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Abstract

Our previous study provided some evidence for the relationship between abnormal structural connectivity and
poor balance performance in young traumatic axonal injury (TAI) patients. An enhanced understanding of the
functional connectivity following TAI may allow targeted treatments geared toward improving brain function
and postural control. Twelve patients with TAI and 28 normally developing children (aged 9–19 years) per-
formed the sensory organization test (SOT) protocol of the EquiTest (Neurocom). All participants were scanned
using resting-state functional magnetic resonance imaging series along with anatomical scans. We applied
‘‘functional connectivity density mapping’’ (FCDM), a voxel-wise data-driven method that calculates individual
functional connectivity maps to obtain both short-range and long-range FCD. Findings revealed that the TAI
group scored generally lower than the control group on the SOT, especially when proprioceptive feedback
was compromised. Between-group maps noted significantly decreased long-range FCD in the TAI group in fron-
tal and subcortical regions and significantly increased short-range FCD in frontal regions, left inferior parietal,
and cerebellar lobules. Moreover, lower balance levels in TAI patients were associated with a lower long-range
FCD in left putamen and cerebellar vermis. These findings suggest that long-range connections may be more
vulnerable to TAI than short-range connections. Moreover, higher values of short-range FCD may suggest adap-
tive mechanisms in the TAI group. Finally, this study supports the view that FCDM is a valuable tool for selec-
tively predicting functional motor deficits in TAI patients.
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Introduction

Maintaining balance is a sensorimotor task that re-
quires the generation of a context-dependent motor

output based on integration of information from three sen-
sory systems, that is, somatosensory, visual and vestibular
system (Gagnon et al., 2004; Shumway-Cook and Horak,
1986). This complex sensorimotor integration requires the
efficient functioning of distributed brain networks, which
consist of spatially separated brain regions connected by
white matter tracts. Our previous diffusion magnetic reso-
nance imaging (MRI) work (Caeyenberghs et al., 2010) in
young traumatic axonal injury (TAI) patients demonstrated
that lower performance on a postural control task is associ-
ated with lower white matter anisotropy in specific sensori-
motor pathways/regions, including the internal capsule, the

medial lemniscus, the cerebellum and its peduncles. Using
a graph theoretical approach, a decreased connectivity de-
gree in the cerebellum and parietal gyrus was found to be sig-
nificantly correlated with poorer balance performance in TAI
patients (Caeyenberghs et al., 2012). Postural control indices
have also been reported to be associated with diffusion MRI
measures in other disorders. For example, Chan and cowork-
ers (2014) found that the degree of corpus callosum body ab-
normality correlated with the Tinetti score (a measure of risk
of falls) in patients with Parkinson’s disease. Another study
by Prosperini and associates (2013) in patients with multiple
sclerosis, reported that balance impairment was correlated
with worse diffusion MRI parameters along the cerebellar
connections and supratentorial associative white matter bun-
dles. However, these findings were restricted to structural
connectivity. An enhanced understanding of the functional
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connectivity following brain injury may allow for targeted
treatments geared toward improving brain function and pos-
tural control.

During the last decade, numerous studies have already
evaluated functional networks in brain-injured patients by
using seed-based functional connectivity (Palacios et al.,
2013; Tang et al., 2011) or independent component analysis
(ICA) (Sharp et al., 2011; Shumskaya et al., 2012) in resting-
state functional MRI (rs-fMRI). Nevertheless, such studies are
limited by a restricted choice of a priori regions-of-interest
(seed regions), which can underestimate the complexity of
relationships assessed across the whole brain. The second
group of studies used ICA to identify a consistent set of in-
trinsic connectivity networks linked to critical sensory,
motor, and cognitive brain functions. One such intrinsic
network, the default mode network (DMN), including the
precuneus/posterior cingulate cortex, medial prefrontal cor-
tex, lateral parietal cortex, and medial temporal lobes, is con-
sidered to be involved in the integration of introspective
thought, daydreaming or retrieval of memories (Raichle
and Snyder, 2007). For example, Sharp and associates
(2011) reported overall increased DMN connectivity in pa-
tients with moderate/severe brain injury. Another ICA
study found a decrease in functional connectivity within
the motor-striatal network in acute mild TBI patients (Shum-
skaya et al., 2012). However, even though they are highly
valuable, such ICA/data reduction approaches provide only
global rather than local measures of brain connectivity.

