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The Functional Neuroanatomy of Tourette’s
Syndrome: An FDG-PET Study. II:
Relationships between Regional Cerebral
Metabolism and Associated Behavioral and

Cognitive Features of the Illness

Allen R. Braun, M.D., Christopher Randolph, Ph.D., Brigitte Stoetter, M.D.,
Erich Mohr, Ph.D., Christine Cox, Ph.D., Katalin Vladar, M.D., Roy Sexton, B.S.,
Richard E. Carson, Ph.D., Peter Herscovitch, M.D., and Thomas N. Chase, M.D.

We analyzed F-18 fluoro-deoxyylucose PET scans carried
out in 18 drug-free patients with Tourette’s syndrome
(TS) in order to evaluate relationships between cerebral
metabolism and complex cognitive and behavioral features
commonly associated with this disorder. These features
(obsessions and compulsions, impulsivity, coprolalia,
self-injurious behavior, echophenomena, depression, and
measures of attentional and visuospatial dysfunction)
were associated with significant increases in metabolic
activity in the orbitofrontal cortices. Similar increases,
although less robust, were observed in the putamen and,
in the case of attentional and visuospatial measures, in
the inferior portions of the insula. On the other hand,
behavioral and cognitive features were not asscciated with
metabolic rates in other subcortical (midbrain, ventral
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striatum), paralimbic (parahippocampal gyrus), or
sensorimotor regions (supplementary motor area, lateral
premotor or Rolandic cortices), in which metabolism had,
in some cases more robustly, distinguished these TS
patients from controls (Braun et al., 1993). These results
suggest that a subset of regions in which metabolic
activity appears to be associated with the diagnosis of TS
per se, may be explicitly associated with the emergence of
complex behavioral and cognitive features of the illness.
This is most conspicuous in the orbitofrontal cortices, and
it is consistent with the observation that these features
resemble the elements of a behavioral syndrome typically
seen in patients with lesions of the orbitofrontal cortex.
[Neuropsychopharmacology 13:151-168, 1995]

Kby WORDS: Tourette’s (Tourette) syndrome; Positron
cnission tomography; FDG; obsessive-compulsive
disorder; Impulsivity; Self-injurious behavior;
Depression; Coprolalia; Echophenomena; Attention;
Visuospatial; Orbitofrontal cortex; Insula; Basal ganglia

Since the disorder was initially described (Gilles de la
Tourette 1885), it has been clear that the spectrum of
symptoms in Tourette’s syndrome (TS) includes com-
plex neurobehavioral and cognitive disturbances in ad-
dition to simple vocal and motor tics. These symptoms
include obsessions and compulsions, impulsivity, self-
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injurious behavior, echophenomena (echolalia, palila-
lia, echopraxia), attentional disturbances that may be
associated with hyperactivity, complex, socially disrup-
tive tics (such as coprolalia), and mood lability (Com-
ings and Comings 1988; Riddle et al., 1988; Towbin,
1988). In addition, patients may experience anxiety,
sleep disturbances, learning disabilities, and second-
ary behavioral problems such as social isolation (Glaze
et al., 1983; Hagin and Kugler, 1988; Silver, 1988).

The anatomical substrate of motor symptoms in TS
is poorly understood. The pathophysiology of the as-
sociated behavioral features is even more obscure. The
initial results of our FDG-PET study (Braun et al. 1993)
suggested that the TS brain may be characterized by
lower metabolic rates in the inferior, limbic-related
regions of the cortex and striatum, and in the midbrain,
and higher metabolic rates in the superior, sensorimo-
tor cortices. This may represent a metabolic pattern as-
sociated with the diagnosis of TS per se. Which of these
regions might participate in the generation of the be-
havioral and cognitive symptoms is not clear. However,
our patient group was heterogeneous, possessing a
wide enough dynamic range of behavioral and cogni-
tive features to make it possible to address this question.

