work was to
validate the approach of resting-state fcMRI in the context
of reorganized functional networks following early brain
lesions. Our patients with unilateral PL present an interest-
ing model to validate this approach. If fcMRI correctly
characterizes the functional networks in such patients, it
should be able to detect a crossed connectivity between S1
in the lesioned hemisphere and the contra-lesional cerebel-
lum [O’Reilly et al., 2010], as predicted from the activation
fMRI experiments [Wilke et al., 2009b]. The most critical
portion here will be the analysis of connectivity between
the S1 in the nonlesioned hemisphere and the contralateral
cerebellum, because this might be ‘‘contaminated’’ by the
ipsilateral M1 in the immediate cortical vicinity.

The second purpose of the current work was to enhance
our understanding of the relationship between sensory
deficits, changes in functional connectivity, and structural
brain changes due to the underlying brain lesion. For this
purpose, patients with PL are less suited, because they
hardly show somatosensory deficits. Indeed, in our previ-
ous work [Wilke et al., 2009b], we detected a higher sen-
sory impairment in patients with unilateral cortico-
subcortical infarctions in the territory of the MCA than in
patients with PL lesions. This was tested by the two-point
discrimination test (2-pd), assessing the distance below
which two points of tactile stimulation on both thumbs
could not be distinguished anymore [Williams et al., 2006].
This parameter was shown to correlate well with extensive
sensory assessments batteries [Williams et al., 2006]. We
therefore also investigated patients with MCA lesions,
who show variable degrees of somatosensory deficits and
cortical GM reduction due to their lesion. As the latter
group has more somatosensory deficits than the patients
with PL ([Wilke et al., 2009b], see also Table I), it is
hypothesized that the MCA patients have less functional
connectivity in their somatosensory cortical networks. To
rule out an unspecific effect of cortical GM damage, func-
tional connectivity is related to GM damage.

METHODS

Subjects

Two groups of subjects (n ¼ 14, 8 male, age range, 11–
30 years, mean age 17 years) were recruited as part of our
previous work investigating the somatosensory system
after perinatally acquired unilateral lesions [Juenger et al.,
2007; Staudt et al., 2002; Wilke et al., 2009b]. Demographic
details are summarized in Table I. One group had a pre-
served cortical representation of primary motor cortex in
the lesioned hemisphere contralateral to the paretic hand
as assessed by fMRI and transcranial magnetic stimulation
(TMS). This group suffered from a perinatal MCA infarct
(MCA group: n ¼ 6, 3 male, mean age 18 years). In the
second group, TMS demonstrated a reorganization of M1
in the contra-lesioned hemisphere ipsilateral to their
paretic hand. In these subjects, a PL was the cause of their
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hemiparesis (PL) (PL group: n ¼ 8, 5 male, mean age
16.5 years). For all subjects in both groups, S1 was identi-
fied in the lesioned hemisphere using magnetoencepha-
lography (see Fig. 1 for a comparison of the group
characteristics.) Additional demographic and clinical details
are given elsewhere [Wilke et al., 2009b]. Informed written
consent from patients/parents and approval from the ethi-
cal committee of the medical faculty of the University of
Tuebingen, Germany, were obtained.

Image Acquisition

All experiments were performed on a 1.5-T Siemens
AVANTO scanner. Image acquisition comprised both struc-
tural T1-weighted 3D data sets (FLASH, TR/TE ¼ 11/4.94
ms, resolution ¼ 1 mm3) and a whole-brain multislice echo-
planar imaging sequence (TR ¼ 3.75 s, TE ¼ 50 ms, 36 axial
slices of 3-mm slice thickness with 3 � 3-mm2 in-plane reso-
lution, and 0.75 mm gap). For each subject, the interleaved
resting-state data were taken from previous blocked fMRI
data (before therapeutic interventions) as part of an ongoing
study [Juenger et al., 2007; Kuhnke et al., 2008; Walther
et al., 2009; Wilke et al., 2009b], using a previously estab-
lished approach (see below [Fair et al., 2007]).

