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Abstract

Background: Pathophysiological evidence suggests an involvement of fronto-striatal circuits in
Tourette syndrome (TS). To identify TS related abnormalities in gray and white matter we used
optimized voxel-based morphometry (VBM) and magnetization transfer imaging (MTI) which are
more sensitive to tissue alterations than conventional MRI and provide a quantitative measure of
macrostructural integrity.

Methods: Volumetric high-resolution anatomical T |-weighted MRI and MTI were acquired in |9
adult, unmedicated male TS patients without co-morbidities and 20 age- and sex-matched controls
on a |.5 Tesla neuro-optimized GE scanner. Images were pre-processed and analyzed using an
optimized version of VBM in SPM2.

Results: Using VBM, TS patients showed significant decreases in gray matter volumes in prefrontal
areas, the anterior cingulate gyrus, sensorimotor areas, left caudate nucleus and left postcentral
gyrus. Decreases in white matter volumes were detected in the right inferior frontal gyrus, the left
superior frontal gyrus and the anterior corpus callosum. Increases were found in the left middle
frontal gyrus and left sensorimotor areas. In MTI, white matter reductions were seen in the right
medial frontal gyrus, the inferior frontal gyrus bilaterally and the right cingulate gyrus. Tic severity
was negatively correlated with orbitofrontal structures, the right cingulate gyrus and parts of the
parietal-temporal-occipital association cortex bilaterally.

Conclusion: Our MRI in vivo neuropathological findings using two sensitive and unbiased
techniques support the hypothesis that alterations in frontostriatal circuitries underlie TS
pathology. We suggest that anomalous frontal lobe association and projection fiber bundles cause
disinhibition of the cingulate gyrus and abnormal basal ganglia function.
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Background

Tourette syndrome (TS) is defined as a childhood-onset
disorder characterized by motor and vocal tics often asso-
ciated with behavioural problems. Findings from in vivo
neuroimaging studies provided evidence that cortico-stri-
atal-thalamo-cortical circuits are pathophysiologically
involved. Most recent volumetric MRI studies in TS investi-
gated basal ganglia size and demonstrated reduced [1,2]
or normal [3-5] volumes with [1,3,4] or without [2,5] loss
of normal basal ganglia asymmetry. There is evidence that
basal ganglia volumes are influenced by numerous factors
such as age [2], TS symptoms and severity [1,6,7], gender
[5], co-morbid attention-deficit hyperactivity disorder
(ADHD) [4,8], streptococcal infections [9,10], and neu-
roleptic medication [2]. Using volumetric MRI to investi-
gate frontal regional brain volumes, a significant age effect
with larger prefrontal volumes in children, but smaller
volumes in adults has been detected [11]. When gray and
white matter compartments were segmented, in boys-only
groups increases in right frontal white matter volumes
[12], and decreases in the left deep frontal white matter
were found [13]. Using automated voxel-based mor-
phometry (VBM) [14], in contrast, in adult TS patients
increased gray matter volumes in the left midbrain were
found, while in TS boys increases in gray matter volumes
were described in the ventral putamen bilaterally, but
decreases in the left hippocampal gyrus [15]. Since the
same whole-brain-based technique of optimized VBM
had been used, discrepancies might be related to effects of
age, gender, co-morbidities, and drug exposure [16].

The aim of the present study was to investigate regional
gray and white matter brain abnormalities in TS com-
pared to normal controls using VBM, an objective unbi-
ased whole-brain approach to characterize differences in
gray and white matter volumes, and magnetization trans-
fer imaging (MTI) which may be more sensitive than con-
ventional volumetric imaging to subtle structural brain
changes in TS.

MTI is a nuclear magnetic resonance technique relying on
the transfer of energy between highly bound protons
within structures as myelin and the very mobile protons
of free water. In brain, the major macromolecules in the
bound proton pool are the cell membrane proteins and
phospholipids in gray matter and myelin in white matter.
Bound protons which are undetected by conventional
MRI because of their very short relaxation times, can be
preferentially saturated using an off-resonance radio fre-
quency pulse. This leads to a reduction in signal intensity,
which is dependent on macromolecular density. These
changes can be quantified by the magnetization transfer
ratio (MTR). MTR correlates with in vivo measurements of
N-acetyl-aspartate, a marker of neuronal integrity [17],
and MTR reductions correlate with myelin and axonal loss
in the white matter in post-mortem tissue, and in vivo in a
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range of neurological diseases [18]. In gray matter, Walle-
rian degeneration triggered by distant axonal damage and
microscopic lesions is thought to explain cortical MTR
reductions in multiple sclerosis [19]. So far, this imaging
technique has not been used in TS patients. Both, VBM
and MTI are analyzed on a voxel-by-voxel basis with no
need for manually placed regions of interest (ROI) and an
a priori hypothesis.

