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Functional coupling of regional cerebral metabolic rates for 
glucose measured with [

 

18

 

F]-Fluoro-2-deoxy-D-glucose 
PET was compared in 18 drug-free patients with Tourette’s 
Syndrome (TS) and 16 age- and sex-matched control 
subjects. Pearson product-moment correlation matrices 
containing correlations between metabolic rates in regions 
sampled throughout the brain were generated 
independently for TS patients and controls and compared. 
Significant differences between Z-transformed correlation 
coefficients were used to identify group differences, and 
revealed that the connectivity of the ventral striatum was 
most severely affected in TS. Changes in the coupling of 
other brain areas—primary motor areas, somatosensory 
association areas, and insula—also appeared to differentiate 
TS patients and controls. Evaluation of interrelationships 

between cortico-striato-thalamo-cortical circuits revealed 
the existence of functional connections between the motor 
and lateral orbitofrontal circuits in both groups, however, a 
reversal in the pattern of these interactions differentiated TS 
patients and controls. In controls, activity in these circuits 
appeared to be negatively correlated

 

�

 

i.e. increased activity 
in one is associated with relative inactivity the other. In TS 
patients, on the other hand, activity in the motor and lateral 
orbitofrontal circuits appears to be positively coupled. These 
results lend further credence to the hypothesis that altered 
limbic-motor interactions represent a pathophysiological 
hallmark of this disease.

 

[Neuropsychopharmacology 27:92–104, 2002]
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Tourette’s Syndrome (TS) is a poorly understood neu-
rological disorder characterized by multiple motor and
phonic tics and associated behavioral disturbances.
While TS is clearly a disorder of motor function, the na-
ture of the tics and the associated cognitive and behav-
ioral features suggest that the pathogenesis extends be-
yond the motor domain. The motivational tension that
commonly precedes motor and vocal tics and the sense
of relief that follows their expression, as well as the irri-
tability, impulsivity, depression or self-injurious behav-
ior that may characterize more complex cases, all tend
to suggest that brain regions associated with motivation
or affect may also be involved. The generation of symp-
toms in TS might in fact reflect an abnormality of brain
systems that effect neural transmission from the limbic
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to the motor systems—an abnormal coupling of brain
regions involved in motivation and action.

We have previously reported (Braun et al. 1993,
1995) that TS may be characterized by lower metabolic
rates in discrete portions of inferior limbic cortex and
striatum, and in subcortical limbic structures, and higher
metabolic rates in the superior sensorimotor cortices.
However, brain regions do not operate in isolation; they
function as elements in a series of neural networks dis-
tributed throughout the central nervous system, and it
is likely that abnormal functional relationships 

 

between

 

these regions play a role in the pathophysiology of TS.
Positron emission tomography (PET) data can be ana-
lyzed using statistical methods that attempt to identify
these regional interrelationships. That is, correlations
between regional metabolic rates for glucose can be
used to characterize networks of regions that appear to
be affected in a neuropsychiatric disease, and, poten-
tially, to pinpoint a breakdown of organized transynap-
tic activity which might distinguish the disorder (Clark
et al. 1984; Horwitz et al. 1984, 1991).

The purpose of the present study is to determine how
the functional interactions between brain regions are al-
tered in TS—information that may shed light on system
level abnormalities in this disease. We describe a 3-step
analysis performed on [

 

18

 

F]-Fluoro-2-deoxy-D-glucose
PET data acquired in TS patients and normal volun-
teers. The first stage constitutes a global analysis in
which all interregional correlations between brain re-
gions found to be significant in our first publication
(Braun et al. 1993) are compared in order to identify
those regions in which disordered functional interrela-
tionships best characterize TS patients. The second step
involves the generation and analysis of brain maps de-
picting interactions between specific brain regions and
the rest of the brain—the specific brain regions were
chosen based on the results of our previous work and
their likelihood to play a role in TS. The third step in-
volves the evaluation of functional interactions between
elements of cortico-striato-thalamo-cortical (CSTC) cir-
cuits, initially described by Alexander et al. (1986), in or-
der to identify potential sites at which abnormal limbic-
motor interactions may occur.

 

SUBJECTS AND METHODS

Subjects

 

Eighteen patients with TS, sixteen males and two fe-
males aged 33 

 

�

 

 7 years (mean 

 

�

 

 SD; range 23–49 years;
16 right-handed, 2 left-handed) consented to participate
in this study after being informed of its purposes, risks
and potential benefits. Sixteen control subjects, eleven
males and five females aged 34 

 

�

 

 10 years (mean 

 

�

 

 SD;
range 20–50 years; 15 right-handed, 1 left-handed) gave
informed consent prior to participation. The diagnosis

of TS was confirmed by history and physical examina-
tion that excluded concurrent neurological, medical or
unrelated psychiatric illnesses, and conformed to DSM-
III-R criteria. All patients were drug free at the time of
scanning. Four patients had received neuroleptics and
two had received nonneuroleptic medications, all of
which were withdrawn at least two weeks prior to the
PET studies. Nine additional patients had a history of
exposure to neuroleptic or nonneuroleptic drugs, but
had not received treatment for at least one year prior to
these studies. One patient had never been exposed to
neuroactive medications.

