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Abstract: Tourette syndrome (TS) is a neurological disorder that causes uncontrolled repetitive motor
and vocal tics in children. Examining the neural basis of TS churned out different research studies
that advanced our understanding of the brain pathways involved in its development. Particularly,
growing evidence points to abnormalities within the fronto-striato-thalamic pathways. In this study,
we combined Tract-Based Spatial Statistics (TBSS) and Atlas-based regions of interest (ROI) analysis
approach, to investigate the microstructural diffusion changes in both deep and superficial white
matter (SWM) in TS children. We then characterized the altered microstructure of white matter in 27
TS children in comparison with 27 age- and gender-matched healthy controls. We found that frac-
tional anisotropy (FA) decreases and radial diffusivity (RD) increases in deep white matter (DWM)
tracts in cortico-striato-thalamo-cortical (CSTC) circuit as well as SWM. Furthermore, we found that
lower FA values and higher RD values in white matter regions are correlated with more severe tics,
but not tics duration. Besides, we also found both axial diffusivity and mean diffusivity increase
using Atlas-based ROI analysis. Our work may suggest that microstructural diffusion changes in
white matter is not only restricted to the gray matter of CSTC circuit but also affects SWM within
the primary motor and somatosensory cortex, commissural and association fibers. Hum Brain Mapp
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INTRODUCTION

Tourette syndrome (TS) is a developmental neuropsychi-
atric disorder and is characterized by multiple motor and
vocal tics. In general, TS manifests in childhood with a
male to female ratio of 5:1. Onset of TS occurs usually
with simple motor tics at around 5 years while onset of
vocal tics occurs around 8–15 years. Tic severity peaks in
early to mid-adolescence and comparatively less in adult-
hood [Perera and Abayanayaka, 2012]. TS is frequently
concomitant with obsessive-compulsive disorder (OCD),
attention-deficit–hyperactivity disorder (ADHD) and other
social and behavioral disturbances [Stokes et al., 1991].

To date, the neural basis of TS remains largely
unknown. However, increasing evidence from experimen-
tal, electrophysiological and imaging studies points to
abnormalities within the fronto-striato-thalamic pathways
[Ganos et al., 2013; Gerard and Peterson, 2003; Makki
et al., 2008; McNaught and Mink, 2011; Singer and Minzer,
2003]. Specifically, a dysfunction of the cortico–striato–tha-
lamo–cortical (CSTC) circuit in TS patients has been sup-
ported by converging data from neuro-pathological,
electrophysiological as well as structural and functional
neuroimaging studies [Ackermans et al., 2008; Albin and

Mink, 2006; Bronfeld and Bar-Gad, 2013; Harris and
Singer, 2006; Mink, 2006]. Furthermore, numerous past
studies on this pathophysiology focused on studying gray
and white matter regions. For instance, thinning of cortical
motor areas as well as reduced caudate nucleus volumes
have been reported and interpreted as reflections of
altered cortico-subcortical circuits involved in tic genera-
tion [Hyde et al., 1995; Peterson et al., 2003]. Moreover,
cortical thinning correlating with tic severity was found in
the cingulate area as well as supplementary motor, premo-
tor, somatosensory and dorsal lateral prefrontal cortex
[Draganski et al., 2010; Muller-Vahl et al., 2009; Peterson
et al., 2001; Sowell et al., 2008; Worbe et al., 2012].

Diffusion Tensor Imaging (DTI) is becoming widely
used for its high sensitivity in non-invasively detecting
microstructural alterations and reconstructing white matter
tracts via estimating main fiber orientation [Basser et al.,
1996; Basser and Pierpaoli, 1994; Huppi and Dubois, 2006].
Several informative measures can be derived from DTI
scans, including fractional anisotropy (FA), mean diffusiv-
ity (MD), axial diffusivity (AD) and radial diffusivity (RD).
For instance, FA is a sensitive measure of WM microstruc-
tural changes, but it is not a specific marker for a certain
pathophysiologic mechanisms [Basser, 1995; Basser and
Jones, 2002]. MD is sensitive to the microstructural archi-
tecture of cellular membranes. Increases in the average
spacing between membrane layers increases MD values.
RD is modulated by myelin in white matter as suggested
in animal research [Song et al., 2005; Tyszka et al., 2006].
AD might be more suited to examine axonal degeneration
[Song et al., 2003] and decreases in AD were correlated
with increased axonal damage [Budde et al., 2009].

Despite its various promising potentials, using DTI-
based analysis methods to calculate local changes across
different groups may not be accurate and efficient such as
using voxel-based analysis which is highly sensitive to
registration errors and suffers from poor statistical power
due to high noise levels [Faria et al., 2010]. An alternative
approach called Tract-Based Spatial Statistics [Smith et al.,
2009] nicely reduces the effects of local misregistrations by
skeletonizing the WM and condensing the nearby WM
information into a skeleton that approximates WM tract
centers. TBSS has been widely adopted using the original
implementation provided in the FMRIB Software Library
(FSL) [Jenkinson et al., 2012]. Another approach, atlas-
based regions of interest (ROI) analysis is also widely
used in DTI analyses. It overcomes the shortcomings of
voxel-based analysis by grouping the anatomically related
voxels within the same anatomical unit, thus systemati-
cally lead to higher statistical power. The atlas-based
method is also better than manually defining the ROIs,