To exclude influences from age, gender, medication, and
behavioural disorders, we investigated 19 adult, male,
unmedicated TS patients without co-morbidities ("TS
only") and 20 age- and sex-matched normal controls.
Based on recent data obtained from both volumetric and
functional [16,20] neuroimaging studies, we hypothe-
sized that frontal cortices, limbic structures, the striatum,
parts of the corpus callosum and parietal-temporal-occip-
ital association cortices may be altered in adult TS
patients.

Methods

Patients

19 unmedicated male TS patients (mean age = 30.4, range
18-60, according to DSM-IV-TR criteria) and 20 age- and
sex-matched control subjects (mean age = 31.7, range 18-
65, p = 0.71) were enrolled in the study. All patients were
investigated by one of the authors (KR MV), who is expe-
rienced in the diagnosis of TS. Twelve patients were drug-
naive, 6 patients were drug-free for at least 1 year (one for
5 months) before entering the study. Using the Yale Glo-
bal Tic Severity Scale (YGTSS) [21] mean disease severity
was 28.8 (range, 9-69). For diagnosing additional obses-
sive-compulsive disorder (OCD) and ADHD we used
both a clinical interview and the German version of the
Yale-Brown obsessive compulsive scale (Y-BOCS) [22]
and the short form of the German version of the Wender
Utah rating scale (WURS-k) [23], respectively. Using the
Y-BOCS, we found no or subclinical OCD in 18 patients
and mild OCD in one patient. When using the WURS-k,
results of 4 patients suggested the diagnosis of ADHD.
However, none of these patients fulfilled diagnostic crite-
ria for ADHD (according to DSM IV-TR), neither at
present time nor in childhood. None of the patients suf-
fered from other co-morbid disorders such as depression,
anxiety, addiction, or self-injurious behaviour. Physical
and neurological examination and routine blood labora-
tory tests were normal. This study was approved by the
local ethic committees of the Hannover Medical School
and the Otto-von-Guericke-University Magdeburg. After
complete description of the study to the subjects, written
informed consent was obtained.

Data acquisition

Images were acquired on a neuro-optimized 1.5-T GE
Signa Horizon LX (General Electric Company, Milwau-
kee, WI, USA) using a 3-dimensional T1-weighted
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spoiled gradient recalled echo (SPGR) sequence generat-
ing 124 contiguous sagittal slices (RT 24 ms; TE 8 ms; flip
angle 30°, 2 averages, acquisition time 13'10", in plane
resolution 0.97 x 0.97 x 1.5 mm?3). The protocol for MTI
consisted of a proton density (PD)-weighted SE
sequence (TR 2600, TE 20, 256 x 256) both with (MT)
and without (non-MT) a preparing saturation pulse
(1200 Hz off-resonance, 1180° flip-angle, 16 ms). Forty-
eight slices of 3 mm thickness aligned along the AC-PC
line were acquired. Image post-processing included a
simple intersequence correction of movement with the
automated image registration package based on rigid
body model (AIR) [24] and calculation of MTR maps
pixel-by-pixel according to the following formula: MTR
= ([non-MT - MT]/non-MT) x 100.

During scanning, all participants were comfortably placed
and their heads were fixated within the headcoil with spe-
cial cushions. All subjects received additional T2-weighted
images.

Pre-processing of structural data

Data were processed on a standard IBM-compatible PC
using SPM2 statistical parametric mapping software (Wel-
come Department of Cognitive Neurology, London) and
working in an analysis environment (MATLAB; the Math
Works Inc, Natick, Mass). The images were reoriented into
oblique axial slices aligned parallel to the anterior-poste-
rior commissural axis with the origin set to the anterior
commissure.

Data pre-processing for voxel-based morphometry

An optimized version of the VBM protocol was followed
as recently described by our group [25,26]. The resulting
images were resliced to a final voxel size of 1 mm3. Voxel
values in segmented images of gray and white matter were
multiplied by the Jacobian determinants derived from
spatial normalization to provide intensity correction for
induced regional volumetric changes, thus preserving
within-voxel volumes that may have been altered during
non-linear normalization. These 'modulated’ images were
smoothed to 8 mm using a FWHM (full width half-maxi-
mum) Gaussian filter to minimize individual gyral varia-
tions and to increase the statistical validity of the analysis.