The experimental design was arranged in blocks, with four
epochs of rest and four epochs of unilateral hand movement
of either the paretic hand and the nonparetic hand. Each
epoch consisted of eight scans. The movements were per-
formed passively or actively. The first two volumes of each
functional series were removed in order to allow for stabili-
zation of longitudinal magnetization, leaving eight blocks.
Thus, this functional data set provided 64 scans for each

hand and for each condition (passive or active movement).
More detailed descriptions of image acquisition and experi-
mental design can be found elsewhere [Juenger et al., 2007].

Image Data Preprocessing

Images from each participant were preprocessed as
described before [Wilke et al., 2009b] (except for spatial
smoothing, see below). Briefly, this crucial step in this
approach capitalizes on the fact that chronic lesions are over-
whelmingly classified as CSF during tissue segmentation
[Seghier et al., 2008]. This tissue class is then used as the ba-
sis for an automatically generated lesion mask, which in
turn is used to implement a cost-function masking approach
[Brett et al., 2001] during spatial normalization. This allows
for group analyses [Wilke et al., 2002] despite the large
lesions present in these subjects (see Fig. 1). In the MCA
group, all lesions were flipped on the right side of the image,
and in the PL all lesions were flipped on the left sides, allow-
ing for voxel-wise analysis [Wilke et al., 2009b].

Preprocessing steps were carried out using custom
routines as well as functionality available in statistical para-
metrical mapping software, SPM5 (Wellcome Department
of Imaging Neuroscience, University College, London, UK;
http://www.fil.ion.ucl.ac.uk/spm) running in Matlab
R2007a (The MathWorks, Natick, MA).

Correlation Preprocessing and Removal

of Interleaved Task Blocks

We adopted a previously described approach for using
blocked design data to study resting-state functional

TABLE I. Demographic data and the gray-matter volume from both groups

Group Subject Sex Age (year) 2-pd (ph/nph)

Gray-matter volume in (arbitrary unit)

Lesioned S1 Nonlesioned S1 Lesioned S2 Nonlesioned S2

MCA 1 F 16 2.5/0.15 5031.49 8666.69 0.01 1945.67
2 M 20 8.5/0.1 7443.46 10563.55 1479.94 2515.38
3 F 19 4.4/0.2 2713.52 6646.25 8.47 1686.59
4 M 30 4.3/0.4 3366.29 7944.18 154.31 2294.21
5 M 12 6/0.5 8107.55 9948.02 1734.22 2246.88
6 F 11 1.2/0.2 8142.90 9108.94 2004.99 2342.82

Median 17.5 4.35/0.20 6237.00 8888.00 817.10 2271.00
PL 1 F 11 0.4/0.2 7797.20 8571.45 1657.78 2397.10

2 M 12 0.3/0.2 8702.29 12207.24 2265.37 3085.72
3 F 21 0.6/0.1 9472.77 10167.99 2172.89 2384.52
4 M 12 0.7/0.4 7854.38 10709.32 2065.25 2750.57
5 M 19 0.3/0.1 6084.03 8403.59 1563.29 2452.96
6 M 16 0.5/0.3 9834.86 11781.63 2284.49 2740.93
7 F 30 0.8/0.5 6007.95 7505.73 1641.81 2047.01
8 M 11 1.5/0.4 8827.45 10181.99 1990.51 2182.12

Median 14 0.55/0.25 8278.00 10170.00 2028.00 2425.00
P 0.63 0.66 0.001*/0.85 0.08 0.28 0.03* 0.11

Comparison between the two groups (v2-test for gender, Mann–Whitney U test for all other variables). Subject numbers correspond to
Figure 1. ph/nph, paretic hand/nonparetic hand.
*Statistically significant (P < 0.05)..
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connectivity [Fair et al., 2007]. The following additional
preprocessing steps were performed. Linear trends were
removed from the data through linear regression [Macey
et al., 2004], and the images were spatially smoothed (6-
mm full width at half-maximum [FWHM]) and tempo-
rally band-pass filtered to remove frequencies >0.08 Hz
[Cordes et al., 2001]. Furthermore, we applied linear
regression to remove nine sources of nuisance (1) regres-
sion of six parameters obtained by rigid body head
motion correction, (2) regression of the whole brain signal
averaged over the whole brain, and (3) regression of the
non-neuronal signals in the ventricles and white matter.
The resting-state epochs were concatenated excluding the
task blocks. One frame (3.75 s) after the start of each task
block was included as resting-state to account for hemo-
dynamic delay. At the end of each task block, four
frames (15 s) were excluded from the resting-state data,
allowing for the hemodynamic response to return to
baseline. This procedure provided 96 resting-state frames
(360 s). This method maximized the number of frames
included in the analysis, while minimizing the effect
of the task. In this manner, the spontaneous resting
state activity is not altered by previous task states [Fair
et al., 2007].