In the second publication in this series (Braun et al.
1995) patients were categorized with respect to the his-
torical presence or absence of six common behavioral
features: obsessive-compulsive symptoms, echophe-
nomena, coprolalia, impulsivity, self-injurious behav-
ior, and depression. The number of behavioral features
present was categorized into “high” 

 

�

 

 3–6 symptoms
(28% of the patients), “medium” 

 

�

 

 2 symptoms (39% of
the patients), and “low” 

 

�

 

 0–1 symptom (33% of the pa-
tients).

Further details about the subjects are described in
the first publication (Braun et al. 1993). The protocol un-
der which the study was conducted (NIH 81-N-98) was
reviewed and approved by the NIH/NINDS Institu-
tional Review Board and the NIH Radiation Safety
Committee.

 

PET Scans and Image Analysis

 

PET scans were performed as described previously (Braun
et al. 1993). Five mCi of [

 

18

 

F]-Fluoro-2-deoxy-D-glucose
(FDG), was injected intravenously over a period of one
minute. Ten-minute scans were initiated 30–45 min af-
ter injection of FDG. Local cerebral metabolic rates for
glucose (CMRglu) were calculated according to the
method of Brooks (1982). Planes of section were se-
lected for analysis and regions of interest (ROI) were
placed to sample normalized CMRglu. Names and loca-
tions of all regions sampled were tabulated in the first
publication (Braun et al. 1993). Regional CMRglu val-
ues were normalized using whole-brain metabolic aver-
ages. Several additional ROIs were used in this study
that were not included in the first publication.

Regional metabolic rates were obtained by placing
templates consisting of both circular and irregular ROI
on PET planes of section. ROIs were independently
translated and placed over the local maximum (activity
peak). The irregular ROIs were applied in the cortex in
order to maximize the use of anatomical detail there
and to include the entire range of metabolic data. Corti-
cal-cerebrospinal fluid (CSF) and cortical-white matter
boundaries were thresholded interactively and the cor-
tical mantle was divided using a radial template that
could be adjusted with reference to the midline and ma-
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jor cortical landmarks. Regional perimeters were re-
duced by one pixel to decrease in-plane partial volume
averaging and overlap between contiguous regions.
These irregular cortical ROIs typically enclosed an area
of 100-300 mm

 

2

 

.
Circular ROIs, ranging in diameter from 5.2 to 7.8 mm

depending upon the size of the anatomic area sampled,
were applied to subcortical structures and cortical re-
gions (e.g., insula, medial temporal, and calcarine corti-
ces) in which anatomic detail was less precise. Data re-
duction was performed in these instances by averaging
these values for structures within an image plane in
which more than one small circular ROI was applied.
This process yielded 182 ROIs in all—91 in each hemi-
sphere—an average of approximately 20 per slice. Tem-
plates were designed so that regions could be compared
with coded areas in an atlas (Damasio and Damasio
1989) in which both functional and cytoarchitectonic de-
scriptors are assigned to anatomical areas of interest.

 

Statistical Analysis

 

Global Correlational Analysis.

 

Pearson product-mo-
ment correlation matrices for metabolic rates in all re-
gions sampled (n 

 

�

 

 182) were generated independently
for TS patients and controls (Winer 1971). The deriva-
tion of these matrices is illustrated schematically in Fig-
ure 1, upper panel. TS and control matrices were then
compared parametrically in a series of steps illustrated
schematically in Figure 1, lower panel. A Fisher Z-prime
transformation (Fisher 1922) of the correlation coeffi-
cients was performed in order to generate a normal dis-
tribution of these values. Interregional correlations in TS
and control matrices were then compared. Difference
scores were calculated by subtracting individual trans-
formed correlation coefficients derived for TS patients
and controls. Difference scores are themselves Z-values
for which probability levels can be calculated using a stan-
dardized normal distribution table. Difference Z-scores
with an absolute value exceeding a threshold value of
1.96 were retained in the difference matrix and used to
identify regional interrelationships which differentiated
patients and controls. Comparison of the sums of the ab-
solute values of the difference Z-scores for each region
was used as a means of identifying regions in which al-
tered coupling most robustly differentiated TS patients
and controls.

 

Construction of Brain Maps.

 

A line was placed on
brain maps whenever the absolute value of the Z-trans-
formed correlation coefficient between regions ex-
ceeded a threshold value of 1.96 (Figures 2–6). Lines
that represent significant pairwise differences are
marked with asterisks. In most cases a functional/ana-
tomical category depicted in a brain map contained sev-
eral discrete ROIs (from 1 to 6 ROIs). A line was placed
on a brain map if the largest transformed correlation co-

efficient for any ROI contained in the functional/ana-
tomical category in either hemisphere exceeded thresh-
old. When more than one of these ROIs had a
transformed correlation coefficient exceeding thresh-
old, the largest transformed coefficient was used. It
should be noted that the threshold of 1.96 is not cor-
rected for the multiple comparisons of ROI samples
from which the highest value was chosen.