Data pre-processing for voxel-based MTI

The main challenge facing voxel-based MTI analysis
involves meeting the requirement for an optimal match-
ing of the brains being compared. Therefore, a complex
pre-processing procedure was employed as described
before [27] consisting of the creation of a series of tem-
plates in order to derive the best possible parameter set for
normalization. To achieve maximum precision, a proton
density (PD)-weighted template with scanner specific
image contrast best adapted for the studied sample popu-
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lation was created. Therefore, all PD-weighted scans were
normalized to the PD-template provided by SPM2 and
subsequently smoothed with an 8-mm isotropic FWHM
isotropic Gaussian kernel. Thus, a mean image was cre-
ated that served in the following as sample population
and scanner specific template and all PD-images in native
space were normalized to it.

To minimize the influence of other structures than the
brain on the registration, the normalized images were
skull-stripped using the segmentation procedures imple-
mented in SPM2 that included the brain extraction step.
The resultant white and gray matter partitions were
summed and thresholded at 0.15 to create a binary mask
image that contained 'ones' for all gray or white matter
voxels with a value greater than 0.15 and 'zeros' for all
voxels belonging to non-brain tissue. This mask image
was then multiplied voxel-by-voxel with the correspond-
ing normalized PD-images, thus discarding the majority
of extracerebral tissue and CSF while preserving the origi-
nal voxel intensities. The obtained normalized skull-
stripped images were then smoothed with an 8 mm iso-
tropic FWHM Gaussian kernel and a new skull-stripped
PD-weighted template was created.

The PD-images in native space (non-normalized) were
subject to exactly the same procedure, in which they were
skull-stripped, segmented, multiplied with a binary mask
and then normalized to the previously skull-stripped PD-
weighted template. This prevented any contribution of
non-brain voxels and afforded optimal spatial normaliza-
tion of the individual PD images and provided an opti-
mized normalization parameters set for PD images
adapted to the investigated population sample. As the seg-
mentation of native images is performed on affine-nor-
malized images, but the probability maps used as
Bayesian priors for segmentation are in stereotactic space,
the optimized normalization parameter set were reap-
plied to the original PD weighted images in native space.
These optimally normalized PD-images — now in stereo-
tactic space — were then again skull-stripped by using the
procedure described above. This resulted in optimally
normalized PD-images removed from extracerebral tissue
and CSF.

Finally, the optimized normalization parameter set was
applied to the inherently co-registered MTR-maps in
native space and resliced with a final voxel size of 1 mm3.
The normalized MTR-images were then skull-stripped
applying the corresponding brain mask derived from the
optimally normalized PD-weighted images. In analogy to
the PD-images, this resulted in optimally normalized
MTR-maps removed from non-brain structures. Images
were smoothed to 8 mm using a FWHM Gaussian filter to
improve signal-to-noise ratio.
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Statistical analysis

Processed images of each tissue class were analyzed in the
framework of the general linear model. For VBM, group
comparison of TS patients and healthy controls was per-
formed in SPM2 using the model 'compare-populations:
one scan/subject (ANCOVA)'. During modulation we
incorporated the correction for volume change induced
by spatial normalization. Therefore, it was appropriate to
include the global mean voxel value of each tissue class as
a covariate to determine the regionally specific pattern of
loss or gain within each compartment as well as to remove
any variance due to differences in head size. Additionally,
regression analyses with clinical measures were explored
for the TS patients using the SPM2 model 'single subjects:
covariates only'. As for the group comparisons, ANCOVA
with the mean voxel value was used to normalize image
intensity in the different tissue maps to allow identifica-
tion of the regional pattern of these correlations.

MTR maps were analyzed separately using the model
'‘compare-populations: one scan/subject (two sample t-
test). Only voxels exceeding an absolute threshold of
15% were included in the analysis to minimize low sig-
nal-to-noise. Regression analyses in the patients were
explored using the model 'simple regression (correla-
tion)'.

Resulting statistical parametric maps of VBM and MTR
were derived at a significance level of p < 0.001, uncor-
rected with an extent threshold of 10 voxels.

For regions where an effect was hypothesized, namely the
fronto-striatal and limbic system (see introduction), a
small volume correction (SVC) limited to the volume of
that particular region was performed using a sphere of 15
mm radius [28]. Here, we controlled for multiple compar-
isons by using the family wise error (FWE) method (p <
0.05).

Results

On visual inspection of the MR images no subject had
focal atrophy of any brain region or movement artefacts
which may have hindered alignment into standard space
or segmentation into gray and white matter. Furthermore,
there were no overt involuntary movements, which were
monitored during scanning by one of the investigators
(TP). Mean (+ SD) intracranial volume did not signifi-
cantly differ between patients with TS and control subjects
(1.311+0.12and 1.351+ 0.12; p = 0.16).