Correlation Computation

Using the resting-state fMRI data analysis toolkit V1.3
(http://resting-fmri.sourceforge.net), the organization of
the functional connectivity of the somatosensory system
was examined by computing correlation analyses between
the time series in a seed region and the time series for all
other voxels in the whole brain.

For each subject, we determined one seed region (ROI)
(12-mm diameter spheres centered on selected coordinates)
in central region for both the lesioned and nonlesioned
hemisphere (respectively, lesioned seed ROI represented
the paretic hand, nonlesioned seed ROI represented the
nonparetic hand). The coordinates (in MNI space) for each
seed region were determined using the previously defined
center of mass [Wilke et al., 2009b] of the second-level
fMRI activation from the passive task ([x,y,z] ¼ �42, �27,
63; [x,y,z] ¼ 33, �24, 69 for the MCA group; [x,y,z] ¼ �42,
�27, 63; [x,y,z] ¼ 33, �24, 69 for the PL group, nonlesioned
and lesioned hemisphere, respectively). To account for the
larger spatial variability of activation foci in these subjects,
a volume of interest (10 � 10 � 10 voxels) was centered at
these coordinates. Within this volume, each individual
subject’s activation focus was identified in order to

Figure 1.

Illustration of lesion type and individual lesion topology. Top part of postcentral mask (S1, yellow;

y ¼ �23), and bottom part of postcentral mask (S2, green; y ¼ �33) are shown for all subjects.

Top panels: illustration of the organization patterns for motor and somatosensory cortical repre-

sentation. Subject numbers correspond to Table I. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]
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determine the most appropriate individual coordinates of
these seed region for each subject and for each central
region [Wilke et al., 2009a]. Using this two-step approach
restricts the search volume on the one hand but allows
using the individual activation foci, thus maximizing sen-
sitivity. It also ensures that the peak activation reflects the
somatosensory network by minimizing the influence of a
possible M1-coactivation (in the healthy hand and/or the
MCA group).

For each individual dataset, the resting-state time series
of each selected seed region (lesioned or nonlesioned seed
ROI) was correlated with the time series of all voxels of
the whole brain. This produced individual spatial maps in
which the value of the voxels represented the strength of
the correlation with the ROIs. The resulting individual
functional connectivity maps were converted to a normal
distribution using Fischer’s Z-transform [Jenkins and
Watts, 1968].

Defining Somatosensory Cortex

The somatosensory cortex in this study was defined as
the primary somatosensory cortex (S1), which includes the
Brodmann areas (BA) 3a, 3b, and 1 on the postcentral gyrus
[Zilles, 2003] as well as the secondary somatosensory cortex
(S2) located in the subcentral section lateroventral to the
postcentral gyrus on the parietal operculum 1 (OP1) [Eickh-
off et al., 2010]. The cerebellar mask and postcentral region
were defined using standard anatomical delineations avail-
able within WFU_Pickatlas version 2.4 software [Maldjian
et al., 2003]. These masks were smoothed by 6-mm FWHM
and then binarized in order to render them slightly more
inclusive. Then, we generated equivalents of S1 and S2 by
dividing the postcentral mask into two parts (top part [S1]
and bottom part [S2]) at a level previously defined [Eickh-
off et al., 2010].