In this study, we applied functional connectivity density
mapping (FCDM) (Tomasi and Volkow, 2010), an alterna-
tive voxel-wise data-driven method that allows ultrafast cal-
culation of individual functional connectivity maps to obtain
both short-range and long-range FCD with unprecedented
spatial resolution. Our aim was to investigate the effect of
TAIs on short- (implicated in functional specialization) and
long-range FCD hubs (implicated in functional integration).
Statistical parametric mapping was used to identify brain re-
gions exhibiting group effects on short- and long-range FCD.
Given prior evidence of a decrease in structural connec-
tivity in the white matter networks in young TAI patients
(Caeyenberghs et al., 2012), we expected a decrease of den-
sity in the functional hubs, more prominently for long-range
connections in TAI patients. Moreover, we wanted to inves-
tigate which regions in the cortico-subcortical circuitry could
serve as a predictive marker for postural control in TAI
patients.

Materials and Methods

Subjects

Forty children and adolescents were included in the analy-
ses, including 12 subjects with TAI (mean age 14.4 years, SD
3.1 years, 5 boys) and 28 control subjects (mean age 15
years, SD 2.3 years, 12 boys). Patients were in the chronic
stage, that is, at least 3 months after the injury, where neuro-
logical recovery was stabilized. Children with focal lesions
(i.e., with volume > 0.5 cm3) were excluded, because the in-
clusion of such patients introduces a different neuropathol-
ogy. All patients were recruited from several rehabilitation
centers in Belgium. Demographic and clinical characteristics
of the TAI group can be found in Table 1. The mean age at
the moment of injury was 10 years 6 months (SD 2 years 9

months) and the interval between the injury and the test ses-
sion was on average 3 years (SD 2 years 9 months). Accord-
ing to the Mayo classification system for injury severity, our
TAI group consisted of moderate to severe patients. This sys-
tem grades patients according to duration of loss of con-
sciousness (three patients had a coma duration > 24 h),
lowest recorded Glasgow Coma Scale in the first 24 h
(only available for one patient), and initial computed tomog-
raphy (CT) or MRI images (Malec et al., 2007). The local
ethics committee for biomedical research of the KU Leuven
approved the study. Written informed consent was obtained
from each participant or from the patient’s first-degree rela-
tives, according to the Declaration of Helsinki.

Postural control

Postural control was assessed using the sensory organiza-
tion test (SOT) of the EquiTest System (NeuroCom Interna-
tional, Inc.). Subjects stand on the forceplate with the medial
malleoli of their ankles aligned to the forceplate’s center of
rotation under four different sensory conditions. In condition
A, when the participant stood on a fixed platform with the
eyes open, all three sensory systems (vision, vestibular,
and somatosensory) were operational and a baseline measure
of stability was obtained. Condition B was the same as con-
dition A but with eyes closed. In condition C, the participant
stood with the eyes open and the platform moved in response
to his/her sway, resulting in less reliable proprioceptive
input. Condition D was identical to condition C except that
the eyes were now closed, such that only the vestibular sys-
tem provided reliable sensory information. The test protocol
consisted of three repetitions of each condition, resulting in
12 trials. The testing conditions were randomized and sub-
jects were instructed to stand on the platform as quiet as pos-
sible with the arms relaxed along the body. A harness was
used for the patient’s safety in case (s)he would fall. For
each condition the mean of the ellipse area scores from the
different trials was used in the analysis. Trials with a fall
or trials with an adjustment of the feet to prevent falling,
were excluded when calculating the mean. One trial
(0.69%) of condition C (eyes open, sway-referenced plat-
form) and one trial (0.69%) of condition D (where both pro-
prioceptive and visual feedback were compromised) were
excluded from the TAI group from subsequent analyses.
For more details and in-depth discussion of these metrics,
the interested reader is referred to Supplementary Material
section (Supplementary Data are available online at
www.liebertpub.com/brain).

MRI data acquisition

The scanning was performed on a Siemens 3T Magnetom
Trio MRI scanner (Siemens) with a 12-channel matrix head
coil in the University hospital (Gasthuisberg).