Group comparisons

Voxel based morphometry

Compared with healthy controls, TS patients showed
reduced regional gray matter volumes (GMV) in the left
caudate nucleus, parts of the anterior cingulate gyrus
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(ACC) and primary sensorimotor areas (Figure 1). In
addition, significant GMV reductions were present in the
middle frontal gyrus and the medial frontal gyrus of the
right hemisphere. Peak differences in voxel volumes
between patients and control subjects and the corre-
sponding Brodmann areas are summarized in Table 1. No
regions displayed significant regional increases in GMV
for TS patients versus controls.

For white matter volumes (WMYV), there were significant
regional decreases in patients compared with controls in
the white matter below the right inferior frontal gyrus, the
left superior frontal gyrus, and in the anterior corpus cal-
losum (Figure 2, Table 1). Regional WMV increases were
found in the left middle frontal gyrus and primary senso-
rimotor areas on the left side (Figure 3, Table 2).

Magnetization transfer imaging

Patients displayed significant regional MTR map reduc-
tions in the right medial frontal gyrus, the inferior frontal
gyrus bilaterally and the right ACC compared with con-
trols. No significant increases in MTR maps were found in
TS patients compared to controls (Figure 4, Table 2).

Correlations with clinical scores

VBM

Using the SPM2 model 'single subjects, covariates only'
the YGTSS score was negatively correlated with GMV,
indicating that increased TS symptom severity was associ-
ated with regional volume reductions in the orbitofrontal
cortex bilaterally. Additionally, volume reductions in
parts of the parietal-temporal-occipital association cortex
bilaterally were found (Figure 5, Table 3). There was no
correlation between WMV and YGTSS.

Magnetization transfer imaging

YGTSS scores correlated negatively with MTR maps in the
superior frontal gyrus bilaterally and the left inferior fron-
tal lobe. In addition, negative correlations were found in
the right ACC and parts of the parietal-temporal-occipital
association cortex (Figure 6, Table 4).

Discussion

Recent structural studies using conventional volumetric
MRI vyielded conflicting results regarding TS-related
regional brain volume alterations. To avoid influences
from age, gender, co-morbidities, and medication, we
investigated a carefully selected group of TS patients by
means of VBM and - for the first time - by MTI analyzed
on a voxel-by-voxel basis. Tissue alterations in compari-
son to controls were detected in the supplementary motor
area (SMA), the premotor cortex, the sensorimotor cortex,
the prefrontal cortex, the left caudate nucleus, and the
ACC. Tic severity was negatively correlated with tissue
alterations in the orbitofrontal cortex, parts of the pari-
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Table I: Brain areas with regional gray matter volume reductions in TS patients compared to normal subjects

Cluster size Regions (Brodmann areas) MNI-Space t-value p-value
(SVC)
X y z
254 Left postcentral gyrus (43) -55 -8 20 5.04 0.009
83 Right precentral gyrus (4) 38 -20 47 4.54 0.031
60 right cingulate gyrus (32) 9 22 31 4.0l 0.049
224 Left caudate (body) -15 14 13 4.00 0.018
Left caudate (head) -10 I 3 3.54
57 Left middle frontal gyrus (6) -36 12 56 4.00 0.018
180 Left precentral gyrus (4) -45 -18 36 3.96 0.020
Left precentral gyrus (4) -52 -15 40 3.52
58 Right middle frontal gyrus (6) 44 6 57 3.96 0.020
152 Right precentral gyrus (6) 59 -13 38 3.95 0.020
43 Right precentral gyrus (4) 45 -19 38 3.95 0.017
25 Right postcentral gyrus (3) 41 -26 58 3.68 0.014
14 Right medial frontal gyrus (8) 10 29 48 3.62 0.042
20 Left cingulate gyrus (32) -9 12 39 3.6l 0.043

Cluster size = number of voxels; %, y, z = Coordinates (in mm) of significant local maxima are given for information in MNI space (Montreal
Neurological Institute, http://www.bic.mni.mcgill.ca). Significant local maxima more than 8 mm apart were translated to brain anatomy by converting
their coordinates from MNI space to Talairach space http://www.talairach.org/ allowing for a search radius of 9 mm for nearest gray matter. For
regions where an effect was hypothesized (see introduction), a small volume correction (SVC) was performed. P values are given after family wise
error (FWE) correction for the particular volume. No regions displayed significant regional increases in GMV for TS patients versus controls.
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Figure |