Figure 1. Schematic illustration of techniques used to ana-
lyze correlations between regional metabolic rates. Upper
panel: Derivation of correlation matrices from regional PET
data. Lower panel: Steps involved in the comparison of
Tourette (TS) and control (C) matrices. In order to identify
differences in regional coupling that distinguish patients
from controls: (1) a Z-prime transformation of correlation
coefficients is performed; (2) matrices are subtracted, gener-
ating difference scores; and (3) significant differences are
represented by projecting the correlation coefficients back
onto individual brain maps (see Methods section for details).
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Figure 2. Brain map illustrating correlations between regional
metabolic rates in Tourette’s patients and controls. TS data
are illustrated in the upper portion and normal volunteers in
the lower portion. Functional associations of the ventral stri-
atum are illustrated. Red indicates a positive correlation
between brain regions, blue a negative correlation. Instances
in which correlations significantly differentiate TS patients
and controls, as well as instances in which significant corre-
lations are present in both groups, are illustrated. Significant
differences, indicated with an asterisk, represent instances in
which a difference score � 1 .96 in absolute value was
obtained and one or the other of the correlation coefficients
exceeded threshold values (p � .05, not corrected for multi-
ple comparisons). Congruencies are illustrated if correla-
tions between regions in both groups exceeded threshold
values. See Methods section for details.

Figure 3. Brain map illustrating correlations between regional
metabolic rates in Tourette’s patients and controls. TS data are
illustrated in the upper portion and normal volunteers in the
lower portion. Functional associations of the putamen are
illustrated. Please see Figure 2 legend for details.

 

Measurement Model.

 

A measurement model (Joreskog
and Sorbom 1996) was used in order to address the issues
of highly correlated samples and error in the ROI mea-
surements. Our model treats general functional brain areas
as first order latent variables whose indicators are the
multiple ROIs sampled from the PET scan data. The
measurement model estimates activity of the compo-
nent latent variables (the general brain areas) as mea-
sured by these observed variables (the ROI samples). In
doing so, it provides estimates of the covariation of the
latent constructs that take into account measurement
error. Each general brain area is treated as a latent fac-
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Figure 4. Brain map illustrating correlations between regional
metabolic rates in Tourette’s patients and controls. TS data
are illustrated in the upper portion and normal volunteers in
the lower portion. Functional associations of the superior
parietal lobule are illustrated. Please see Figure 2 legend for
details.

Figure 5. Brain map illustrating correlations between regional
metabolic rates in Tourette’s patients and controls. TS data
are illustrated in the upper portion and normal volunteers in
the lower portion. Functional associations of the insula are
illustrated. Please see Figure 2 legend for details.

 

tor in a confirmatory factor analysis, and the activity of
this latent variable is what is ultimately used as a re-
fined and accurate measurement of activity. The psi
matrix obtained from the measurement model analysis
was used to provide the correlations between the latent
factors, which were used as the principal measure of re-
gional interaction in this report.

In our model, the general functional brain areas repre-
sent elements of two of the cortico striato-thalamo corti-
cal (CSTC) circuits described by Alexander et al. (1986):

the motor circuit, which includes the putamen, ventral
thalamus, and supplementary motor area; and the lateral
orbitofrontal circuit, which includes the ventral striatum
(ventromedial caudate), dorsal thalamus, and lateral or-
bital cortex (see Figure 7). Other areas that feed into these
two circuits (e.g. Rolandic cortices, superior parietal lob-
ule, and temporal cortex) were included in the model in
order to account for some potential sources of additional
variance. The measurement model was implemented us-
ing LISREL (version 8.02, Scientific Software Inc.).



 

N

 

EUROPSYCHOPHARMACOLOGY

 

 

 

2002

 

–

 

VOL

 

. 

 

27

 

, 

 

NO

 

. 

 

1

 

Functional Neuroanatomy of Tourette’s Syndrome III

 

97

 

RESULTS

Global Correlational Analysis

 

The global correlational analysis serves as a means of
identifying regions in which altered coupling most ro-
bustly differentiates TS patients and controls. As noted
in the methods section, the principal differences were
determined by subtracting Z-transformed correlation
coefficients derived for TS and control matrices, apply-
ing a threshold to the difference scores and summing
the absolute values of these for each region.

The sum of absolute difference Z-scores was mark-
edly higher for the ventral striatum (161.8) than for any

other brain region and represented the only instance in
which this value was greater than three standard devia-
tions above the overall mean (50.9 

 

�

 

 38.6). 34.8% of all
significant differences between TS and controls included
the ventral striatum. Other regions which were signifi-
cant in our first publication and in which these measures
differentiated TS patients and controls (summed abso-
lute difference Z-values greater than one standard devia-
tion above the overall mean) are listed in Table 1.

 

Brain Maps

 

Brain maps depicting functional connections of ventral
striatum, putamen, superior parietal lobule (SPL), insula,
and inferior Rolandic cortex—regions that either our pre-
vious studies or the literature have suggested are likely to
be involved in the pathogenesis of TS (Braun et al. 1993,
1995)—are illustrated in Figures 2–6. As described in the
methods section, the illustrations depict significant corre-
lations occurring in either the left or right hemispheres.