Abbreviations

AD Axial diffusivity
ADHD Attention-deficit–hyperactivity disorder
AIR Automated Image Registration
ATR Anterior thalamic radiations
CG Cingulum bundles
CSTC Cortico-striato-thalamo-cortical
DTI Diffusion Tensor Imaging
DWM Deep white matter
FA Fractional anisotropy
FOV Field of view
FSL FMRIB Software Library
FX fornices
GM Gray matter
LDDMM Large deformation diffeomorphic metric mapping
MD Mean diffusivity
OCD Obsessive-compulsive disorder
RD Radial diffusivity
ROI Regions of interest
SWM Superficial white matter
TBSS Tract-Based Spatial Statistics
TE Echo time
TFCE Threshold-free cluster enhancement
TR Repetition time
TS Tourette syndrome;
WM White matter
YGTSS Yale Global Tic Severity Scale
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which is known to have reproducibility issues and not
suitable for the whole-brain analyses since it is time-
consuming to define a large number of 3D ROIs. Indeed,
previous DTI studies on WM-related diseases used the
atlas-based ROI analysis to compare findings from various
conditions using statistics calculated from data taken from
several individual regions [Faria et al., 2010; Kasahara
et al., 2012; Oishi et al., 2009]. In our study, we attempted
to overcome the limitations of single analytical approaches
by using these two different DTI processing techniques.
Thus, studying the brain as a skeleton as well as a parti-
tion of anatomical regions will give us a more complete
view of its alterations in TS patients.

Studies based on white matter atlases suggest that
applying similar techniques (i.e. atlas-based analysis meth-
ods) may help us better evaluate microscopic changes in
early TS children. Notably, DTI-based studies for examin-
ing white matter (WM) components of cortical projections
[Cheng et al., 2014] and altered connectivity patterns in TS
patients are still scarce. Recently, [Worbe et al., 2015] used
a probabilistic tractography algorithm to quantify struc-
tural and connectivity changes in CSTC as well as WM
microstructure using DTI, where they proved that cortical
regions had abnormal structural connectivity with the

striatum and the thalamus in TS patients. Despite its ele-
gance, this method was limited to examining only CSTC
circuit and its connection to 68 cortical regions. In this
study, we use both TBSS and atlas-based method to quan-
tify both superficial and deep white matter (DWM) micro-
structural changes in 176 ROIs. We also determine
whether these changes are related to clinical measures
such as YGTSS (Yale Global Tic Severity Scale) and dura-
tion of the disease. We hypothesize that WM changes
(lower FA, AD and higher RD, MD) would include the
SWM of frontal cortices striatum, thalamus and the DWM
tracts in CSTC circuit [i.e., cingulum bundles (CG), forni-
ces (FXs) and anterior thalamic radiations (ATR)] in TS
children. We also investigate the commissural and associa-
tion fibres and sensory-motor pathways morphometric
changes and their association with tic severity and dura-
tion [Liu et al., 2013].

MATERIAL AND METHODS

Subjects

33 TS patients were recruited from outpatient clinics in
Beijing Children’s Hospital from July 2012 to August 2013.

TABLE I. Demographic variables and clinical characteristics of patients

ID Sex Age(y) YGTSS Duration(years) ADHD OCD

Motor tics Vocal tics

Simple Complex Simple Complex

1 F 11 52 4 No No 1 1 1 -
2 M 14 65 1.5 Yes No 1 1 1 1

3 M 6 23 0.25 Yes No 1 1 - -
4 M 10 80 2 Yes No 1 1 1 -
5 M 7 50 0.67 No No 1 1 - -
6 M 11 30 2 Yes No 1 1 - -
7 M 11 25 1 No No 1 1 - -
8 F 5 52 0.25 Yes No 1 1 1 -
9 M 11 30 1.2 No No 1 1 - -
10 M 9 62 2.5 No No 1 1 1 -
11 F 9 36 5.5 No No 1 1 - -
12 F 8 10 0.63 No No 1 1 - -
13 M 3 38 0.17 No No 1 1 1 -
14 M 4 58 1 No No 1 1 1 -
15 F 8 42 3 No No 1 1 1 -
16 M 10 30 3 No No 1 1 1 -
17 M 6 52 0.17 No No 1 1 1 -
18 M 12 51 2 No No 1 1 1 -
19 M 11 24 1 No No 1 1 - -
20 M 9 55 1.75 No No 1 1 1 -
21 F 13 76 1.5 No No 1 1 1 -
22 M 4 35 0.42 Yes No 1 1 - -
23 M 9 35 1 No No 1 1 1 -
24 M 7 59 2.3 No No 1 1 1 -
25 M 6 42 2.5 Yes No 1 1 1 -
26 F 4 66 0.25 No No 1 1 1 -
27 M 16 79 3.5 No No 1 1 1 -

Abbreviations:15 present,25 absent; YGTSS 5 Yale Global Tic Severity Scale; M 5 male; F 5 female.
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All the patients met DSM-IV-TR (Diagnostic and Statistical
Manual of Mental Disorders, 4th Edition, text revision) cri-
teria for TS. We also included 48 healthy controls in our
study. We used a clinical interview and the Children’s
Yale-Brown Obsessive Compulsive Scale (CY-BOCS) [Scahill
et al., 1997] to diagnose OCD and used the German short
version of Wender Utah rating scale (WURS-k, translated to
Chinese) [Retz-Junginger et al., 2003] to diagnose ADHD.
Patients fulfilling OCD criteria or other co-morbidities were
excluded from the study. Only 27 TS patients (age:
9.00 6 3.374 years, range: 3–16 years; 7 female) and 27 age
and gender-matched control subjects (age: 10.74 6 3.323
years; range: 6–17 years; 11 female) were included in this
paper. There is no medical treatment for all patients. Tic
severity for all patients was rated using the Yale Global Tic
Severity Scale (YGTSS) [Leckman et al., 1989] and ranged
from 10 to 79 ([mean 6 SD]: 46.50 6 18.037). The duration of
TS ranged from 3 month to 5 years ([mean 6 SD]:
1.81 6 1.423 years). For those who had course less than 1
year, TS diagnosis was made by follow-up call. After the
study was approved by Beijing Children’s Hospital review
board, written informed consent was obtained from all the
parents/guardians according to the Declaration of Helsinki.
Details of the patients are shown in Table I.