We therefore used clinical, neuropsychological and
FDG-PET data to identify patterns of regional activity
that might be associated with specific neurobehavioral
and cognitive symptoms in TS. The identification of
functional neuroanatomical patterns that correspond
to the various phenotypic expressions of this unusually
heterogeneous disorder might suggest further avenues
of research that could potentially lead to successtul
treatment.

METHODS
Subjects

Eighteen TS patients, 16 males and 2 females age 33 +
7 years (mean + SD; range 23-49 years) consented to
participate in this study after providing informed con-
sent. Sixteen patients were right-handed, and two, one
male and one female, were left-handed.

The subjects included the same cohort of 16 patients
analyzed in our previous report as well as two patients
from whom blood samples were not taken. These sub-
jects were included in the present analysis because only
normalized metabolic rates were evaluated.

The diagnosis of TS was confirmed by history and
physical examination that excluded concurrent medi-
cal or other neurological or psychiatric illnesses and con-
formed to DSM-IV criteria. All patients were drug free
at the time of scanning, medications having been with-
drawn at least 2 weeks prior to the study (Braun et al.
1993).
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PET Scans

PET scans were performed on the NeuroPET (Brooks
et al. 1980), a seven-slice positron tomograph with an
in-plane resolution of 6 to 7 mm and an axial resolution
of 11 to 12 mm FWHM, according to a protocol described
previously (Braun et al. 1993). Five mCi of FDG were
injected intravenously over a period of 1 minute, and
10-minute scans were initiated 30 to 45 minutes after
infusion. Between each scan, the position of the pa-
tient’s head was shifted slightly within the gantry to
increase the anatomical sampling by obtaining inter-
leaved image sets. A calculated attenuation correction
was performed using a visually fitted outline of the
scalp. The scanner and gamma well counter were cross-
calibrated using a phantom containing a solution of
{F-18] fluoride. Local cerebral metabolic rates for glu-
cose were calculated according to the method of Brooks
(1982). Patients were asked to remain still during the
course of the procedure. Although they were not ex-
plicitly instructed to suppress symptoms, vocal or mo-
tor tics were rarely observed during the period of FDG
uptake.

Image Analysis

Eight image planes were selected for analysis on the
basis of recognizable cerebral landmarks identified in
standard anatomical atlases (Damasio and Damasio
1989; Duvernoy 1991; Matsui and Hirano 1989). Image
planes were parallel to the canthomeatal line and ex-
tended from the level of the cerebellum, temporal pole,
and gyrus rectus inferiorly to the superior frontoparie-
tal convexities. In our earlier report, two separate anal-
vses, each based on a different technical strategy, were
performed, and these provided essentially convergent
results. For this reason, only regional values derived
using one of these methods were utilized in the pres-
ent study. Irregular regions of interest were identified
in the cortex using thresholding and edge-detection
techniques; circular regions of interest (ROls) were ap-
plied to subcortical structures and cortical regions in
which anatomical detail was less precise, and data
reduction was performed in these instances as previ-
ously described (Braun et al. 1993).

In our initial report, the results of both independent
analyses showed the highest degree of convergence
when metabolic rates were normalized, controlling for
intersubject differences in CMRglu and thereby reduc-
ing group variances. For this reason, normalized values
were utilized in the present analysis. Regional meta-
bolic rates were divided by global metabolic rates; global
rates were estimated by averaging all regional grey mat-
ter metabolic rates, weighting these for the area en-
closed within each ROI. For the analyses summarized
in Tables 3-6, normalized regional values were further
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reduced by averaging metabolic rates in functionally
related ROls (e.g., medial orbital cortex contained in
planes 2 and 3), again weighting these for the area en-
closed within each region.

Clinical Evaluation

Within 1 week of PET scanning, all patients underwent
aformal neurological evaluation that included a physi-
cal examination, structured historical interview, and re-
view of medical records. Data provided by referring
physicians as well as old records, in some cases from
prior admissions to the NIH Clinical Center, were
reviewed.