Areas of decreased regional gray matter volumes in TS patients compared with controls. Areas of decreased
regional gray matter volumes in TS patients compared with controls (thresholded at uncorrected P < .005 for display purpose
only). The three orthogonal planes on the left side represent a typical maximum intensity projection "glass brain", and the set
of images on the right side illustrates results superimposed on averaged and normalized T |-weighted images of the study pop-
ulation in selected planes. The images are shown in neurological convention. The color bar represents the t-score. Significant
voxels were found in the left caudate nucleus, cingulate gyrus, primary and premotor cortex bilaterally (corrected P <.05). TS
= Tourette syndrome.
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Table 2: Brain areas with regional white matter volume changes and MTR reductions (TS versus controls)

Cluster size Regions (Brodmann areas) MNI-Space t-value p-value
(SVC)

WMYV: controls > TS

157 Right inferior frontal gyrus (9) 44 3 25 4.35 0.010
8l Left superior frontal gyrus (6) -16 15 54 4.05 0.021
33 Left precentral gyrus (6) -25 -20 70 3.93 0.027
115 Right anterior corpus callosum 7 34 10 3.92 0.028
79 Left lingual gyrus (18) -32 -77 -12 3.82 -
WMV: TS > controls
267 Left postcentral gyrus (43) -54 -10 20 5.02 0.005
344 Left precentral gyrus (6) -26 -12 53 4.00 0.023
Left middle frontal gyrus (6) -19 -11 62 3.74 0.031
42 Left precentral gyrus (4) -45 -18 38 3.60 0.056
34 Right parahippocampal gyrus (30) 27 -46 6 349 0.060
10 Right precentral gyrus (44) 49 10 I 3.39 0.085
MTR maps: controls > TS
99 Right medial frontal gyrus (9) 17 32 37 3,75 0.036
33 Right inferior frontal gyrus (46) 40 32 12 3,65 0.045
33 Left inferior frontal gyrus (46) -41 24 13 3,63 0.041
17 Right cingulate gyrus (32) I 22 43 3,45 0.048

MNI = Montreal Neurological Institute, SVC = small volume correction, WMV = white matter volume, MTR = magnetization transfer ratio, TS =
Tourette syndrome. No regions displayed significant regional increases in MTR maps for TS patients versus controls.

Figure 2

Areas of decreased regional white matter volumes in TS patients compared with controls. Areas of decreased
regional white matter volumes in TS patients compared with controls. The same conventions apply as for figure |. Significant
voxels were found in the anterior corpus callosum, right inferior frontal gyrus, and left superior frontal gyrus (corrected P <
.05). Note that changes in the left lingual gyrus, which were not significant, are also displayed. TS = Tourette syndrome.

Page 6 of 13

(page number not for citation purposes)



BMC Neuroscience 2009, 10:47

http://www.biomedcentral.com/1471-2202/10/47

Figure 3

Areas of increased regional white matter volumes in TS patients compared with controls. Areas of increased
regional white matter volumes in TS patients compared with controls. The same conventions apply as for figure |. Significant
voxels were found in the left primary sensorimotor cortex, and left middle frontal gyrus (corrected P < 0.05). Note that
changes in the right parahippocampal gyrus, which were not significant, are also displayed. TS = Tourette syndrome.

etal-temporal-occipital association cortex bilaterally, the
SMA, and the right ACC.

Current concepts of basal ganglia loops suggest different
parallel circuits that connect frontal association areas with
basal ganglia. It is thought that these circuits are involved
in the selection, programming, initiation, and control of
movement [29]. The hypothesis of an involvement of
these loops in TS [30] is further corroborated by our
results as we detected changes in several parts of these cir-
cuits. In contrast to other volumetric studies, but in agree-
ment with data obtained from functional investigations
[16,31,32], we detected the most prominent changes not
in the basal ganglia but in the prefrontal cortex and the
ACC. Our data, therefore, are in line with Peterson's meas-
urements [2] in adult patients demonstrating decreased
frontal brain volumes. However, these results are in con-
trast to a recent VBM study [14] in adult TS patients that
demonstrated increased regional GMV in the left mid-
brain and failed to detect alterations in other cortical
areas. In this study, however, white matter volumes were
not assessed. These discrepancies might be related to dif-
ferences in the cohorts of patients and methodological
factors within the data analysis process [26]. Data from all
other aforementioned volumetric MRI studies - although
several of them as well demonstrated frontal lobe abnor-
malities — cannot be directly compared to our results as
most data were obtained from children.

Miscellaneous studies are in line with our findings dem-
onstrating most significant changes in frontal areas
[16,31-33]. Therefore, it has been suggested that TS is
associated with abnormal pattern-related increases in
metabolic activity in different frontal regions that are
involved in the execution of movement (e.g., sensorimo-
tor and lateral premotor cortex, SMA) [32]. Thus, anoma-
lous frontal lobe associational and projection fiber
bundles may be the basis for basal ganglia abnormalities
in TS [12]. This assumption, in turn, is in agreement with
the finding that the dorsolateral prefrontal cortex projects
primarily to the dorsolateral head of the caudate nucleus

[3].