Data Acquisition

Magnetic resonance imaging was acquired using a 3.0T
MR scanner (Gyroscan Interna Nova, Philips, Netherland).
Head positioning was standardized using canthomeatal
landmarks. The head was stabilized with foam pads to
minimize head movements. Patients were instructed to
suppress tics and minimize head movements during scan-
ning as much as possible. Children with mild symptoms
of tics can control their tics, therefore minimizing the risk
to get motion artifacts. For children with serious tic symp-
toms, we perform scanning after they sleep. In the scan-
ning process, the physician observes the patient via the
monitor to ensure that the patient remains still. Axial
three-dimensional DTI was acquired from all the subjects.
DTI was performed using the following protocol: spin-
echo diffusion-weighted echo-planar imaging sequence,
2mm slice thickness, no inter-slice gap, repetition time 5

4,300 ms, echo time 5 95ms, field of view (FOV) 5255 3

255mm, reconstructed image matrix 5 336 3 336. Diffu-
sion MRI images were obtained from 30 non-collinear
directions with a b value of 1,000 s/mm2. 3D T1-weighted
imaging were performed with axial three-dimensional-
Fast Field Echo (3D FFE) sequence with the following
parameters: repetition time (TR) 5 25ms, echo time (TE) 5

4.6ms, flip angle 5 308, reconstructed image matrix 5

256 3 256, FOV 5 200 3 200mm, slice thickness 5 1mm.

Data Preprocessing

Following image acquisition, we used the FMRIB’s Diffu-
sion Toolbox (FDT2.0) within FSL v4.1 (http://www.fmrib.
ox.ac.uk/fsl) for diffusion tensor image processing. For each
participant, 30 DTI volumes with 1,000 s/mm2 b-value
were first affinely registered to the b0 volume for correction
of eddy current distortion and simple head motion. Non-
brain voxels were removed using FSL Brain Extraction Tool
(BET). We thresholded the FA map at 0.25 to generate a
binary brain mask for each subject. We then used the eddy-
corrected 4D data and corresponding brain mask to fit the
diffusion tensor model at each voxel by using the FDT.
Eigenvalues of diffusion tensor matrix (k1, k2, k3) were
obtained and maps of axial diffusivity (AD 5 k1), mean dif-
fusivity (MD 5 (k11k21k3)/3), and FA were generated. RD
(perpendicular eigenvalue, k23 5 (k21k3)/2) was calculated
by averaging k2 and k3 maps.

Quantification of Microstructural

Changes with TBSS

The Most-Representative-Subject TBSS (RS-TBSS) proce-
dure [Shiva et al., 2012] was then applied to the data
(Flow-chart is shown in Fig. 1), which is recommended if
the subjects are all young children. FA images from each
participant were then co-registered to one another using
both linear (FLIRT) and nonlinear registration (FNIRT)

Figure 1.

Flow-chart of the Most-Representative-Subject TBSS (RS-TBSS)

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

which is available at wileyonlinelibrary.com.]
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provided by FSL. Next, we select the subject that has the
minimum mean deformation for non-linearly aligning it to
all subjects as the “most representative” one, and use it as
the target image. This target image is then affine-
registered to MNI152 standard space where each image is
transformed into 1 3 1 3 1 mm by combining the nonlin-
ear transform to the target FA image with the affine trans-
form from that target to MNI152 space. We used the adult
atlas (FMRIB58_FA) for the purpose of normalizing all
data to a common stereotactic space (MNI152 space). Bur-
gund et al. examined the spatial error that occurred when
the brains of children and adults were warped to an adult
template using affine registration. They found that there
were small errors of registration between children and
adults [Burgund et al., 2002]. The resulting standard-space
FA images of each participant were averaged to create a
mean FA image, which was then fed into an FA skeletoni-
zation program to create a skeleton image of WM tracts. A
threshold of 0.2 was selected to define the border distin-
guishing white from gray matter (GM). Then, for each par-
ticipant, we projected the local maximal FA value [Bach
et al., 2014; de Groot et al., 2013] along the perpendicular
direction of the WM tract to the mean FA skeleton to carry
out the voxel wise statistics across subjects. The same pro-
jection method was applied to MD, AD, and RD images.
For voxel-wise group comparisons between patients and
normal control on the skeleton image, we used FSL’s ran-
domise tool. Essentially, randomise uses a permutation-
based statistical inference [Nichols and Holmes, 2002].

Random Monte Carlo simulated samples of 10,000 permu-
tations were used as null distribution. P-values< 0.05 were
identified as significant and corrected for multiple compar-
isons with threshold-free cluster enhancement (TFCE)
[Smith and Nichols, 2006] method to avoid definition of an
initial cluster-forming threshold or carrying out a large
amount of data smoothing. The ICBM-DTI-81 white-matter

labels atlas, JHU White-Matter Tractography atlas and Talair-

ach Daemon Labels atlas provided by FSL were used to
identify the abnormal white matter tracts using TBSS. Sim-
ilarly, we also analyze MD, RD and AD TBSS results.