For this analysis we chose to use ventral striatum,
putamen, SPL, insula, and inferior Rolandic cortex.
From our earlier analysis of absolute CMRglu values in
TS we know that ventral striatum, putamen, and infe-
rior insula demonstrated decreased absolute CMRglu
values in TS, while inferior Rolandic cortex demon-
strated increased absolute CMRglu values in TS.

 

Ventral Striatum

 

The most striking changes involving the ventral stria-
tum are observed in the reversal of functional relation-
ships between this region of the striatum and motor
cortices—lateral premotor cortex, supplementary motor
area (SMA), and superior Rolandic cortex—in TS patients
(Figure 2). In controls there is a consistent pattern of
negative correlations between the ventral striatum and
these motor areas. In TS patients, however, these corre-
lations are uniformly positive.

Relationships between the ventral striatum and other
subcortical structures are altered in TS patients as well.
Metabolic activity in ventral striatum is negatively corre-
lated with that in cerebellum, pons, and caudal orbital
cortex, while correlations with these regions are absent in
controls. Correlations between metabolic rates in ventral
striatum and midbrain and inferior temporal cortex
found in controls are not found in TS patients. There is a
reversal from a positive correlation with supramarginal
gyrus in TS patients to a negative correlation in controls.

 

Putamen

 

Metabolic activity in the putamen is negatively corre-
lated with that in orbitofrontal cortices and the inferior
regions of the insula in controls (Figure 3). In contrast,

Figure 6. Brain map illustrating correlations between regional
metabolic rates in Tourette’s patients and controls. TS data
are illustrated in the upper portion and normal volunteers in
the lower portion. Functional associations of the inferior
Rolandic cortex are illustrated. Please see Figure 2 legend for
details.
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activity in the putamen and orbital and inferior insular
regions is positively coupled in TS patients.

In addition, metabolic activity in the putamen is posi-
tively correlated with activity in the posterior insula in
controls but not in TS patients, and the positive correla-
tion between metabolic activity in putamen and superior
Rolandic cortex which appears to characterize controls is
absent in TS patients as well. A positive correlation with
ventral thalamus and negative correlations with superior
and inferior temporal cortices and superior cuneus occur
only in TS patients. A positive correlation with the cau-
date nucleus and a negative correlation with the hippoc-
ampus occur only in controls.

 

Superior Parietal Lobule (SPL)

 

Functional connectivity of the SPL is illustrated in Fig-
ure 4. In general negative correlations between activity
in the SPL and other brain regions predominate in con-
trols, while TS patients are characterized by a prepon-
derance of positive correlations. For example, an array

of negative correlations between SPL and orbitofrontal
regions is found in controls, that is, increased activity in
the orbitofrontal cortex is associated with decreased ac-
tivity in the SPL, while correlations between SPL and
orbital cortices are positive in TS patients. Positive cor-
relations are also found—in TS patients but not in con-
trols—between SPL and dorsolateral prefrontal, lateral
premotor, and superior Rolandic cortices, as well as the
frontal operculum and amygdala. TS patients and con-
trols are further distinguished by different patterns of
correlation between SPL and paracentral lobule, cere-
bellum, calcarine cortex, inferior Rolandic cortex, lateral
occipital cortex, supramarginal gyrus, angular gyrus,
inferior temporal cortex, and posterior insula. A nega-
tive correlation with the posterior insula and a positive
correlation with the inferior temporal cortex in TS pa-
tients are both reversed in controls.

 

Insula

 

Functional relationships of the insula are illustrated in
Figure 5. In almost every instance in which TS patients
differ significantly from controls, correlations between
activity in the insula and activity in other brain regions
are negative in TS patients, and positive in controls. A
predominant feature is a reversal in the pattern of corre-
lations between insular regions and premotor and Rolan-
dic areas. In contrast to controls, increased activity in the
insula in TS patients is associated with decreasing activ-
ity in lateral premotor cortex, SMA, superior Rolandic
cortex and paracentral lobule. Similarly, negative corre-
lations between insular regions and orbital, paralimbic,
parietal, and temporal cortices were observed in TS pa-
tients but were absent or reversed in controls.

Figure 7. Simplified diagrams of motor and lateral orbito-
frontal cortico-striato-thalamo-cortical circuits proposed by
Alexander et. al. (1986, 1990). Each circuit engages specific
regions of the cerebral cortex, striatum, pallidum (Gpi, Gpe),
subthalamic nucleus (STN), substantia nigra (SNr), and thal-
amus. Pallidum and subthalamic nucleus were not included
in the model because these regions are too difficult to
resolve spatially in the PET scan. Abbreviations are as fol-
lows: Gpe: external segment of globus pallidus; Gpi: internal
segment of globus pallidus; LOF: lateral orbitofrontal cortex;
LPM: lateral premotor cortex; SMA: supplementary motor
area; SNr: substantia nigra pars reticulata; STN: subthalamic
nucleus; vm: ventromedial.