Validation of the Approach by Assessing the

Cerebello-Cortical Cross-Over Pattern

The validity of this approach in our population with
atypical brain morphology (with some major brain defect)
was tested by calculating the lateralization index (LI) of
functional connectivity correlations. It has been shown
before [O’Reilly et al., 2010] in healthy subjects that rest-
ing-state functional connectivity is well suited to assess the
predicted inverse relation between lateralization indices
obtained from cerebral cortex and cerebellum [Gao et al.,
1996]. Moreover, we have previously demonstrated [Wilke
et al., 2009b] that this ‘‘crossed-over’’ cortico-cerebellar cir-
cuitry is well preserved for the nonparetic and paretic
hand. Consequently, if our resting-state fcMRI analysis
reflects somatosensory neural connectivity in our patients,
the correlation maps should also show this pattern, with
voxels in the right central region correlating more strongly
with left cerebellum, and vice versa, irrespective of the

location of the lesion [Gao et al., 1996; O’Reilly et al., 2010;
Wilke et al., 2009b].

Correlation coefficients of functional connectivity in
cerebellum and in S1 were used to calculate an overall
weighted bootstrapped LI [Wilke and Schmithorst, 2006]
using a designated SPM-toolbox (LI-toolbox [Wilke and
Lidzba, 2007]). Lateralization indices were generated for
each mask. LI varies between �1 (for purely right hemi-
sphere dominance) to þ1 (for purely left hemisphere
dominance).

Definition of Functional Connectivity

Functional connectivity was defined as the number of
voxels connected from the seed ROI to each of the follow-
ing brain regions: S1, S2, and cerebellum. Because this
value must be expected to be threshold-dependent, the
number of voxels was adjusted by the respective thresh-
old. We calculated a weighted mean (mw) using the
following equation:

mw ¼
P

n1
�thr1 þ n2

�thr2 þ : : : þ ni
�thrið Þ

P
thr1 þ thr2 þ : : : þ thrið Þ

where n is the number of connected voxels and thr the
threshold.

Relationship of Functional Connectivity

With GM Volume

To account for the amount of cortical gray-matter (GM)
within a region of interest when assessing functional connec-
tivity, a ratio (mw/GM) was calculated. Thus, this ratio
allows relating functional connectivity to the volume of GM.

The volume of GM was calculated by summing the GM
voxel values from modulated GM maps in each region of
interest from each subject. Although no attempt was made
to express absolute volumes, these numbers reflect true
tissue volumes in this tissue class [Good et al., 2001].

Statistical Analyses

Because of small sample sizes, statistical analyses were
performed using the nonparametrical Mann–Whitney U
test. Significance was assumed at P � 0.05. Values are
expressed as median � median absolute deviation. For
assessing gender composition, the v2 test was used.

RESULTS

Cortico-Cerebellar Connectivity of

Somatosensory Networks in Resting State

The LI (see Fig. 2) describing the functional connectivity
between the lesioned or nonlesioned sensory seed ROI to
S1 (X-axis) and cerebellum (Y-axis) showed a crossed-over
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Figure 2.

Comparison of lateralization in S1 (X-axis) versus cerebellar (Y-axis)

regions of interest for the lesioned seed ROI (closed squares) and

nonlesioned seed ROI (open triangles). The light gray-shaded region

indicates the predicted area for the nonlesioned seed ROI; the dark

gray-shaded region indicates the predicted area for the lesioned

seed ROI. The rendered brains illustrate schematically the region of

interest (top of the postcentral gyrus mask and cerebellum mask)

and the side of the lesion (denote by a black circle).
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pattern for each hand (nonparetic and paretic hands).
Although this general pattern was found in both groups,
for the paretic hand, two outliers were found in the PL
group and two in the MCA group; for the nonparetic
hand, one outlier was found in the PL group and one
in the MCA group. These outliers are not identical to the
outliers previously described [Wilke et al., 2009b]. The out-
liers were both found in the lateralization of cerebellar
connectivity, while the LI in S1 were as expected.