Atlas-Based ROI Statistical Analysis Using

LDDMM

Brain parcellation into 176 ROIs using LDDMM

atlas-based registration framework

In atlas-based ROI analysis, we use the pre-parcellated
template brain to transfer template regions labels to a tar-
get unparcellated brain. Despite its robustness, this direct
approach produces measurements whose performance crit-
ically depends on the accuracy of the image registration.
In this study, we use a nonlinear warping algorithm based
on large deformation diffeomorphic metric mapping
(LDDMM) [Miller et al., 1993; Miller et al., 1997] to register
DTI images of each participant to common space. LDDMM
accurately estimates a large degree of deformation while
simultaneously preserving the topology of the object, thus

Figure 2.

Schematic diagram of dual-contrast LDDMM Atlas-based analysis

pipeline. FA and b0 maps of each participant were first trans-

formed linearly and then non-linearly to “JHU_MNI_single-subject”

atlas. Next, the inverse transformation was applied to the pre-

segmented WM atlas, thus enabling automated segmentation of

the original images into 130 subregions. The cortex and the associ-

ated SWM were further divided using a threshold (FA> 0.25) for

each subject, resulting in a total of 176 subregions. [Color figure can

be viewed in the online issue, which is available at wileyonlinelibrary.

com.]

r Microstructural Abnormalities Analysis in Early TS r

r 1907 r

http://wileyonlinelibrary.com
http://wileyonlinelibrary.com


constraining transformations such that connected tissues
remain connected and distinct (different) tissues are not
joined. In this study, we used multi-contrast LDDMM
algorithm was implemented, in which both scalar-valued
diffusion weighted images and anisotropy images
obtained from DTI data to drive the registration with their
different contrast information [Ceritoglu et al., 2009].

A two-step image transformation was used to warp an
atlas to individual native space. We used the adult skull-
stripped “JHU_MNI_single-subject” atlas [Oishi et al.,
2009] for linear and nonlinear normalization of subject
images and we generated ROIs for each participant as fol-

lows (Flow-chart is shown in Fig. 2). Basically, the images
for each participant were first normalized to the
MNI-space using a 12-parameter affine transformation
(affine Automated Image Registration (AIR) transforma-
tion, with trilinear interpolation) based on b0 images for
both the subject data and the template. We then used both
b0 and FA images for dual-contrast LDDMM (with cascad-
ing alpha of 0.01, 0.005, and 0.002) warping the subject
data into the b0 and FA template. The inverse transforma-
tion matrices (inverse LDDMM and then inverse AIR, all
with nearest neighbor interpolation) were then used to
transfer back the pre-segmented WM atlas “Type II WM

Figure 3.

FA skeleton clusters at P< 0.05 (family-wise error corrected for

multiple comparisons). We overlay the FA skeleton (green) on

axial slices of the standard MNI_T1_1mm template. Red-Yellow

voxels represent regions with significantly decreased FA values

in Tourette syndrome patients relative to healthy controls. The

white-matter microstructure is altered in the body of corpus

callosum, forceps major, left superior longitudinal fasciculus, ATR/

superior cerebellar peduncle, right superior longitudinal fasciculus

(temporal part), inferior longitudinal fasciculus, inferior fronto-

occipital fasciculus and corticospinal tract. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.

com.]
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Parcellation Map (WMPM)”[Oishi et al., 2009] to each sub-
ject native space, thus enabling the automated segmenta-
tion of the data into 130 brain regions. The cortex and the
white matter were further divided using an FA threshold
set to 0.25, which eventually resulted in a total of 176 sub-
regions. We also calculated the regional diffusion metrics
(FA, MD, AD, and RD) by averaging the values within
each region using ROIEditor.

Statistical analysis of DTI-derived regions of interest

The Shapiro–Wilk Test of Normality was used to investi-
gate the data distribution. The majority of WM measures
had normal distributions in both TS and control groups.
Using the two-sample t-test, the mean regional AD, RD,
MD and FA values in the patient group were compared
with those in the control group using SPSS19.0. For non-
normally distributed variable, we conducted non-
parametric analysis (Mann–Whitney U tests). The P-values
<0.05 were regarded as significant in our analysis.

Linking Changes to Clinical Measures

We calculated partial correlation using SPSS to relate
corresponding values of abnormal WM ROIs to tic severity
score (YGTSS) and tics duration, controlling for age and
gender. The region with abnormal values as identified by
TBSS or atlas-based analysis were selected as ROIs.

RESULTS

TBSS Analysis

TBSS analyses revealed significantly reduced FA in mul-
tiple WM skeleton clusters of patients, including the body
of the corpus callosum, the forceps major, the left superior

longitudinal fasciculus, the ATR, the right superior longi-
tudinal fasciculus (temporal part), the inferior longitudinal
fasciculus, the inferior fronto-occipital fasciculus, the
orticospinal tract and the frontal lobe sub-gyral (Fig. 3).
The coordinates of the cluster local maxima and the cluster
size are listed in Table II. We did not find any significant
FA increases compared with the healthy control subjects.
Nonetheless, we found significantly increased RD in the
left inferior fronto-occipital fasciculus, the right putamen
and the contralateral superior longitudinal fasciculus
(Fig. 4). The coordinates of the local maxima and cluster
size are listed in Table III. We did not find any significant
RD decreases compared with the healthy control subjects.
Furthermore, skeleton clusters showed no significantly dif-
ferent MD/AD at P< 0.05.