For anatomical details, a 3D magnetization prepared rapid
acquisition gradient echo high resolution T1-weighted image
(repetition time [TR] = 2300 ms, echo time [TE] = 2.98 ms,
voxel size = 1 · 1 · 1.1 mm3, slice thickness = 1.1 mm, field
of view [FOV] = 256 · 240 mm2, 160 contiguous sagittal sli-
ces covering the whole brain and brainstem) was acquired.

rs-fMRI series consisted of 200 whole-brain gradient-
echo echoplanar images (TR/TE = 3000/30 ms; FOV = 230 ·
230 mm2; voxel size = 2.5 · 2.5 · 3.1 mm3, 80 · 80 matrix;
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slice thickness = 2.8 mm; 50 sagittal slices; scanning order:
interleaved descending).

The fMRI series were passed through several preprocess-
ing steps using SPM8 (Welcome Trust Center for Neuro-
imaging) and REST toolbox (Song et al., 2011). Then, we
performed FCDM to obtain the strength of the short-range
and long-range functional connectivity density (Tomasi
and Volkow, 2010). In the Supplementary Material section,
we provide the detailed workflow of the preprocessing and
the FCDM.

Statistical analysis

The ellipse areas were subjected to analysis of variance
for repeated measurements with between-subjects factor
‘‘group’’ (two levels: TAI and control) and the within-subjects
factors ‘‘proprioceptive feedback’’ (two levels: normal or
sway-referenced) and ‘‘visual feedback’’ (two levels: normal
or absent).

Group differences for short-range and long-range FCD
were examined using one-way ANOVA with three covari-
ates of no interest (age, gender, and subject motion as
mean framewise displacement measure) in SPM8. To protect
against false-positives, we used a double-threshold approach,
that is, combining a voxel-based threshold with a minimum
cluster size. This nonarbitrary voxel cluster size was deter-
mined by using the program AlphaSim (http://afni.nimh
.nih.gov/pub/dist/doc/manual/AlphaSim.pdf) (Ward, 2000).
Using REST software (Song et al., 2011) we iterated 100
times the process of random image generation with Gaussian
filter FWHM 4 mm and cluster connection radius 5 mm. We
specified individual voxel probability threshold ( pth = 0.05),
and by using the whole brain mask (i.e., a default mask in
REST made from the apriori template in SPM) only voxels
inside the brain were considered. This allowed the cluster
size threshold to be reduced while maintaining a < 0.05.

Furthermore, the behavioral parameters, that is, ellipse
areas of the posturography SOT conditions, were also used
to assess relationships between FCD measures and balance
using nonparametric Spearman correlations across the total
group on one hand and within each of the groups on the
other hand.

Finally, time since injury (Table 1) was also used to assess
relationships with long- and short-range FCD in the regions
in which there were significant between-group differences in
FCD. To this end, we applied the Spearman’s rank correla-
tion within the TAI group. An exploratory threshold of
p < 0.05 was used.

Results

Group differences in postural control

Repeated measures analysis of variance showed a signifi-
cant main effect of proprioceptive feedback [F(1,36) = 81.78,
p < 0.001], and visual feedback [F(1,36) = 77.58, p < 0.001].
Moreover, a significant main effect of group was found,
[F(1,36) = 6.16, p < 0.05]. The TAI group scored signifi-
cantly poorer than the control group on all posturography
SOT conditions (higher ellipse areas). Furthermore, there
was a significant interaction effect between proprioceptive
feedback and visual feedback, F(1,36) = 62.78, p < 0.001
(Fig. 1). Post hoc (Tukey) testing revealed that all partici-

pants showed more sway when proprioceptive feedback
was compromised, and that sway additionally increased
when vision was absent (all p’s < 0.001). Finally, the interac-
tion between proprioceptive feedback and group was also
significant, F(1,36) = 5.54, p < 0.05. Post hoc (Tukey) testing
showed that the TAI group performed significantly worse
than the controls on both conditions with compromised pro-
prioceptive feedback [C ( p < 0.01) and D ( p < 0.05)].