Table 1. Cumulative absolute difference Z-scores of regions 
that demonstrated significant increases or decreases in 
CMRglu in TS (vs. control subjects) as reported in the first 
paper in this series (Braun et al. 1993) and had a cumulative 
absolute difference Z-score � 1 SD. These scores represent the 
sum of all Z-score differences between TS patients and 
controls that were greater than 1.96 in absolute value. Values 
in the SD column represent the number of standard deviations 
scores for each region fall above the mean of all cumulative 
absolute difference Z-scores. Asterisks denote significant 
increases or decreases in CMRglu in TS (vs. control subjects) as 
reported in the first paper in this series (Braun et al. 1993).

Brain Region
Cumulative

Z-score SD

 

Ventral Striatum 161.8 3.2*
Parrahippcampal Gyrus 121.7 1.8*
Superior Rolandic Cortex 116.6 1.6**
Opercular Orbital Cortex 105.5 1.2*
Caudal Orbital Cortex 102.4 1.1*

 

CMRglu decreased in TS patients, **CMRglu increased in TS patients
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Positive correlations between activity in the insula
and caudate, putamen, cerebellum, anterior cingulate
cortex, hippocampus, and inferior insula were observed
in controls, but not in TS patients. Negative correlations
between activity in the insula and ventral striatum and
lateral occipital cortex were observed in controls, but
not in TS patients. In addition, correlations between an-
terior and superior regions of the insula itself were seen
in both controls and patients. These were negative in
controls, but positive in TS patients.

 

Inferior Rolandic Cortex

 

Functional relationships of the inferior portions of the
primary motor cortex are illustrated in Figure 6. In gen-
eral, control subjects are characterized by more positive,
and TS patients by more negative, correlations between
this region and other brain areas. Relationships between
the inferior Rolandic cortex and premotor areas specifi-
cally differentiate TS patients and controls: patients are
characterized by a negative correlation between inferior
Rolandic and lateral premotor cortex, but this relation-
ship is positive in control subjects—and in this case, in-
volves both lateral premotor cortex and SMA. Functional
coupling between inferior Rolandic and prefrontal areas
(medial, lateral prefrontal, and frontal opercular cortices)
observed in controls is absent in TS patients. Correlations
between inferior Rolandic cortex and SPL, superior tem-
poral cortex, ventral thalamus, anterior cingulate, and
paracentral lobule occur only in TS patients.

Correlations between inferior Rolandic cortex and
posterior cingulate, inferior temporal cortex, and
amygdala occur only in controls. There is a reversal in
correlation between TS patients and controls in inferior
insula, calcarine cortex, and superior Rolandic cortex.
There were both congruencies and differences in corre-
lations with different parts of the cerebellum, caudate
nucleus, and lateral occipital cortex.

 

Cortico striato-thalamo cortical Circuits

 

The measurement model applied to data from individ-
ual ROIs permitted generation of latent variables—esti-
mates of activity in general brain areas that constitute
elements of the lateral orbitofrontal and motor circuits
(see Methods). Variables for lateral premotor cortex and
SMA were combined into one “premotor” second-order
latent variable due to colinearity of these variables.
Variables for inferior Rolandic cortex and superior Ro-
landic cortex were combined into one “Rolandic” vari-
able for the same reason.

A number of statistically significant differences be-
tween TS patients and controls were found in the corre-
lations (derived as psi values in the measurement
model) between elements of the circuits. These differ-
ences are illustrated in Figure 8.

The correlations between the cortical, striatal, and
thalamic elements of the motor and lateral orbitofrontal
circuits were examined (see Figure 8). Both groups
demonstrated some significant correlations within the
two CSTC circuits—i.e. between areas that are known
to be anatomically connected. In both controls and TS
patients, significant correlations were found in the mo-
tor circuit between putamen and ventral thalamus in
both hemispheres and in the lateral orbitofrontal circuit
between dorsal thalamus and lateral orbitofrontal cor-
tex on the left. In addition, TS patients also demon-
strated a significant correlation between right lateral or-
bitofrontal cortex and ventral striatum (Vm-caudate) in
the lateral orbitofrontal circuit.

There were also unexpected connections between
circuits in both TS patients and controls. In both
groups, a bilateral pattern of significant correlations
was observed between SMA (motor circuit) and ventral
striatum (Vm-caudate, lateral orbitofrontal circuit) and
between lateral orbitofrontal cortex (lateral orbitofron-
tal circuit) and putamen (motor circuit). Putamen and
ventral striatum (motor and lateral orbitofrontal cir-
cuits, respectively) were significantly correlated in the
right hemisphere of both groups.

In general, the pattern of correlations—both within
and between the two circuits—differed significantly in
TS patients and controls, and in each case, the correla-
tions were reversed in sign.

In both hemispheres, the correlation between puta-
men and ventral thalamus (within the motor circuit)
was positive in controls and negative in Tourette’s pa-
tients. In the left hemisphere, the correlation between
dorsal thalamus and lateral orbitofrontal cortex (within
the orbitofrontal circuit) was positive in controls and
negative in Tourette’s patients.

The most dramatic reversals occur in correlations be-
tween the two circuits. Cross-circuit correlations be-
tween SMA (motor circuit) and ventral striatum (orbito-
frontal circuit) and lateral orbitofrontal cortex (lateral
orbitofrontal circuit) and putamen (motor circuit) were
uniformly negative in controls, but positive in
Tourette’s patients. This pattern of reversal occurred in
both hemispheres.