Atlas-Based ROI Analysis

Compared to healthy controls, TS patients showed sig-
nificant differences in multiple WM regions that extend
CSTC circuit (see Tables IV and V). Furthermore, FA, AD
were reduced and RD, MD were increased in these white
matter regions (only except for left posterior corona radi-
ata and middle occipital WM, with increased AD) in TS
patients than in control group (see Fig. 5).

Structural Changes in Relation to Clinical

Measures

To examine the functional relevance of the identified
structural changes, we correlated microstructural measures
with two clinical parameters: tic severity score (YGTSS)
and tic duration.

In TBSS analysis, FA values in the forceps major
(r 5 20.479, P 5 0.015), right inferior longitudinal fascicu-
lus (r 5 20.577, P 5 0.003), right inferior fronto-occipital

TABLE II. Skeleton clusters showing significantly decreased FA at P < 0.05 (corrected for multiple

comparisons with TFCE)

Cluster
MNI Coordinates(mm)

Tract size P-value x y z

Body of corpus callosum 1,670 0.037 0 222 24
Forceps major 230 0.047 26 268 30

22 0.049 210 294 7
14 0.05 23 278 20

Right superior longitudinal fasciculus (temporal part) 13,460 0.023 40 248 17
Right inferior longitudinal fasciculus 430 0.049 33 277 0

14 0.05 46 26 215
Right inferior fronto-occipital fasciculus 154 0.046 40 212 214
Right corticospinal tract 8 0.049 0 242 246
Left superior longitudinal fasciculus 18,617 0.014 234 29 39
Left frontal lobe sub-gyral 164 0.046 230 21 35
Left ATR 86 0.049 26 246 227

MNI: Montreal Neurological Institute.
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TABLE III. Skeleton clusters showing the significantly increased RD at P < 0.05 (corrected for multiple

comparisons with TFCE)

Tract Cluster size P-value

MNI Coordinates(mm)

x y z

Right inferior fronto-occipital fasciculus 2,011 0.044 28 22 21
Right superior longitudinal fasciculus 338 0.048 37 21 37

21 0.05 51 23 17
16 0.05 58 25 14

Right Putamen 25 0.05 16 13 213
Left superior longitudinal fasciculus 25,759 0.024 240 247 15

MNI: Montreal Neurological Institute.

Figure 4.

White matter structures showing significantly increased RD in Tourette syndrome patients (cor-

rected for multiple comparisons, P< 0.05). We overlay the RD skeleton (green) on the standard

MNI_T1_1mm template. Red-Yellow voxels represent regions in which RD significantly increased

in Tourette syndrome patients relative to healthy controls. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]
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fasciculus (r 5 20.441, P 5 0.027), left ATR (r 5 20.552,
P 5 0.004) and left superior longitudinal fasciculus
(r 5 20.442, P 5 0.027) were significantly negatively corre-
lated with YGTSS scores of the patient group (Fig. 6A). RD val-
ues in the right inferior fronto-occipital fasciculus (r 5 0.405,
P 5 0.044), left superior longitudinal fasciculus (r 5 0.535,
P 5 0.006) and left superior longitudinal fasciculus(r 5 0.512,
P 5 0.009) were significantly positively correlated with YGTSS
scores of the patient group (Fig. 6B). No correlation between
FA, RD changes and tic duration was found.

In the atlas-based ROI analysis for deep WM tracts, FA
values in the left cingulum bundle projecting to the cingu-
late gyrus (r 5 20.414, P 5 0.039), left sagittal stratum
(r 5 20.603, P 5 0.001), left external capsule (r 5 20.422,
P 5 0.036), left splenium of corpus callosum (r 5 20.405,
P 5 0.045), right superior cerebellar peduncle (r 5 20.413,
P 5 0.040), right genu of corpus callosum (r 5 20.450,
P 5 0.024) were significantly negatively correlated with
YGTSS scores of the patient group (Fig. 7A); whereas, RD
and MD values in the left superior longitudinal fasciculus
(r 5 0.426, P 5 0.034 and r 5 0.460, P 5 0.021) were signifi-
cantly positively correlated with YGTSS scores of the
patient group (Fig. 7B). We did not find any significant
correlation between AD values and YGTSS scores.

Meanwhile all DT metrics had no significant correlation
with tic duration.

For superficial WM, after controlling for age and gender,
FA values in the right pre-cuneus WM (r 5 20.558,
P 5 0.004) and the right superior temporal WM
(r 5 20.448, P 5 0.025) were significantly negatively corre-
lated with YGTSS scores of the patient group (Fig. 7C). For
the basal ganglia and the thalamus, after controlling for
age and gender, FA values in the left thalamus (r 5 20.413,
P 5 0.040) and the left caudate nucleus (r 5 20.531,
P 5 0.006) were significantly negatively correlated with
YGTSS scores of the patient group (Fig. 7D).