Functional connectivity density

Figure 2A and B shows the average distribution of short-
range and long-range FCD in healthy controls and patients
with TAI respectively. Regions with high FCD (shown in
red) indicate that they might play important roles in brain
networks, namely hubs. Both TAI patients and healthy con-
trols showed similar distributions of their short-range FCD
hub regions, including the left precuneus, cuneus, occipital
cortex (such as the left fusiform gyrus), parietal cortex
(such as the posterior cingulate gyrus), and orbital part of
the frontal lobe. The high long-range FCD was mainly dis-
tributed in the temporal cortex, parietal cortex (such as the
superior parietal gyrus), prefrontal cortex, occipital cortex,
and cerebellar lobules. The FCD hubs found in the present
study are consistent with previous studies in healthy children
and adolescents, and young patient groups (Tomasi and Vol-
kow, 2012a; Wang et al., 2014).

We performed an ANOVA that included Group (TAI, con-
trols) as a between-subjects variable and age, gender, and
subject motion as covariates. A threshold of p < 0.05 was de-
termined by AlphaSim and used in the statistical analyses.
The SPM ANOVA revealed significant differences between
groups for both short-range and long-range FCD, as indi-
cated in Table 2.

Between-group maps (as shown in Fig. 3A) noted signifi-
cantly decreased long-range FCD in the TAI patients in frontal
regions, including the left superior and middle frontal gyri and
the left middle cingulate gyrus, subcortical regions (including
right cerebellum lobule III, cerebellar vermis, left putamen),
and the left inferior temporal gyrus. As compared with the
controls, the TAI patients showed significantly higher long-

FIG. 1. Behavioral task performance. The traumatic axo-
nal injury (TAI) group performed significantly worse than
the controls on the sensory organisation test (SOT; as
shown by the higher ellipse areas). TAI, white bars; control,
black bars, **p < 0.01, ***p < 0.001.
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range FCD in the right paracentral lobule, left middle occipital
gyrus, and left cerebellar lobule (IX; Fig. 3B).

Group comparisons showed that short-range FCD was sig-
nificantly increased in the TAI patients in frontal regions, in-
cluding the right anterior prefrontal cortex (BA 10), left
inferior parietal lobule, and cerebellar regions (left lobule
Crus I, right lobule III; Fig. 3C). No regions were found
showing higher short-range FCD in controls relative to
TAI participants. Although, there were no regions with sig-
nificantly decreased short-range FCD in TAI, the data sup-
port consistently lower short-range FCD in the TAI versus
control group as shown in Figure 4.

Relationship between postural control and FCD

Correlation analyses between balance performance and
short- and long-range FCD in the brain regions showing sig-
nificant group differences revealed that only long-range FCD
was significantly correlated with ellipse area. No significant
correlations were obtained between regions with between-
group differences in short-range FCD and postural control.
Bonferroni corrections for multiple comparisons were made,

Table 2. Cluster Locations (x, y, and z)
in the Montreal Neurological Institute

Stereotactic Space and Statistical

Significance for Group Effects on Short-Range

and Long-Range Functional Connectivity Density

Region x y z T

Short range
TAI > controls

Frontal mid R 27 45 3 3.95
Parietal inf L �57 �24 45 3.12
Cerebellum III R 12 �33 �24 2.77
Cerebellum Crus1 L �33 �63 �30 2.37

Long range
Controls > TAI

Frontal sup L �18 3 69 3.48
Frontal mid L �30 3 60 3.27
Cerebellum III R 15 �33 �21 3.02
Vermis1_2 3 �36 �15 3.25
Putamen L �15 9 �9 3.17
Temporal inf L �51 �6 �33 3.06
Frontal Sup medial L 0 30 12 3.02
Cingulum Mid L 0 �39 33 2.56

Long range
TAI > controls

Cerebellum IX L �6 �51 �33 3.81
Paracentral lobule R 12 �24 66 3.78
Occipital mid L �30 �78 9 2.80

FIG. 2. Distribution of short-range (A) and long-range (B)
functional connectivity density (FCD) in the human brain for
10 TAI patients and 28 typically developing children.

FIG. 3. Between-group maps in FCD.

FIG. 4. The average and the range of short-range FCD
among TAI patients and controls (total control group and
the balanced dataset with 12 controls).
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hence pcorr < 0.01 was considered significant following cor-
rection for the two sensory conditions of the SOT (which
showed a significant interaction effect) and the two network
metrics (short-range and long-range FCD).