Only a limited number of volumetric MRI studies is avail-
able investigating limbic regions in TS. Disturbances in
the anterior cingulate (limbic) cortex, however, are likely
to play a critical role in TS pathology [34,35]. Firstly, stim-
ulation of the ACC is associated with the generation of
involuntary vocalizations. Secondly, cingulate epilepsy is
combined with complex motor automatisms. Thirdly, the
ACC has numerous interconnections with the prefrontal
and orbitofrontal cortex, motor systems, other limbic
regions, and the striatum - regions that are suggested to be
involved in TS pathology. Fourthly, the ACC has an
important role not only in movement, but also in the ini-
tiation and motivation of goal-directed-behaviour.
Fifthly, activation or dysfunction of the ACC can be asso-
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Figure 4

Areas of decreased MTR in TS patients compared with controls. Areas of decreased MTR in TS patients compared
with controls. The significant results are superimposed on the averaged normalized MTR maps of the study population (thresh-
olded at uncorrected P < .005 for display purpose only). Significant voxels were found in the right medial frontal gyrus, inferior
frontal gyrus bilaterally, and the right cingulate gyrus (corrected P < .05). TS = Tourette syndrome, MTR = magnetization

transfer ratio.

ciated with aberrant social behaviour and psychopathic
behaviours such as OCD [36,37]. From functional neu-
roimaging studies it is suggested that tic generation is
caused not only by basal ganglia and frontal cortex dysreg-
ulation but also by alterations in the cingulate gyrus
[16,32,34]. While an increased ACC activity has been
found during tic suppression [31], an ACC hypoperfusion
was detected at rest without tic suppression [34]. A posi-
tive correlation between tic frequency and ACC activity
has been demonstrated [30]. Using VBM, GMV reductions
in the left hippocampal gyrus have been detected in a
boys-only group [15]. Our results of reduced gray and
white matter cingulate volumes and a negative correlation
between tic severity and tissue alterations in the right ACC
are in agreement with these data.

Since the ACC seems to be physiologically under control
of the prefrontal cortex [38], it can be speculated that in
TS, abnormalities in frontal lobe fiber bundles result in a
desinhibition of the ACC. A subsequent autonomous dis-
charge of the ACC might cause motor and vocal tics, OCD,
and other behavioural problems. Tics are often stimulated
by simply thinking about tics or by surrounding factors.
These specific characteristics of tics might be well
explained by a dysfunctional ACC, since it is thought that
the integration of thought, motivation, and emotion with
movement is an important cingulate function [36].

Regarding basal ganglia volumes our results are in agree-
ment with data from Peterson's large study demonstrating
reduced caudate nuclei volumes in adults, although we
detected changes only on the left side [2]. Comparable to
our findings, only left-sided caudate abnormalities have
been reported in several positron emission tomography
(PET) and single photon emission computed tomography
(SPECT) studies [32,34,39]. It can be assumed that basal
ganglia volumes are increased in children but decreased in
adults [2]. However, it remains unclear whether caudate
volumes decrease with age or whether reduced volumes
represent a compensatory response to the presence of tics.
Since the striatum is involved not only in the initiation
and execution of movements but also in behavioural
functions [34] it is conceivable that the complex clinical
manifestation of TS - at least in part - is caused by a dys-
functional caudate nucleus.

Our finding of reduced WMV in the corpus callosum is in
agreement with one study in adult TS patients [40] but
contrasts to other studies [3,41]. In adults an increased
corpus callosum size may be associated with co-morbidi-
ties [41].

In addition, we found a significantly lower amount of
regional GMV in the parietal lobe on the left side. In both,
VBM and MTI, YGTSS correlated negatively with parts of
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Table 3: Brain areas with negative correlation between regional gray matter volumes and YGTSS scores in TS