Standardized checklists were used to categorize pa-
tients with respect to the historical presence or absence
of six common behavioral features (Table 1). Because
of the waxing and waning of behavioral as well as mo-
tor symptoms in TS, the historical prevalence of com-
plex behavioral features was considered, whether or
not symptoms were present at the time of evaluation.
Behavioral features and their associated criteria in-
cluded:

1. Obsessive-compulsive symptoms (recurrent, intru-
sive thoughts, ideas, or images; repetitive ritualis-
tic behaviors, performed intentionally; symptoms
may or may not have been distresstul; symptoms
may have been intermittent but must have occurred
over the course ot at least 1 year, and when present
lasted more than 1 hour a dav).

2. Echophenomena (nonstuttered repetition of one's
own syllables, words, or phrases (palilalia) or those
of another individual (echolalia) and/or voluntary
imitation of another individual’'s motor behavior
(echopraxia); symptoms may have been intermittent
but must have occurred over the course of at least
1 year and, when present, occurred several times
a day).

3. Coprolalia (inappropriate or obscene svllables,
words, or phrases often expressed explosively; these
complex vocal tics may be characterized by tic sub-
stitution and may wax and wane but must have oc-
curred over the course of at least 1 vear and, when
present, occurred several times a day).

4. Impulsivity (episodic failure to inhibit aggressive or
sexual impulses directed at others; socially inap-
propriate verbal or overt behaviors, frequently un-
provoked, must have occurred over the course of
at least 1 year).

5. Self-injurious behavior (harmtul self-directed be-
haviors—e.g., episodic punching, biting, risk-taking
behavior that has resulted in injury — must have oc-
curred over the course of at least 1 vear).
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6. Depression (significantly depressed mood without
psychotic features lasting at least 2 weeks, which
may have represented a dysphoric response to neu-
roleptic medications).

Although the criteria for depression and obsessive-
compul: ive behaviors do not strictly conform to DSM
IV criteria, they identify several behavioral features,
such as dysphoric response to medications, obsessive
or compulsive symptoms that do not cause distress, that
are frequently seen in TS patients. Attentional para-
meters were not evaluated in this portion of the study
because they were measured directly in the neuropsy-
chological assessment described later.

Patients typically displayed more than one as-
sociated symptom and were assigned to a number of
different categories. Therefore, patients were ranked
according to complexity of clinical presentation, both
to unify the analysis and to expand the dynamic range.
Each subject received a summary score of 0 to 6 (the
behavioral or “complex symptom” score), depending
on the number of behavioral features present (Table 1).
In general, the patients’ records indicated that those
with higher symptom scores had a more difficult clini-
cal course and a more erratic response to treatment.

Categorical variables were developed using these
scores for use in some of the statistical tests outlined
later. Each patient was assigned to one of three catego-
ries reflecting the degree of behavioral severity. These
were designed to provide more or less equal numbers
of subjects in each category (“high” = 3-6 symptoms,
no=5; “medium” = 2 symptoms, n = 7; “low” = 0-1
symptom, 1 = 6).

Neuropsychological Tests

Fifteen of the TS patients were given a variety of stan-
dardized and experimental neuropsychological tests
within 1 week of PET scanning. All test scores were
transformed to standardized z-scores. Verbal and Per-
tormance 1Q scores derived from the WAIS-R (Wechs-
ler 1981) were evaluated independently.

In order to reduce the number of variables for anal-
vsis and permit the independent evaluation of distinct
neuropsyvchological functions, tests were grouped by
neuropsychological domain. Categories included: at-
tention, visuospatial-constructional, memory, and ex-
ecutive functions. For each neuropsychological factor,
asummary score was derived for each subject by com-
puting a mean from the z-scores of the constituent tests:

[. Attention
Letter cancellation test (Lezak 1983)
Simple and complex reaction time (Luria 1973)
Digit span (WAIS-R)
Digit symbol (WAIS-R)
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Table 1. Frequency of Individual Symptoms in Tourette’s Patients with
Low, Medium, and High Behavioral Severity Scores

Low [0-1]

Category (Total Symptoms)