 

DISCUSSION

 

There were three salient findings in this study: First, the
ventral striatum appears to be the most significantly af-
fected brain region in TS. Second, changes in the func-
tional connections of other brain areas—primary motor
areas, somatosensory association areas, and insula—
also appear to distinguish TS patients and controls. In
many instances these changes constitute a reversal of
coupling between limbic and motor areas, and may ac-
count for some of the clinical features of TS. Third, TS
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may be specifically associated with abnormal connec-
tions between basal ganglia, thalamus, and cortex—
within the structure of the CSTC circuitry.

We did not correct for the multiple comparisons of
interregional correlations because our aim was to find
altered patterns of correlations between groups rather
than the significance of any one particular difference in
correlations. We considered it more important in this
analysis to achieve a better balance between type I and
type II error, in the interest of detecting any potentially
important alterations in patterns of correlations. Because
of the multiple comparisons, only the r and Z-score val-

ues are reported and no claims are made about the cor-
responding p-values.

It should also be mentioned that the present findings
could reflect metabolic changes related to inhibition of
abnormal movements (Peterson et al. 1998). Vocal or
motor tics were only rarely observed during the period
of FDG uptake, and although patients were not explic-
itly instructed to suppress symptoms, suppression may
have occurred without subjects’ being consciously
aware of it.

Additionally, studies of the natural history of TS
demonstrate that tics generally diminish in severity

Figure 8. Interactions within and between motor and orbitofrontal cortico-striato-thalamo-cortical circuits. The circuits in
this figure are simplified versions of Figure 7; the figures now also demonstrate the results of the SEM analysis. Note that the
effects of pallidum and STN (as illustrated in Figure 7) cannot be measured directly because of the small size of the STN and
the inability to resolve GPe and GPi. As a result, their combined effect is represented via a net correlation between striatum
and thalamus. Bold correlation coefficients on color coded arrows indicate significant differences between TS and controls.
Red arrows between regions indicate positive correlations, blue arrows negative correlations. Black arrows indicate other
statistically significant correlations between regions that did not demonstrate a statistically significant difference between
groups. Dashed lines represent the theoretical flow of information through the circuits; the solid lines indicate that a statisti-
cally significant correlation between the connected regions was observed.
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during adolescence, and the persistence of severe tics
into adulthood is relatively unusual. Imaging studies
such as this one that include only clinically identified
adults with TS are therefore unlikely to be representa-
tive of the total population of subjects who have a life-
time diagnosis of TS.

Comorbid obsessive-compulsive disorder (OCD) was
present in 11 of the TS patients. We do not have data on
the prevalence of attention deficit hyperactivity disorder
in this group of patients. Brain abnormalities due to
these conditions may have had some influence on our re-
sults. Relationships between OCD and regional cerebral
metabolism were demonstrated in our second publica-
tion, but because of the number of patients, we were not
able to take this into account in this analysis.

Similarly, there is some evidence to suggest that TS
in female subjects may not be identical to TS in male
subjects. Because there were only two female TS pa-
tients out of the 18 patients, it is not possible to discern
if our results are in any way related to gender related
manifestations of TS.

 

Ventral Striatum

 

Every one of the statistical measures applied in this
study identified the ventral striatum as a region in
which altered functional relationships most robustly
discriminate TS patients and controls. The salient dif-
ferences in patterns of connectivity of the ventral stria-
tum (which was independently identified as a signifi-
cant discriminator in our previous reports (Braun et al.
1993)) again suggest that this region plays a role in the
pathogenesis of TS.

Glucose utilization in the ventral striatum was found
to be reduced in TS patients in our first publication
(Braun et al. 1993). The ventral striatum consists of the
nucleus accumbens septi, the olfactory tubercle, and
ventromedial parts of the caudate nucleus and puta-
men (Afifi and Bergman 1998). The region of interest
designated the ventral striatum in this study should in-
clude metabolic information from each of these areas.
The ventral striatum appears to play a role in motiva-
tion, especially in behaviors that are guided by the lim-
bic system (Gilman et al. 1996), and may ultimately be
involved in the regulation of movement by coupling
limbic and motor mechanisms. The ventral striatum has
been called the “limbic-motor interface” (Stevens 1973;
Rolls and Williams 1987; Scheel-Kruger and Willner
1991), and is one of the principal sites in which informa-
tion from limbic structures gains access to the motor
system (Heimer et al. 1982; Mogenson 1987) in part via
interactions with dorsal elements of the core nuclei of
the basal ganglia (Haber et al. 1985, 1990).

Our results suggest that in TS, functional coupling
between limbic and motor systems may be abnormal. In
particular there appears to be a reversal of functional

relationships between activity in the ventral striatum
and cortical areas involved in the initiation of move-
ment. In controls, activity in the ventral striatum is neg-
atively correlated with activity in these motor regions.
When the ventral striatum is metabolically active, the
motor areas are relatively silent. In TS patients, how-
ever, these correlations are uniformly positive. Ventral
striatum and motor cortices are all active—or acti-
vated—concurrently. These data suggest that the illness
may be characterized, in part, by a distorted relation-
ship between this striatal region and cortical areas in-
volved in motor control. This is discussed further in the
context of CSTC circuitry below.