DISCUSSION

In this study, we combined TBSS and atlas-based ROI
analysis to examine both superficial and DWM structural
and microstructural changes in TS patients with short dis-
ease duration without OCD. We found widespread struc-
tural alterations in TS children brain using both methods
while a previous study [Jeppesen et al., 2014] selected
seven ROIs on the WM skeleton and found no difference
between controls and TS patients in these regions

TABLE IV. List of group statistics on FA, AD, RD, MD for all abnormal superficially located white matter regions

P-value/variation direction

ROI FA AD RD MD

Superior frontal WM left 0.009# N.S. N.S. N.S. SFWM_L
Inferior frontal WM left 0.003# N.S. 0.023" N.S. IFWM_L
Precentral WM left 0.001# N.S. 0.015" N.S. PrCWM_L
Postcentral WM left 0.004# N.S. 0.034" N.S. PoCWM_L
Angular WM left 0.008# N.S. 0.038" N.S. AWM_L
Pre-cuneus WM left N.S. N.S. 0.027" N.S. PreCuWM_L
Fusiform WM left N.S. N.S. 0.035" N.S. FuWM_L
Middle occipital WM left N.S. 0.014" N.S. 0.029" MOWM_L
Superior temporal WM left 0.023# N.S. 0.028" 0.041" STWM_L
Inferior temporal WM left 0.033# N.S. N.S. N.S. ITWM_L
Middle temporal WM left N.S. N.S. 0.029" 0.017" MTWM_L
Lateral fronto-orbital WM left <0.001# 0.033# 0.004" N.S. LFOWM_L
Supramarginal WM left 0.029# N.S. 0.031" 0.043" SMWM_L
Superior parietal WM right N.S. N.S. N.S. 0.028" SPWM_R
Superior frontal WM right 0.011# N.S. N.S. N.S. SFWM_R
Middle frontal WM right 0.015# N.S. N.S. N.S. MFWM_R
Inferior frontal WM right 0.026# N.S. N.S. N.S. IFWM_R
Precentral WM right 0.012# N.S. 0.033" N.S. PrCWM_R
Postcentral WM right 0.015# N.S. 0.034" N.S. PoCWM_R
Pre-cuneus WM right 0.03# N.S. N.S. N.S. PreCuWM_R
Middle occipital WM right 0.008# N.S. 0.016" 0.035" MOWM_R
Superior temporal WM right 0.031# N.S. N.S. N.S. STWM_R
Middle temporal WM right 0.023# N.S. N.S. N.S. MTWM_R
Supramarginal WM right 0.024# N.S. N.S. N.S. SMWM_R
Rectus WM right 0.008# N.S. N.S. N.S. RWM_R

FA, AD were reduced and RD, MD were increased in TS group in all regions, except in the middle occipital WM where AD increased.
WM: white matter, N.S.: not significant, "/#: parameter is significantly increased/decreased in TS group compared to control group.
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corrected for multiple comparisons with Bonferroni
method. The discrepancies of study subjects, analysis
method to derive the statistical result and multiple com-
parisons correction method may play a role in the differ-
ent findings resulting from both studies. In our result, TS
alterations were not only observed within the deep WM
tracts but also were present in the CSTC and the SWM
beneath the cortex identified by decreasing FA and AD
values (observed in both TBSS and atlas-based ROI analy-
sis results) and increasing RD and MD values (noted in

only atlas-based ROI analysis results). Our results may
suggest a lower axonal density and dysmyelination with
potential enlargement of myelin sheets of SWM pathway
in patients with TS. Besides increased MD values were
observed in TS patients primarily in the temporal WM
and association fibers, which could result from a
decreased cell density, thereby reflecting a putative patho-
mechanism of disruption within the temporal WM and
association fibers. Increased MD could result in reduced
connectivity. No significant change was found in AD

TABLE V. List of group statistics on FA, AD, RD, MD for all abnormal deep white matter, thalamus and basal

ganglia

P-value/variation direction

FA AD RD MD

Caudate nucleus left 0.018# N.S. N.S. N.S. Caudate_L
Putamen left 0.028# N.S. N.S. N.S. Putamen_L
Superior cerebellar peduncle left 0.023# N.S. 0.004" 0.007" SCP_L
Cerebral peduncle left 0.035# N.S. N.S. N.S. CP_L
Anterior limb of internal capsule left 0.004# 0.003# N.S. N.S. ALIC_L
Posterior limb of internal capsule left 0.034# N.S. N.S. N.S. PLIC_L
Anterior corona radiata left 0.025# N.S. N.S. N.S. ACR_L
Posterior corona radiata left N.S. 0.045" N.S. N.S. PCR_L
Cingulum cingulate gyrus left 0.006# N.S. 0.018" N.S. CGC_L
Superior longitudinal fasciculus left N.S. N.S. 0.035" 0.036" SLF_L
Superior fronto-occipital fasciculus left 0.01# N.S. N.S. N.S. SFO_L
Inferior fronto-occipital fasciculus left 0.005# N.S. 0.045" N.S. IFO_L
Sagittal stratum left 0.049# N.S. 0.037" 0.042" SS_L
External capsule left 0.007# N.S. N.S. N.S. EC_L
Uncinate fasciculus left 0.031# N.S. 0.048" N.S. UNC_L
Body of corpus callosum left 0.047# N.S. N.S. N.S. BCC_L
Splenium of corpus callosum left 0.041# N.S. N.S. N.S. SCC_L
Retrolenticular part of internal capsule left 0.015# N.S. N.S. N.S. RLIC_L
Globus pallidus left 0.016# N.S. N.S. N.S. *GP_L
Thalamus left 0.02# N.S. N.S. N.S. Thalamus_L
Medulla left N.S. 0.037# N.S. N.S. Medulla_L
Caudate nucleus right 0.017# N.S. N.S. N.S. Caudate_R
Superior cerebellar peduncle right 0.006# N.S. 0.023" N.S. SCP_R
Anterior limb of internal capsule right 0.003# 0.002# N.S. N.S. ALIC_R
Posterior limb of internal capsule right 0.031# N.S. N.S. N.S. PLIC_R
Anterior corona radiata right 0.043# N.S. N.S. N.S. ACR_R
Superior corona radiata right 0.023# N.S. N.S. N.S. SCR_R
Cingulum cingulate gyrus right 0.037# N.S. 0.031" N.S. CGC_R
Superior longitudinal fasciculus right N.S. N.S. N.S. 0.041" SLF_R
Superior fronto-occipital fasciculusright 0.018# N.S. 0.042" N.S. SFO_R
Inferior fronto-occipital fasciculus right 0.002# 0.004# 0.05" N.S. IFO_R
Sagittal stratum right N.S. N.S. 0.042" N.S. SS_R
External capsule right 0.014# N.S. N.S. N.S. EC_R
Middle cerebellar peduncle right N.S. N.S. 0.046" N.S. MCP_R
Genu of corpus callosum right 0.026# N.S. N.S. N.S. GCC_R
Splenium of corpus callosum right 0.028# N.S. N.S. N.S. SCC_R
tapatum right 0.028# N.S. N.S. N.S. TAP_R
pons right 0.049# N.S. 0.019" N.S. Pons_R