Cluster size Regions (Brodmann areas) MNI-Space t-value p-value
(SVQ)
X y z
434 Right cuneus (17) 17 -83 3 749 0.001
142 Left insula -42 -39 17 6.38 0.004
728 Right precuneus (7) 15 71 30 5.15 0.023
134 Right middle frontal gyrus (6) 38 -5 55 5.03 0.028
171 Right middle occipital gyrus (19) 29 -85 13 4.93 -
431 Left inferior frontal gyrus (1) -23 30 -21 4.76 0.042
Left middle frontal gyrus (11) -28 38 -14 4.50 0.021
Left superior frontal gyrus (11) -30 46 -16 3.76 0.030
45 Right middle temporal gyrus (21) 64 -2 -16 4.62 -
33 Right superior frontal gyrus (6) 18 3 70 458 0.020
266 Left precuneus (7) -9 -73 38 4.56 0.021
73 Left anterior cingulate (32) -10 34 -6 451 0.020
10l Left Cuneus (19) -27 -89 33 442 0.040
70 left superior parietal lobule (7) -35 -68 43 4.26 0.033
70 Right precentral gyrus (6) 64 | 22 4.23 0.035
24 Left superior temporal gyrus (38) -51 17 -14 4.18 -
21 Left medial frontal gyrus (10) -11 53 18 4.16 0.039
41 Left precentral gyrus (6) -42 -4 47 4.03 0.047
40 Right middle frontal gyrus (I1) 27 29 -20 4.0l 0.048
105 Right inferior frontal gyrus (11) 9 42 -18 4.00 0.050
41 Left superior occipital gyrus (19) -38 -82 24 3.99 -

MNI = Montreal Neurological Institute, SYC = small volume correction.

the parietal-temporal-occipital association cortex bilater-
ally. Comparable results has been described before using
functional MRI (fMRI) [16], PET [32], and SPECT [34].
Reduced metabolic activation and hypoperfusion in the
medial and lateral temporal region were found to be
related to the severity of tics [30,32,34]. Furthermore,
functional abnormalities in the superior and inferior pari-
etal lobules and the parietal operculum have been
described before and at tic onset, respectively
[16,30,32,42]. In the parietal-temporal-occipital associa-
tion cortex higher perceptual functions relate to somatic
sensations, hearing and vision to form complex percep-
tions from these different sensory modalities. The supe-
rior parietal lobule functionally connects to the SMA and
the prefrontal cortex and is thought to perform complex
integrative functions related to the organization and initi-
ation of movement [42]. Therefore, abnormal connec-
tions between the superior parietal lobule, premotor and
limbic regions may underlie premonitory sensory urges
preceding tics in TS [42].

Recently, an increase of the regional fractional anisotropy
(an indicator of microstructural integrity of brain tissue)
has been shown in the white matter underlying the left
somatosensory cortex in adult TS patients compared to
controls [43]. Additionally, this region showed an inverse
linear relationship with tic severity. This is well in line

with our finding of increased WMV in the sensorimotor
cortex, and is in good agreement with the concept of an
involvement of somatosensory pathways in TS. Apart
from a recent structural MRI study which demonstrated
thinning of the sensorimotor cortex in children with TS
[44], behavioural and neurophysiological studies provide
further evidence for abnormal sensory-motor processing
in TS patients [45,46]. These structural alterations may
represent an adaptive response of the somatosensory sys-
tem to abnormal input from fronto-striatal circuits.

Some limitations of this study have to be addressed. One
might argue that in TS patients tic severity typically fluctu-
ates over time whereas the tic score on a scale such as the
YGTSS relates to symptoms present over the last weeks
prior assessment. However, for different reasons we
believe that our tic rating indeed reflects disease severity
and, therefore, is suitable for a correlation in an MRI mor-
phometric study: (1) the mean age of our sample was
quite high (mean age = 30.4) and it is well known that in
adults at that age tics do not fluctuate as much as in chil-
dren and adolescents, (2) since in our sample mean tic
severity was quite moderate (28.8 according to YGTSS),
patients were able to remain either drug-naive or drug-free
for a longer period of time. This fact further supports the
assumption that the patients' tics did not change mark-
edly during the past.
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Figure 5

Areas with negative correlation between regional gray matter volumes and YGTSS score in TS patients. Areas
with negative correlation between regional gray matter volumes and YGTSS score in TS patients. The same conventions apply
as for figure |. Significant voxels for GMV reductions with higher YGTSS scores were found in the orbitfrontal cortex, and the
parietal-temporal-occipital association cortex bilaterally (corrected P < .05). YGTSS = Yale global tic severity scale, TS =

Tourette syndrome.