 

Putamen

 

Glucose utilization in the putamen was found to be re-
duced in TS patients in our first publication (Braun et
al. 1993). As observed with the ventral striatum, func-
tional connectivity of the putamen also suggests abnor-
mal coupling between limbic and motor systems in TS.
In this case, there appears to be a reversal of functional
relationships between activity in the putamen and cor-
tical areas with a rich input from paleocortical limbic
and paralimbic regions of the brain—orbitofrontal cor-
tices and the related, inferior regions of the insula. Met-
abolic activity in the putamen is negatively correlated
with these regions in controls. Activity in the putamen
is, on the other hand, positively coupled with activity in
orbitofrontal and inferior insular cortices in TS patients.
This is discussed further in the section on CSTC cir-
cuitry below.

 

Superior Parietal Lobule (SPL)

 

The SPL was selected for analysis because it appears to
be involved in complex integrative functions related to
the organization and initiation of movement. This re-
gion is necessary for the generation of movement-re-
lated potentials in humans (Knight et al. 1989) and
therefore, along with the SMA and prefrontal cortices to
which it is connected, may be intimately involved in the
preparation for and initiation of motor activity (Gold-
berg 1985).

Coupling between the SPL and motor as well as lim-
bic regions was very different in TS patients and con-
trols, and these altered relationships could play a role in
the pathophysiology of TS. Stronger coupling between
the SPL and motor regions in TS patients and an overall
reversal in its coupling with limbic regions—positive in
TS patients and negative in controls (Figure 4) suggest
that functional connectivity of this posterior parietal
area may mediate abnormal limbic-motor interactions
in this disorder.

In this context, the role of the SPL as a somatosen-
sory association area is also of potential relevance to
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premonitory sensory urges—unpleasant sensory per-
ceptions or mental awarenesses that precede tic behav-
iors that are momentarily relieved by the performance
of the tics (Leckman et al. 1997). Abnormal connections
between the SPL, motor, and limbic regions could un-
derlie this feature of the illness as well.

 

Anterior and Posterior Insula

 

Glucose utilization in the insular cortex was found to be
reduced in TS patients in our first publication (Braun et
al. 1993). Other imaging studies (Weeks et al. 1996)
have implicated the insula in TS as well. The potential
importance of the anterior insula in TS stems from its
extensive interconnections with the orbitofrontal areas
which may play a role in behavioral inhibition (Iversen
and Mishkin 1970; Passingham 1972; Fuster 1997).

In the insula, like in the ventral striatum and SPL, the
most striking changes in TS include altered functional
relationships with motor regions—lateral premotor cor-
tices, SMA, superior Rolandic cortex, and paracentral
lobule.

 

Primary Motor Cortices

 

Primary motor cortex constitutes the final common
pathway for execution of movement. Glucose utiliza-
tion in the primary motor cortex was found to be in-
creased in TS patients in our first publication (Braun et
al. 1993). The inferior portions of this area are associ-
ated with movements of the upper extremities, face,
and vocal apparatus (lips, tongue, larynx)—areas which
represent the predominant anatomical distribution of
tics in TS (Leckman and Cohen 1999). Activity of the
primary motor cortex is regulated by regions at higher
levels—specifically by premotor areas, which organize
and initiate complex sequences of movements, and are
themselves regulated by projections from other brain
regions. There are two major premotor systems: a me-
dial system centered upon the SMA, which may orga-
nize self initiated movements, and the lateral premotor
system, which may organize movements expressed in
response to exteroceptive stimuli. Relationships be-
tween primary motor cortex and each of these premotor
areas appear to be fundamentally altered in TS.

As in the insula, SPL, putamen, and ventral striatum,
interregional correlations between primary motor cor-
tex and other brain regions that differentiate TS patients
and controls appear to be reversed in sign. In addition,
activity in the primary motor cortex is positively corre-
lated with that in the medial and lateral prefrontal, and
frontal opercular cortices in controls. No significant cor-
relations between these regions are detected in TS pa-
tients. This suggests a change in communication be-
tween primary motor areas and areas related to both
selective and exclusionary attention, and possibly lan-

guage related functions as well. A functional uncou-
pling of inferior Rolandic and frontal opercular regions
may provide a substrate for dysregulation of orolaryn-
geal movements and the production of vocal tics.

 

Cortico-striato-thalamo-cortical Circuits

A number of our results can be interpreted in the con-
text of the cortico-striato-thalamo-cortical (CSTC) cir-
cuitry proposed by Alexander et al. (1986). Alexander
initially described five segregated pathways connecting
basal ganglia, thalamus, and frontal cortex. Information
was thought to be progressively integrated as it tra-
versed these pathways, which were designated the mo-
tor, oculomotor, dorsolateral prefrontal, lateral orbito-
frontal, and anterior cingulate circuits (Alexander et al.
1986). These were described as being segregated, orga-
nized in parallel, with only a minor degree of overlap,
although more recently it has been suggested that there
may be more communication between the circuits than
originally proposed (Groenewegen et al. 1990, 1994; Joel
and Weiner 1994, 1997; Parent et al. 2000).