FA, AD were reduced and RD, MD were increased in TS group in all regions, except in the left posterior corona radiata where AD
increased.
WM: white matter, N.S.: not significant, "/#: parameter is significantly increased/decreased in TS group compared to control group,
*GP_L: GlobusPalidus_L.
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Figure 5.

Significant differences in diffusion measures (P< 0.05) using atlas-based analysis of TS and control

groups. This figure shows the mean FA, AD, RD and MD from ROI for TS (red) and control

(blue) groups. Values represent mean 6 standard deviation. Abbreviations of ROIs are in Tables I

and II. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.

com.]
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values using TBSS, which may show that it not a sensitive
DTI parameter in TS children.

Alterations in SWM

Tissue alterations in the SWM are less understood rela-
tive to cortical GM and DWM in previous studies of TS.
Lying just beneath the cortical ribbon, SWM is composed
primarily of U-shaped association fibers, which form the
major local white matter connections in the brain arching
through the cortical sulci to connect adjacent gyri; also
intracortical axons, which extend directly to white matter
from the overlying GM. Notably, local white matter con-
nections lie in the SWM [Nazeri et al., 2013] and SWM
changes are highly correlated with corresponding changes
in the cortex [Nazeri et al., 2013]. To date, much less is
known about SWM in vivo in patients in TS children.

In this study, microscopic changes in SWM were eval-
uated using water diffusion parameters including FA, AD,
RD and MD maps. To the best of our knowledge, our
study is one of the very few studies to examine the corre-
lation between the SWM alterations and clinical scores as
well as duration of tics. In atlas-based analysis, SWM
showed primary decreasing FA and increasing RD values
underneath bilateral primary somatosensory cortices in TS
children, suggesting the structure change of central sen-
sory system after long-term adaptation could tighten con-
trols of tics. Decreasing FA and increasing RD were also
found in SWM beneath bilateral precentral, postcentral,
fronto-orbital and superior temporal auditory cortices, sug-
gesting decreased axonal coherence. These regions are
involved in sensory-motor information processing.

Additionally, FA values in the right precuneus WM and
the right superior temporal WM were also significantly
negatively correlated with YGTSS scores. It was also noted
that the precuneus is involved in self-referential process-
ing, imagery and memory, and its deactivation is associ-
ated with an aesthetic-induced loss of consciousness.
Converging with previous studies, we found abnormal
pathway activity of precuneus and the presence of the
abnormal metabolic changes in the region correlated with
the severity of a TS patient’s symptoms [Alongi et al.,
2014; Pourfar et al., 2011]. Furthermore, the superior tem-
poral gyrus regions were significantly correlated with tic
occurrence in TS patients [Stern et al., 2000]. Of note, the
superior temporal gyrus is an important structure in the
pathway consisting of the amygdala and prefrontal cortex,
which are all involved in the perception of emotions in
facial stimuli [Bigler et al., 2007].

We also found the FA values and RD values changed
between groups in the precentral WM and postcentral
WM. The precentral WM and postcentral WM, which rep-
resent the white matter below the postcentral (BA 3a) and
precentral (BA 4p) cortex, were segmented using LDDMM
atlas-based method. Very few papers could segment the
precentral WM and postcentral WM and study the group

Figure 6.

TBSS correlation analysis results. (A) Significant negative correla-

tion between YGTSS and mean FA values. (B) Significant positive

correlation between YGTSS and mean RD values. Of note, the

X-axis and Y-axis only reflect the partial correlation of DTI

parameter and YGTSS, while considering age and gender as

covariables. The coordinate value of both X-axis (YGTSS) and

Y-axis (DTI parameter) do not reflect the initial values of these

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

is available at wileyonlinelibrary.com.]
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Figure 7.

Atlas-based correlation analysis in deep white matter tracts

(DWMT), superficial white matter regions (SWMR) and different

nuclei. (A) Significantly negative correlation between YGTSS and

mean FA value in DWMT. (B) Significantly positive correlation

between YGTSS and mean RD and MD value in DWMT. (C) Signif-

icantly negative correlation between YGTSS and mean FA value in

SWMR. (D) Significantly negative correlation between YGTSS and

mean FA value in left caudate nucleus and thalamus. Of note, the

X-axis and Y-axis only reflect the partial correlation of DTI param-

eter and YGTSS, while considering age and gender as covariables.