Medium [2] High [3-6]
Symptom (n = 6) n=7 (n =5)
Self-injurious behavior 0.00 0.14 0.40
Impulsivity .00 0.14 0.60
Echophenomena 0.00 0.00 0.80
Coprolalia 0.17 0.43 0.40
Obsessive-compulsive behavior 0.17 0.71 1.00
Depression 0.33 0.57 0.60

2. Visuospatial/constructional
Embedded figures test (Witkin 1950)
Manikin test (Ratcliff 1979)
Mosaic test (Fedio et al. 1979)
Copy score, Rey complex figure (Rev 1941;
Osterreith 1944)
Street map test (Money, 1976)
Object assembly (WAIS-R)
Block design (WAIS-R)
3. Memory
Delayed free recall, Rey complex figure
Total recall (trials 1-5), Rey auditory verbal learn-
ing test (Rey 1986)
Delayed free recall, Rey auditory verbal learning
test
Wechsler memory scale (Wechsler and Sidne 1945)

4. Executive function
Verbal fluency (FAS) (Benton and Hamsher 1976)
Categories, Wisconsin card sorting test (Heaton
1981)
Percent perseverative errors, Wisconsin card
sorting test

For purposes of comparison, the summary scores for
these four parameters were reversed in sign (multiplied
by —1) so that higher scores would represent indices
of attentional, visuospatial, memory, and executive dvs-
function. '

Statistical Analysis

Two general approaches were undertaken in evaluat-
ing the behavioral and neuropsychological character-
istics of this group of TS patients. In the first approach,
subjects were categorized with respect to behavioral and
neuropsychological features, and the relationships be-
tween these features and regional glucose metabolic
rates were evaluated. Normalized metabolic rates were
tirst analyzed by univariate repeated measures analy-

ses of variance, with the complexity of behavioral symp-
toms (high, medium, and low categories) representing
the grouping (between) factor and regions of interest
the repeated (within) measures. The relationship be-
tween complexity of behavioral presentation and re-
gional metabolic activity was further defined by correlat-
ing the (discrete) behavioral scores themselves with
normalized rCMRglu values using nonparametric tech-
niques (Kendall’s rank correlation). Relationships be-
tween (continuous) standardized scores of neuropsy-
chological performance and normalized rCMRglu were
characterized using parametric techniques (Pearson
product-moment correlations). A binomial probability
statistic was used to calculate whether the number of
observed correlations exceeded that expected by chance.
Pearson product-moment correlations were also calcu-
lated between metabolic rates in the limited set of
regions which had differentiated patients and normals
in the initial portion of our study.

[n the second approach, the regional metabolic rates
were used to divide the patients into “metabolic” sub-
groups using Q-component analysis (Clark et al. 1985;
Gorusch 1974; Grady et al. 1990): The data matrix of
normalized regional metabolic rates for TS patients was
transposed and a principal components analysis per-
formed; an oblique rotation was then applied to the
factor matrix in order to maximize differences between
subgroups. Designed to identify different patterns of
regional metabolism across patients, this technique per-
mits substantial data reduction by considering all ROls
simultaneously. Because the degree of pattern similar-
ity can be assessed across individual subjects, the tech-
nique can be used to determine whether or not a clini-
cal sample is homogeneous with respect to regional
cerebral metabolism and to identify distinct subtypes
within a heterogeneous population. Subtypes that were
identified in this fashion (i.e., on the basis of regional
metabolic data alone) were then compared with respect
to clinical presentation and neuropsychological perfor-
mance using the statistical techniques described.
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Table 2. Analysis of Variance: Regional Metabolic Rates
in Tourette’s Patients with Different Frequencies of
Complex Behavioral Symptoms?®

Analysis 1
Source df §S f test p Value
Behavioral category 2 0.033 2.34 NS
Region of interest 163 35.11 32.05 p = .0001
Region x category 326 2.636 1.20 p = .01

? Grouping factor: behavioral complexity; repeated measures:
normalized regional metabolic rates.