Functional Connectivity of the Resting-State

Somatosensory Network

No significant difference was found in functional con-
nectivity between the seed ROI in the lesioned hemisphere
and lesioned S1 between the two groups (PL: mw ¼ 1117
� 173 voxels; MCA: mw ¼ 711 � 140 voxels, P ¼ 0.11)
(Fig. 3A). Neither was there any significant difference
(Fig. 3B) in functional connectivity between lesioned S1
and nonlesioned S1) (PL: mw ¼ 248 � 84 voxels; MCA: mw

¼ 220 � 74 voxels, P ¼ 0.34).
The functional connectivity between the lesioned seed

ROI to the lesioned S2 was significant lower (Fig. 3C) in
the MCA group than in the PL (mw ¼ 66 � 14 for
MCA; mw ¼ 136 � 30 for PL, P ¼ 0.04). Functional con-
nectivity between lesioned seed region and nonlesioned

S2 was not different between the groups (PL: mw ¼ 111
� 38 voxels; MCA: mw ¼ 91 � 31 voxels, P ¼ 0.34)
(Fig. 3D).

There was no significant difference in functional con-
nectivity between lesioned seed ROI to either cerebellar
hemisphere (PL: mw ¼ 781 � 96 voxels; MCA: mw ¼
1176 � 633 voxels, P ¼ 0.34 and PL: mw ¼ 588 � 233
voxels; MCA: mw ¼ 579 � 136 voxels, P ¼ 0.75,
respectively).

Connectivity of the Resting-State Somatosensory

Network in Relation to the Volume of Cortical GM

The PL group has higher GM volume in lesioned S2
(P ¼ 0.03). Gray-matter (GM) volume and the comparison
between the two groups are given in Table I. When
accounting for the GM volume in the mask, no significant
group differences were found between the two groups.
For the lesioned S1, the median ratio in MCA group was
0.13; for the PL, the median ratio was 0.13 (P ¼ 0.85). For
the lesioned S2, the median ratios were 0.21 and 0.07 (P ¼
0.34) for MCA and for PL, respectively. For the ipsilesional
cerebellum, the median ratios were 0.01 and 0.01 (MCA
and PL, respectively; P ¼ 0.85), and for the contralesional
cerebellum, the median ratios were 0.02 and 0.02 (MCA
and PL, respectively; P ¼ 0.41).

Figure 3.

Comparison of functional connectivity between the two groups from the lesioned seed ROI to:

(A) lesioned S1; (B) nonlesioned S1; (C) lesioned S2 (Mann–Whitney test, P ¼ 0.04); (D) nonle-

sioned S2. Insert: schematic representation of a coronal brain slice demonstrating the connec-

tions from seed region to masks of interest.
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DISCUSSION

In summary, this study demonstrates the validity of our
resting-state approach to assess the sensory system in CP
patients with major brain defects. As expected, subjects in
the MCA group had significantly less functional connectiv-
ity in the somatosensory cortex than subjects in the PL
group. Interestingly, when subdividing the somatosensory
cortex, the difference in connectivity was found in S2
rather than in S1 of the lesioned hemisphere. However,
this difference in connectivity between our two groups
disappeared when correcting for the cortical GM volume
of S2. Consequently, the diminished cortical volume
(occurring in the MCA group but not in the PL) appeared
to be the principal negative contributor to the somatosen-
sory connections. The results shall now be discussed in
more detail.

Using functional connectivity derived from resting-state
data, we were able to replicate the ‘‘crossed-over’’ pattern
(Fig. 2) between cerebral and cerebellar cortex, as observed
in our previous study with the same patients using conven-
tional fMRI [Wilke et al., 2009b]. This finding indicates that
the cortico-cerebellar circuitry in the somatosensory system
is preserved in both hands and for both groups. Indeed,
this pattern of lateralization was already shown in healthy
adults in a resting-state fcMRI study [O’Reilly et al., 2010].
The cerebellum has both afferent and efferent connections
to the somatosensory cortex [Schmahmann and Pandya,
1992], and cerebellar efferent fibers traverse the thalamus
before reaching the cerebral cortex. Accordingly, sensory
input to one hand evokes contralateral activation in S1 and
ipsilateral activation in the cerebellum [Gao et al., 1996].