Total group correlations. In the total group, Spearman
correlation analyses revealed that long-range FCD in the
left putamen was negatively correlated with ellipse area of
condition A (r =�0.60, pcorr < 0.01), C (r =�0.61, pcorr <
0.01), and D (r =�0.57, pcorr < 0.01). In other words, de-
crease in long-range FCD of the left putamen within the
total group was associated with lower balance performance
(i.e., smaller ellipse areas). Also, we found that the ellipse
area in condition C with sway-referenced platform within
the total group was significantly negatively correlated with
long-range FCD of the cerebellar regions, including right
cerebellum lobule III (r =�0.43, pcorr < 0.01) and cerebellar
vermis I-II (r =�0.49, pcorr < 0.01).

Within-group correlations. The long-range FCD of the left
putamen in the TAI group showed a strong negative correla-
tion with ellipse area of condition C (r =�0.76, pcorr < 0.01,
Fig. 5). In other words, decrease in long-range FCD within
the TAI group was associated with lower balance performance
(i.e., smaller ellipse areas) for the condition in which proprio-
ceptive feedback was compromised. Moreover, we found that
the long-range FCD of the cerebellar vermis I-II within the
TAI group was significantly negatively correlated with ellipse
area in the condition where both proprioceptive and visual
feedback were compromised (r =�0.82, pcorr < 0.01, Fig. 5).
The long-range FCD of the left putamen in the control
group showed a negative correlation with ellipse area of con-

dition C (eyes open, sway-referenced platform, r =�0.53,
pcorr < 0.01) and condition D (eyes closed, sway-referenced
platform, r =�0.52, pcorr < 0.01).

Relationship between time since injury
and FCD in TAI patients

Regarding time since injury within our TAI group, we ob-
served a significant negative correlation between time since
injury and long-range FCD of the left superior frontal gyrus
(r =�0.72, p < 0.05, Fig. 6). Thus, the patients with longer
time since injury showed a lower long-range FCD of the left
superior frontal gyrus. Moreover, we found a marginal signif-
icant positive correlation between time since injury and short-
range FCD of the right middle frontal gyrus (r = 0.55,
p < 0.10), revealing that increases in short-range FCD in the
TAI patients was associated with longer time since injury.

Discussion

In this study, we determined relations between functional
connectivity during resting state and postural control in a
young TAI and control group. First, we applied FCDM to as-
sess differences in short-range and long-range FCD between
both groups. Second, the functional relevance of these alter-
ations in connectivity was underscored by statistically signif-
icant correlations between balance performance and FCD in
the TAI group and controls.

Group differences in postural control

Postural control deficits in brain-injured children are not
always prominent in standard clinical/neurological examina-
tions or in normal standing conditions (Basford et al., 2003;

FIG. 5. Plots indicating the relationships between the bal-
ance scores (ellipse area in mm2) and long-range FCD within
the TAI group.

FIG. 6. Plots indicating the relationship between time
since injury (in years) and FCD within the TAI group.
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Gagnon et al., 2004, Geurts et al., 1996, Kaufman et al.,
2006). We have therefore experimentally manipulated reli-
ability of sensory input using the SOT test protocol, repre-
senting daily life situations, in which the environment is
more challenging (e.g., walking in crowded streets or stand-
ing in a bus or train). Our results suggest that TAI patients
showed deficits in selecting the accurate and suppressing
the compromised sensory inputs, as shown by the larger el-
lipse areas in conditions with compromised proprioceptive
feedback (condition C and D).

Balance deficits have previously been reported in TBI chil-
dren, primarily by means of clinical tests (Gagnon et al., 1998,
2001, 2004; Geurts et al., 1996, 1999; Ingersoll and Armstrong,
1992; Lehmann et al., 1990; Rubin et al., 1995). Here, use was
made of instrumented posturographic measures, which pro-
vide a more precise and observer-independent assessment
of balance control. Our results are in line with our previous
study, demonstrating that the brain-injured group performed
significantly worse than the controls on the SOT (Caeyen-
berghs et al., 2010). In the present study, we did however
use a more direct measure of postural sway based on the sur-
face of the COP trajectory, that is, ellipse area. Our results
on the SOT replicates previous findings in mild TBI adults,
which showed increased instability as measured by the SOT
composite score (Guskiewicz et al., 1997, Kaufman et al.,
2006; Riemann and Guskiewicz, 2000).