RESULTS
Neurobehavioral Symptoms

Complex symptom scores were calculated for each sub-
ject, and subjects were assigned to categories (low,
medium, and high) as outlined. The distribution of in-
dividual behavioral symptoms was homogeneous within
each category (i.e., no single symptom dominated —
chisquares were insignificant in each case), and the fre-
quency of each symptom increased systematically as
overall complexity increased, that is, the more symp-
toms a patient had, the more likely he or she was to
have a history of any one of the six behavioral features
(Table 1).

A repeated measures analysis of variance, in which
behavioral complexity (high, medium, and low fre-
quency categories) served as the grouping factor and
ROIs as the repeated measures, vielded a significant
complexity by region interaction term (p < .01), indicat-
ing that TS patients with differing clinical presentations
(i.e., differing frequencies of associated neurobehavior-
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al symptoms) can be distinguished by differences in
metabolic activity in specific regions of the brain (Table 2).

These regions were identified by correlating com-
plex behavioral scores and regional glucose metabolic
rates. Table 3 summarizes correlations between com-
plex symptom scores and metabolic rates in the limited
set of regions that significantly differentiated TS pa-
tients and controls in our previous report (Braun et al.
1993). These are represented as z-scores derived from
the nonparametric Kendall correlation analysis. Figure
1 depicts these relationships throughout the brain (re-
gional data are not reduced in this case; Figure 2 serves
as alegend). In either instance (i.e., when the analysis
is restricted to the limited set of comparisons, or when
the whole brain is evaluated) the binomial probability
statistic indicates that the number of significant corre-
lations exceeds that expected by chance (in the limited
set of comparisons, z = 7.83, p < .00001; in the brain
as a whole, z = 4.59, p < .00001).

These results indicate that patients with a more
complicated neurobehavioral presentation are charac-
terized by relative increases in metabolic activity in the
orbitofrontal cortices bilaterally. Metabolic rates in other
regions that had distinguished TS patients from nor-
mals, including the midbrain, ventral striatum, inferior
insular cortex, parahippocampal gyrus, and sensorimo-
tor (premotor and Rolandic) cortices, did not appear
to vary with symptom complexity. However, metabolic
rates in the putamen, like the orbital cortices, were posi-
tively correlated with scores of behavioral complexity
in both left and right hemispheres.

Correlations between metabolic rates themselves
were generated for the limited set of regions that had
differentiated patients and normals in the initial por-

Table 3. Correlations between Regional Glucose Metabolic Rates and

Measures of Behavioral Complexity

Kendall Z

Region of Interest

Left Hemisphere

Right Hemisphere

Subcortical
Midbrain
Ventral striatum
Putamen
Limbic cortical
Medial orbital cortex
Lateral orbital cortex
Opercular orbital cortex
Caudal orbital cortex
Inferior insula
Parahippocampal region
Frontal motor
Lateral premotor cortex
SMA
Inferior rolandic cortex
Superior rolandic cortex

1.54 1.37
0.68 1.75
2.00¢ 1.967
2.74b 3.19‘:
277 2.64
2.67 2.17¢
1.96% 2.03
0.72 1.32
0.04 -1.20
0.38 0.72
0.93 0.11
-0.17 -0.38
-0.81 0.13

“p <05t p < 025 p < .01; 9 p < .001.
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Slice 4
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Figure 1. An anatomical representation of correlations between regional metabolic rates and complex symptom scores in
Tourette’s patients. Red indicates a positive correlation between these values (i.e., higher regional metabolic rates associatefi
with higher indices of behavioral severity); blue indicates a negative correlation. The magnitude of the correlations is indi-
cated by the degree of stippling: Absolute Kendall rank correlation z-scores above 2 are represented by solid colors; scores
between 1.5 and 2 by dense stippling; between 1.0 and 1.5 by moderate stippling; between 0.5 and 1 by light stippling;
regions with scores below 0.5 are uncolored. Significant correlations are indicated by asterisks: * p < .05, ** p < .01,

*** p <.005. Regions are identified by referring to Figure 2.

tion of our study. Metabolic rates in both the left and
right putamen were significantly correlated with rates
in the left and right caudal and medial orbitofrontal cor-
tices (p < .01, in each case), but not with metabolic rates
in other regions of interest).