Two recent reports have examined the potential in-
volvement of CSTC circuitry in TS. Eidelberg et al.
(1997) applied the Scaled Subprofile Model to FDG PET
data in order to identify specific patterns of regional
metabolic covariation associated with TS. This analysis
identified two TS-related brain networks that were con-
sidered to correspond with the motor and limbic cir-
cuits. This study concluded that the metabolic land-
scape of TS is characterized by a nonspecific pattern of
increased motor cortical activity and a reduction in the
activity of limbic CSTC projection systems (Eidelberg et
al. 1997).

Leckman et al. (1997) reviewed the evidence impli-
cating CSTC circuits in the pathobiology of TS. The mo-
tor and anterior cingulate circuits were posited as the
most likely circuits to be involved in TS, but the lateral
orbitofrontal circuit was considered to be more impor-
tant in the pathobiology of obsessive-compulsive disor-
der (Baxter et al. 1992; Insel 1992; Leckman et al. 1997).

We chose to examine the relationship between motor
and orbitofrontal circuits on the basis of results of our
previous analyses (Braun et al. 1993, 1995) implicating
sensorimotor and ventral limbic circuits in orbitofrontal
cortex and insula. Other CSTC circuits—such as the an-
terior cingulate circuit—were not examined in this
study, although the results here obviously do not rule
out similar abnormalities of interactions within and be-
tween elements of these circuits.

While we observed correlations between elements of
the two circuits we evaluated, we also observed what
appeared to be rather extensive functional interactions
between the two circuits, in both control subjects and
TS patients. These findings are consistent with more re-
cent suggestions that there may be functional commu-
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nication between the circuits at certain points (Groe-
newegen et al. 1990, 1994; Joel and Weiner 1994, 1997;
Parent et al. 2000).

In the present study, the existence of functional
“crosstalk”—i.e. the frequent instances in which activ-
ity in elements of the different circuits is statistically
coupled—suggests that information may be shared be-
tween motor and lateral orbital frontal circuits in both
controls and TS patients. But the nature of this
“crosstalk” differs dramatically in patients and con-
trols, suggesting that activity in the circuits is segre-
gated in controls by means of the circuits being recipro-
cally related. On the other hand the concurrent activity
of the two circuits in TS patients suggests that activity is
somehow abnormally integrated in TS.

Overall, these results support the notion that cortical
and subcortical motor areas may be more readily influ-
enced by limbic structures in TS patients than in con-
trols. Essential features of the disorder—the association
of tics with motivational tension, impulsivity, obses-
sions and compulsions that are often experienced as
alien or due to the operation of a “second will”—might
be explained in part by an abnormal positive coupling
between motor cortices and limbic portions of the stria-
tum and between motor portions of the striatum and
orbital cortices.

The existence of functional interaction between the
two CSTC circuits raises the question of what anatomi-
cal mechanism might facilitate it. Functional “crosstalk”
could occur as a result of convergence between circuits
proposed to occur at a number of levels—mediated via
cortico-cortical connections, through overlap of den-
dritic fields within the striatum (Groenewegen et al.
1990, 1994), or convergence within outflow nuclei of the
basal ganglia (Haber et al. 1995). Axonal collateraliza-
tion in the basal ganglia has recently been pointed out
as an important mechanism for interactions between
circuits (Parent et al. 2000). Joel and Weiner (1994) have
suggested a mechanism of between-circuit interaction
by introducing the concept of split circuitry, which es-
sentially results in two pathways projecting back to the
frontal cortex via the thalamus.

A direct exchange of information between the two
circuits is not the only feasible interpretation of the cor-
related activity between them. It is also possible that
such correlations might occur as the result of an exter-
nal factor with a divergent influence upon both circuits.
For example, the mesencephalic dopamine projections
to the striatum could play such a role.

Indeed, the clinical effects of dopamine agonist and
antagonist agents in TS suggest that dopaminergic
modulation of striatum may be abnormal in this disor-
der (Cummings and Frankel 1985). Such an abnormal-
ity would not be inconsistent with the perturbed inter-
action of the motor and associative circuits we
observed. The mesolimbic dopamine system may serve

a gating function at the level of the ventral striatum,
regulating the flow of information from limbic struc-
tures to the pallidum, thereby governing response initi-
ation (Yang and Mogenson 1984). The involvement of
the ventral striatum in motivation and the fact that it
appears to be functioning abnormally in TS provides a
model for the pathogenesis of this disorder. If, due to
alterations in dopaminergic modulation, impulses are
no longer gated properly at the point of the ventral stri-
atum, they might make their way—via interactions
with premotor structures—directly into action. The re-
sults of this study are consistent with previous studies
that have implicated the motor CSTC circuit in TS (Ei-
delberg et al. 1997; Leckman et al. 1997). The apparent
altered functional interactions between limbic and mo-
tor structures we observed suggest that TS may be re-
lated to abnormal coupling of limbic/paralimbic and
motor mechanisms. Further studies will be necessary
in order to clarify the specific loci of abnormal limbic-
motor coupling in this disease.
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