Alterations in long-range connectivity in TAI

Left superior and middle frontal gyri, composed of the
premotor cortex and the supplementary motor area/BA6,
and cingulate motor regions, demonstrated lower strength
of long-range connectivity in TAI patients as compared to
controls. These regions are typically associated with motor
control actions (Picard and Strick, 2001). The weaker FCD
of the motor regions in TAI is consistent with a recent report
of reduced task-related activity in motor regions in young pa-
tients with mild TBI (Keightley et al., 2014). Although, there
were differences in the conditions of the study (resting-state
versus working memory task) and the severity of the patient
group (moderate/severe versus mild).

Interestingly, the weaker long-range FCD of the left supe-
rior frontal gyrus was related with longer time since injury.
In other words, the long-range FCD decreases in this motor
region appeared to take more time after injury to develop.
The most likely mechanism for this longitudinal change is
Wallerian degeneration. Deafferentation of white matter
fiber tracts following injury results in downstream degenera-
tion of the tract. Furthermore, axons that are damaged but
not immediately disconnected continue to undergo subtle
changes that include impaired axoplasmic transport, axonal
swelling, and ultimate disconnection (Povlishock, 1992).
This process of degeneration can last for several months
or even years post-injury in humans (Povlishock and Katz,
2005). Our result is consistent with pathologic studies
(George and Griffin, 1994) and diffusion MRI studies of
TAI [for an excellent review study, see Hulkower et al.
(2013)], identifying this slow, progressive degradation and
phagocytosis of myelin sheaths, which damages brain struc-
tural connectivity and affects neuropsychological function-
ing. Temporal changes in quantitative resting-state patterns
should be further investigated in future studies, which may

help to assess recovery from head injury and the long-term
impact associated with behavioral impairments caused by
brain injury.

Furthermore, we documented lower long-range connectiv-
ity density in the left inferior temporal gyrus that can be re-
lated to difficulties with perceptual tasks in TAI (Neistadt,
1994; Warren, 1993). The left inferior temporal cortex has
been shown to be important in the high-level processing of
object-related information (Ungerleider et al., 1998). Our
young TAI group also showed decreased long-range connec-
tivity in subcortical regions, including the right cerebellar
lobule III, cerebellar vermis, and left putamen, and there
was a negative correlation between postural control perfor-
mance and long-range connectivity in some of these regions.

Relying on our previous study on network functionality in
young brain-injured patients (Caeyenberghs et al., 2012), we
expected a decrease in functional connectivity. We suggested
that a decrease in structural connectivity (i.e., a poorer neuro-
biological substrate and structural disconnection between neu-
ral network nodes) may be directly related to a decrease in
functional connectivity. The observed decreased long-range
FCD of the young TAI group appears consistent with previous
structural network studies (Caeyenberghs et al., 2012, 2014;
Pandit et al., 2013; Sharp et al., 2014) and prior studies report-
ing alterations in diffusion MRI metrics after brain injury
(Hulkower et al., 2013). In contrast, several brain regions re-
lated to cognitive monitoring and somatosensory function
showed increased functional connectivity, indicating a puta-
tive compensation mechanism in TAI, as discussed next.

Increased short-range connectivity in TAI

Parietal regions (including the left inferior parietal lobule),
cerebellar regions (including left lobule Crus I and right lob-
ule III), and the anterior (rostral) prefrontal cortex demon-
strated higher short-range density for the young TAI
patients. The anterior (rostral) prefrontal cortex (approximat-
ing BA 10) is a large brain region in humans and it is thought
to support functions that are central to cognition. A specific
role for this region is attending, to a novel degree, either to
environmental stimuli, or by contrast, to self-generated or
maintained representations (Burgess et al., 2007). Increase
in short-range FCD of this region was marginally associated
with longer time since injury, suggesting a long-term com-
pensatory finding.