Table 4: Brain areas with negative correlation between MTR maps and YGTSS scores in TS patients

Cluster size Regions (Brodmann areas) MNI-Space t-value p-value
(SVC)
X y z

262 Right middle temporal gyrus (37) 51 -63 2 5.67 -
83 Right precentral gyrus (6) 47 -7 53 5.57 0.006

103 Right inferior temporal gyrus (21) 63 -3 -19 5.45 -
121 Left precentral gyrus (44) -42 3 10 4.97 0.015
253 Right superior frontal gyrus (6) 14 -15 74 4.90 0.017
42 Right cingulate gyrus (32) 7 16 46 4.86 0.018
235 Right cuneus (7) 15 -73 31 4.82 0.019
Right precuneus (31) 20 -69 25 4.30 0.019
153 Right middle temporal gyrus (39) 47 -74 13 4.65 0.024
220 Left precuneus (31) -10 -76 27 4.49 0.031
48 Left superior parietal lobule (7) -39 -61 56 425 0.045
14 Right inferior parietal lobule (40) 42 -49 6l 4.06 0.060

18 Left middle occipital gyrus (18) -29 -93 8 3.99 -
8l Left superior frontal gyrus (6) -9 -16 74 3.98 0.068

17 Left middle temporal gyrus (19) -50 -64 15 391 -

21 Right superior temporal gyrus (38) 42 18 -27 3.88 -

14 Left middle temporal gyrus (21) -49 6 -20 3.8l -

MNI = Montreal Neurological Institute, SVC = small volume correction.
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Figure 6

Areas with negative correlation between MTR maps and YGTSS score in TS patients. Areas with negative corre-
lation between MTR maps and YGTSS score in TS patients. The same conventions apply as for figure 4. Significant voxels for
MTR map reductions with higher YGTSS scores were found in right anterior cingulate gyrus, parietal-temporal-occipital associ-
ation corteX, and superior frontal gyrus bilaterally (corrected P <.05). Note that changes in temporal areas, which were not
significant according to our hypothesis, are also displayed. MTR = magnetization transfer ratio, YGTSS = Yale global tic severity

scale, TS = Tourette syndrome.

From a methodological point of view, there are potential
problems in the use of voxel-by-voxel analysis. First, this
analysis was originally intended for use in large samples
and requires smoothing of the images, with loss of resolu-
tion for small structures. Furthermore, the large number
of comparisons requires corrections that greatly reduce
the power of the study. This could explain why we did not
find significant VBM and MTR differences between TS and
controls on a whole brain analysis. Secondly, the small
size of our group makes the results vulnerable to type I or
type 1II errors, although in recent VBM and MTI studies
[18,26] a similar number of patients was suitable to detect
regional differences compared to normal controls.
Thirdly, the location of the MTI and VBM abnormalities
overlapped in some regions but was not identical. This
apparent inconsistency could be due to the use of a vol-
ume of interest (SVC) that, while increasing the power of
the analysis by reducing the number of comparisons, may
exclude potentially abnormal areas. Furthermore, the seg-
mented VBM images, with a slice thickness of 1 mm, have
higher resolution and ability to differentiate white and
gray matter abnormalities than the MTI images with a
slice thickness of 3 mm. In addition, segmented gray and
white matter images have a smaller search volume, which
affects sensitivity.

The MTR is largely dependent on the macromolecular den-
sity of cell membranes and phospholipids, and gray matter
MTR decreases in our TS patients are likely to reflect
decreases in the size and number of neurons and dendritic
density, while those in the white matter are likely to reflect
myelin changes and/or reduced axonal density [47]. The
neuropathological counterparts of our VBM findings are
less clear. Potential correlates include a simple change in
cell size, growth or atrophy of neurons or glia, as well as
changes in the intra-cortical axonal architecture (synap-
togenesis). Previously, it has been suggested that distur-
bances in the maturation of fronto-striatal systems
contribute to the development, persistence, and severity of
tics in adult TS patients [48]. This assumption is supported
by the fact that MTR decreases in the prefrontal cortex,
which maturates later than other regions [49], could be
indicative for alterations in the degree of myelinization.
Furthermore, one might argue that results obtained from
adult patients, as in the present study, reflect adaptive
mechanisms to compensate for impairments in other brain
regions. In line with this, recent studies also suggested that
some pathological abnormalities as seen in VBM studies
could be due to adaptive neuronal plasticity [50]. However,
the problem of separating cause and effect in cross-sec-
tional studies is presently unsolvable.

Page 11 of 13

(page number not for citation purposes)



BMC Neuroscience 2009, 10:47

Conclusion

This is the first study using MTI to investigate structural
brain abnormalities in TS patients. In addition, we used
VBM to investigate regional gray and white matter volume
changes in a carefully selected group of adult, unmedi-
cated male TS patients without co-morbidities and age-
and sex-matched normal controls. Our findings support
the hypothesis that alterations in fronto-striatal circuitries
underlie TS pathology - even in patients without co-mor-
bidities. We suggest that TS is primarily caused by a dys-
function in prefrontal cortex areas rather than the basal
ganglia. It can be speculated that anomalous frontal lobe
association and projection fiber bundles disinhibit the
ACC and are the basis for basal ganglia dysfunction in TS.
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