In contrast to the expected lateralization found in S1, a
few subjects (one or two) in each group and for each hand
did not ‘‘fit the pattern’’ regarding the lateralization indi-
ces in the contralateral cerebellum. These outliers were not
identical to the outliers for the LI in our previous work
[Wilke et al., 2009b] and might be due to the relatively
unspecific cerebellar mask, which included all subregions
of the cerebellum. O’Reilly et al. [2010] found that the
cerebellum can be divided into at least two zones: a pri-
mary somatosensory zone (lobules V, VI, and VIII), which
are more connected with somatosensory cortex and a
supramodal zone (lobules VIIa, Crus I, and II), which are
not directly involved in sensory processing. Including the
whole cerebellum, our mask may not have been specific
enough. However, the question of whether these outliers
are the results of a shortcoming in this analysis or repre-
sent a different mode of reorganization can currently not
be answered as the small number of occurrences prohibits
more detailed analyses.

Although resting-state functional connectivity is not a
direct measure of anatomical connectivity, this method
may predict up to 80% of structural connections—even if
mediated by multisynaptic pathways—between two
regions [Hagmann et al., 2008; Honey et al., 2009]. We
here used an approach that avoids using a fixed threshold

when defining functional connectivity by implementing a
weighted mean [Wilke and Schmithorst, 2006], which
avoids introducing a potential bias. Interestingly, crossed-
over functional connectivity from the seed region in the
lesioned hemisphere to the contralateral cerebellum in the
PL group is still detectable, despite extensive white-matter
damage (see Fig. 1 for an illustration of the individual
white matter damage in these subjects). We have already
shown [Wilke et al., 2009b], in accordance with previous
studies [Guzzetta et al., 2007; Staudt et al., 2006a], that
there was no interhemispheric reorganization in the
somatosensory system and no substantial intrahemispheric
reorganisation of the sensory cortical representation. The
sensory projections originating from the thalamus have
been demonstrated to reach the cortex only after the first
weeks of life [Kostovic and Judas, 2002], so that lesions
acquired before might lead to the deviation of thalamo-
cortical projections as shown by MR diffusion tensor
tractography [Staudt et al., 2006b]. Moreover, one study
[Supekar et al., 2010] in healthy children demonstrated
that high-functional connectivity may be present despite
weak structural connectivity. This is well in line with our
findings of likely impaired structural connectivity but
preserved functional connectivity.

Interestingly, we showed that, compared to PL, the
MCA group had significantly reduced functional connec-
tivity between the lesioned somatosensory cortex and the
lesioned S2 only. This lower portion of the postcentral
gyrus is located on the parietal operculum [Eickhoff et al.,
2006]. S2 activations have been reported consistently for a
wide range of experimental sensory conditions like light
touch, but also for more complex tasks such as tactile
attention and sensory motor integration [Eickhoff et al.,
2007]. Therefore, S2 may represent the anatomical sub-
strate of various sensory functions such as tactile working
memory or stimulus discrimination [Burton et al., 2008a,b].
Recently, Eickhoff et al. [2010] confirmed that S2 was more
likely to be activated by somatosensory perceptive tasks,
and, in contrast to S1, it shows bilateral activation even
with unilateral peripheral stimulation [Young et al., 2004].
It is therefore interesting to hypothesize that a more pro-
nounced affection of S2 may underlie the stronger tactile
deficit in the MCA group than in the PL group.

The primary somatosensory cortex (S1) is the main cortical
region for sensory-discriminative processing [Kaas, 2003;
Randolph and Semmes, 1974]. Accordingly, the patients
with the MCA infarction also tend to have less somatosen-
sory functional connectivity than those with PL; however,
the difference was not statistically significant. This is in line
with a recent fMRI study [Wingert et al., 2010] where mildly
affected spastic diplegia individuals showed smaller spatial
extent of brain activation especially in S1 and S2. Guzzetta
et al. [2007] also found a significant correlation between
severity of sensory impairment and extent of cortical activa-
tion following sensory stimulation on fMRI. In addition, the
lack of difference in functional connectivity between our two
groups with the contra- or ipsilateral cerebellum suggests
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that although the cerebellum is involved in tactile explora-
tion [Gao et al., 1996], the connectivity of such a network is
not a determinant factor in sensory discriminative deficit.
Along the same lines, stronger functional connectivity with
the ipsilesional cerebellum does not seem to contribute to
the preservation of sensory function, as shown before for the
motor domain [Small et al., 2002]. As there was no signifi-
cant difference in connectivity or GM volume in S1 between
the groups, we believe that this further argues in favor of S2
being the decisive brain region in this case.