The inferior parietal lobule corresponds to the primary so-
matosensory area (SI), which is involved in the integration of
somatosensory information to guide motor actions (Rizzo-
latti et al., 1998). Following the nomenclature of Schmah-
mann (Stoodley and Schmahmann, 2009) and the division
of O’Reilly and colleagues (2010), the cerebellar lobule III
is part the anterior/‘‘primary sensorimotor’’ zone, having
strong functional connectivity with (pre)motor cortex and so-
matosensory cortex, and it is responsible for mediating un-
conscious proprioception. The cerebellar lobule Crus I, part
of the posterior/‘‘supramodal’’ zone, has modest input
from the prefrontal cortex and contributes to a cognitive in-
volvement in action control (Ramnani, 2012). The results
suggest that TAI not only affects the brain’s short-range
functional connectivity in anterior prefrontal cortex, parietal
and cerebellar regions, which is important for cognitive con-
trol and somatosensory processing, but also affects long-
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range functional connectivity among the left middle occipital
gyrus (which comprises the extrastriate cortex, Weiner and
Grill-Spector, 2011), the right paracentral lobule (corre-
sponding to S1, see above), and the left cerebellar lobule
IX (posterior/‘‘supramodal’’ zone, see above) that subserve
attentional and multimodal integrating functions (Weiner
and Grill-Spector, 2011). This higher proportion of FCD in
regions involved with cognitive monitoring and somatosen-
sory processing in TAI children is consistent with our previ-
ous task-related fMRI study showing higher activity in TAI
patients during the performance of coordination tasks
(Caeyenberghs et al., 2009).

Although the TAI group showed evidence of consistently
having a lower short-range FCD than the control group (as
shown in Fig. 2, upper panel), we did not observe a signifi-
cant decrease in short-range FCD in the patients with TAI
as compared to the controls. We suggest that this is probably
due to the wide variation in lesion locations across the pa-
tients (as can be seen in Table 1). Contrary, consistency
could be observed in the areas with decreased long-range
FCD and increased FCD for both short-range and long-
range. These results appear to suggest that common long-
range connections might be affected by TAI. In other
words, despite different lesion locations, same changes in
long-range connections could be observed across TAI pa-
tients. Similarly, there are common pathways for compensa-
tion across TAI patients, which may result from the common
long-range disruptions due to the variety of lesion locations.
Further studies are needed to confirm these suggestions.

Behavioral relevance of FCD alterations in TAI

Our ultimate goal was to investigate whether alterations in
functional connectivity density in the TAI group was associ-
ated with impairments in balance, as assessed by the SOT pro-
tocol of the EquiTest. Lower balance levels (larger ellipse
areas) in TAI were associated with a lower long-range func-
tional connectivity density in subcortical structures, including
the left putamen and cerebellar vermis. The putamen (along
with the substantia nigra and caudate) is an integral part of
the nigrostriatal system and thought to be involved in initiation
of movements (Graybiel, 1990). Interestingly, this result is
largely consistent with a previous study of Goble and associ-
ates (2012) supporting a link between a measure of neural ac-
tivation in the putamen and performance on a test of
proprioceptive sensibility. Since the vermis of the cerebellum
contributes to the regulation of whole-body posture and loco-
motion (Coffman et al., 2011), a decrease in FC density of this
region could explain abnormally increased sway in TAI pa-
tients. This result is in agreement with our previous diffusion
MRI study (Caeyenberghs et al., 2010), showing associations
between the SOT balance scores and fractional anisotropy in
the cerebellum. These results suggest that evaluation of sub-
cortical structures such as the putamen using rs-fMRI com-
bined with a FCDM approach could be helpful in
developing imaging biomarkers for diagnostics/prognosis
and may also be useful for evaluating response to interven-
tions in patients with balance deficits following TAI.

Limitations

The most obvious limitation of this study pertains to the
rather small group size of the TAI patients. It remains to

be seen whether larger groups, allowing more powerful sta-
tistical analyses, will provide further confirmation/extension
of the obtained results. However, our group was relatively
homogeneous in terms of injury mechanism (traffic accidents
and falls) and neuropathology (TAI). Related to this issue,
balanced datasets should be used in further studies. In this
study, similar results were obtained using the balanced
group (i.e., selecting 12 controls, age and gender matched).
Moreover, we wanted to use the entire control group to ob-
tain a better estimate of the FCD of the population (children
and adolescents). Only two studies so far, one study in chil-
dren with attention deficit/hyperactivity disorder (Tomasi
and Volkow, 2012a) and another study in children with an-
isometropic amblyopia (Wang et al., 2014) have conducted
comparisons of short- and long-range FCD in the brains of
children. Furthermore, longitudinal studies are needed to de-
termine how changes in functional connectivity density are
related to recovery and objective measures of postural con-
trol. Taking into account these limitations, this is the first
time that such strong relationships between functional con-
nectivity and postural control have been established.
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