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

at wileyonlinelibrary.com.]

http://wileyonlinelibrary.com


differences in their regional diffusion characteristics. Previ-
ous study [Thomalla et al., 2009] found that FA values
changed between controls and TS groups in these regions.
So far, no post-mortem neuropathology studies of TS were
found on precentral WM and postcentral WM.

Alterations in Motor-Sensory Areas, CSTC,

Commissural and Association Fibres

Tics are the hallmark of TS; thus, it is intuitive to study
the main motor pathway, the corticospinal tract.
Decreased FA in the corticospinal tract found by TBSS is
in agreement with our hypotheses the corticospinal tract
as main motor pathway is affected in TS. FA changes
start from the corona radiate (identified using TBSS) and
extend to the ATR (identified using atlas-based analysis).
In the anterior limb, FA alterations (identified using atlas-
based analysis) might affect the frontopontine tract which
carries the motor pathways from the frontal lobe to the
pons. Furthermore, cortico-striato-thalamo-cortical circuits
are believed to be connected directly to the ventral stria-
tum where motivational and incentive behaviors are
regulated [Haber and Knutson, 2010]. Our atlas-based
analysis showed widespread reduced FA in caudate
nucleus, putamen, globus pallidus and thalamus. Stria-
tum in CSTC is the largest component of the basal gan-
glia which control the velocity and direction of
movement and play an important role in the generation
of tics [Plessen et al., 2004]. Similar results were found
with previous DTI studies [Li et al., 2010; Muller-Vahl
et al., 2014]. Abnormal thalamic FA may result in a
decreased thalamic output to the frontal cortex and to
other components of the CSTC, which could lead to a
decreased cortical inhibition leading to an increase in tic
frequency. Abnormal FA values in the putamen is sug-
gested as a result of disrupted white matter projections to
the globus pallidus. The microstructure change of globus
pallidus led to inhibiting the transfer of useful informa-
tion cannot to the cerebral cortex, causing the tics. For the
WM tracts within the CSTC, we found FA reduction in
the ATR, which connects the medial thalamic nuclei with
the rostral part of the frontal lobe and the cingulate cor-
tex. These altered connections between basal ganglia and
the prefrontal, frontal areas is of key importance in the
tics’ pathophysiologic mechanism in TS [Bohlhalter et al.,
2006; Singer, 2005].

In addition, the corpus callosum is the biggest commis-
sural fibers and transfers information between the two
hemispheres. The corpus callosum is supposed to play an
important role in modulation of tics by mediating the
inhibiting influence by prefrontal cortices. The reduced FA
values in the corpus callosum in our data could be respon-
sible for a diminished inhibitory influence. Using the atlas-
based ROI analysis, we found in all sub-regions of the
corpus callosum a reduced FA-value. The differences in FA
values were highest in the body portions of the corpus

callosum, and lowest in the genu area, confirming the
found in previous studies [Cavanna et al., 2010; Plessen
et al., 2009], which showed plastic remodeling in the corpus
callosum possibly represents an adaptation mechanism
in TS.

The modulation of tics by cortical activation depends
not only on commissural fibers between interhemispheric
but also on long association fiber bundles within one
hemisphere [Church et al., 2009] described altered connec-
tivity patterns between the prefrontal, frontal, midcingu-
late cortex, the precuneus and the inferior parietal gyrus
in TS children. Reduced FA and increased RD values
were found in superior/inferior longitudinal fasciculus
and superior/inferior fronto-occipital fasciculus using
both methods. The results were in agreement with our
hypotheses that alterations in WM would reach beyond
the CSTC as the association fibre bundles are also affected
in TS.

Pathological Reasons and Brain

Development of TS Children

Our findings associate widespread WM changes with TS
children. The alterations are not limited to just one brain
area or one system. However, the pathological mechanism
of TS children is still unclear hitherto because brain devel-
opment during childhood is a complex and dynamic pro-
cess. It is generally believed that abnormalities in genes
are responsible for most TS occurrences [Comings et al.,
1984; Petek et al., 2001]. A child is more likely to develop
Tourette’s syndrome if their parent was TS-diagnosed.
Studies also suggest that there may be a problem with one
of the brain’s chemicals called dopamine. Children with
neurological defects in the structure and working of the
brain thus do not produce enough myelin, or they have
metabolic problems that may cause white matter degenera-
tion which were manifested primarily by reduced FA and
increased RD values in both methods. Another theories
involve in environmental reason. There is some evidence
that problems during pregnancy or childbirth may
increase the risk of a child developing Tourette’s syn-
drome. This may include problems such as prolonged
labor, high levels of maternal stress in pregnancy, or
babies with very low birth weight. On the other hand, the
associated social isolation and the suppression of the
symptoms by the TS child may make the tics even more
severe, which would then be a non-developmental, sec-
ondary problem.

CONCLUSION

Our results indicate that the main effects of TS children
were reflected by decreased FA values and increase RD
values, which are sensitive measures of microstructural
changes in both deep and superficial WM. Notably, the
identified changes were not solely restricted to CSTC
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circuit but also affected SWM within the primary motor
and somatosensory cortex, commissural and association
fibres and basal ganglia. These findings are interpreted as
evidence for neuroplastic adaptation in TS. Also, it is
worth mentioning that these results reflect early develop-
mental structural changes in children patients with TS,
which would likely differ from those that their symptom
persist to adult with TS [Plessen et al., 2004]. Last, our
findings suggest that combining atlas-based ROI analysis
with TBSS was promising in depicting shared and unique
microstructural abnormalities in early TS children depend-
ing on the used method, thereby a richer view of neural
pathways involved in TS characterization was
investigated.
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