In the present study, the influence of the cortical GM vol-
ume on connectivity has been investigated further. When
correcting the functional connectivity measures for the GM
volume in the respective masks, the difference in the func-
tional connectivity between the groups disappeared. In
other words, our two groups do not differ anymore in their
functional connectivity when accounting for the GM
volume differences between the groups. This underlines
the importance of assessing GM volume differences when
performing functional connectivity analyses in patients
with brain lesions. Indeed, it is widely accepted that the
repertoire of functional networks that can be formed by the
cerebral cortex is limited by the underlying neuronal
substrate [Koch et al., 2002]. As a matter of cause, in the ab-
sence of neuronal substrate, neuronal connectivity cannot
exist, develop, or reorganize. Consequently, in individuals
with major brain lesions (as in our sample), measuring
functional connectivity between specific brain region is
obviously confounded by the volume of GM present in this
region. Therefore, we suggest that the diminished cortical
volume (occurring in the MCA group but not in the PL
group) constitutes the major negative contributor to the
clinically evident somatosensory impairment and that the
impairment in the functional connectivity observable in
these patients is secondary to the structural lesion.

Obviously, functional outcome of brain damage is often
linked to GM alterations [Pinter et al., 2001], and, as stated
earlier, the group differences in functional connectivity
between our groups were wholly accounted for by the GM
volume differences. However, this effect may only be
observable if cortical damage is obvious. For example, a
recent study [Lui et al., 2009] in schizophrenia patients did
not find any abnormalities in resting-state connectivity
within regions of GM deficits as identified using voxel-
based morphometry. Currently, it can only be speculated
that below a critical limit, the volume of GM becomes the
decisive limiting factor for the functional connectivity.

Possible Limitations of this Study

As in our previous work [Wilke et al., 2009b], the major
limitation of this study is the small group of subjects.
However, the subjects are carefully selected and character-
ized in order to define homogeneous groups, both in
respect to lesion pathology and reorganization of motor
network. As no healthy control group was included in the
current study, no inference can be drawn about the rela-

tion of either patient group’s functional connectivity with
the pattern found in the healthy brain. Future studies will
have to assess whether differences can be detected, for
example, between the unaffected hand in either patient
group and healthy controls.

Another possible limitation of this study is the use of
the interleaved resting data to assess functional connectiv-
ity. Indeed, it could be argued that spontaneous resting-
state activity may be altered by the previous movement
task [Waites et al., 2005]. However, it has been shown
[Fair et al., 2007] that the correlation coefficients were
largely unaffected by the presence of a previous task. This
is in full agreement with another study [Hampson et al.,
2002], where the only consistent difference was a relative
decrease in the magnitude of functional connectivity.

Finally, we focused deliberately only on S1, S2, and the
cerebellum and excluded others brain regions potentially
involved in sensory processing. For example, frontal corti-
cal regions (such as the supplementary motor area, BA4)
receive somatosensory information from parietal cortex
and thalamus. They especially contribute to cognitive proc-
essing of an associated sensorimotor output and integration
of sensorimotor processing [Rizzolatti et al., 2002]. Addition-
ally, parietal cortex contributes to the integration of sensory
information [Andersen et al., 1997]. However, previous
work [Guzzetta et al., 2007; Wilke et al., 2009b] suggested
that the primary somatosensory cortical regions are the
major contributors to restoring somatosensory function, and
we therefore do not consider this a major confound.

CONCLUSION

In conclusion, resting-state analyses were able to demon-
strate functional connectivity in individuals with cerebral
palsy independently of the task, the experimental design,
subject compliance, and the level of performance. There-
fore, this method is very attractive for studies in neurolog-
ically impaired subjects. However, in patients with brain
lesions or cortical abnormalities, the volume of cortical
GM might influence functional connectivity measures. It
therefore may have to be taken into account when assess-
ing groups with underlying brain lesions.
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