When any of the six behavioral symptoms was
evaluated independently, the same general patterns
persisted. Individual symptoms were treated as dichot-
omous variables, and metabolic rates in subjects in
whom a behavioral symptom was present were com-
pared with rates in subjects in whom that symptom was
absent. The presence of each behavioral symptom was
associated with increased orbitofrontal metabolic rates
for glucose. No single behavioral measure appeared to
inordinately “drive” the relationships between orbito-
frontal activity and complex symptom scores.

Neuropsychological Function

The group as a whole was characterized by average to
above-average intelligence (WAIS-R full scale IQ =
110 + 15). Verbal IQ and Performance IQ evaluated
separately were both within average range and were
both associated with a similar degree of intersubject

variability (VIQ = 111 t 16; PIQ = 107 + 15). The rela-
tionships between verbal and performance 1Q and ce-
rebral metabolism were evaluated by independently
correlating these scores with regional metabolic rates
for glucose in the limited set of regions that had previ-
ously distinguished TS patients and controls (Braun et
al. 1993).

In almost every instance, significant correlations
were observed between glucose metabolic rates and
performance rather than verbal IQ scores (Table 4).
These were more frequent, and more robust, in the right
hemisphere and, as with behavioral severity scores,
were clustered in the orbitofrontal cortices. These rela-
tionships were uniformly inverse (i.e., the lower the
performance IQ, the higher the orbital metabolic rates).
In addition, performance IQ was inversely correlated
with metabolic activity in the functionally related in-
ferior insular cortex of the right hemisphere. Unlike the
behavioral severity scores, there was no apparent rela-
tionship between either 1Q score and metabolic rates
in the putamen.

The performance IQ score on the WAIS-R is often
considered a rough measure of right hemisphere func-
tion (Kolb and Whishaw 1990; Wechsler 1958). How-
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15 13
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17 68
80
70 49
81
53
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2 82
3
Slice 1 Slice 2 Slice 3 Slice 4
20
23 76 21 28
24
77 23 32 31
26 10 27 30 38 33
36 37 39
35 7
41 42 45 40
52 74
78 79
43 44 4 47
56 64 65 66 48
62
60 61
Slice 5 Slice 6 Slice 7 Slice 8
Legend: Regions of Interest
Cerebeflum Frontal motor cortex Occipital cortex

1 Lateral cerebellum
2 Medial cerebellum
3 Cerebellar vermis

Brainstem
4 Pons
5 Midbrain

Thalamus
6 Ventral thalamus
7 Dorsal thalamus

Basal ganglia
8 Ventral striatum
9 Head, caudate
10 Body, caudate
11 Anterior putamen
12 Posterior putamen

Prefrontal cortex
13 Medial orbital cortex 1
14 Medial orbital cortex 2
15 Lateral orbital cortex 1
16 Lateral orbital cortex 2
17 Opercular orbital cortex 1
18 Opercular orbital cortex 2
19 Inf med prefrontal cortex
20 Mid med prefrontal cortex
21 Sup med prefrontal cortex
22 Inf lat prefrontal cortex
23 Mid lat prefrontal cortex
24 Sup lat prefrontal cortex
25 Inf frontal opercular cortex
26 Mid frontal opercular cortex
27 Sup frontal opercular cortex

28 Inf lat premotor cortex 1
29 Inf lat premotor cortex 2
30 Inf lat premotor cortex 3
31 Sup lat premotor cortex
32 Anterior sma

33 Posterior sma

34 Inf rolandic cortex 1

35 Inf rolandic cortex 2

36 Inf rolandic cortex 3

37 Sup rolandic cortex 1
38 Sup rolandic cortex 2
39 Sup rolandic cortex 3
40 Paracentral (obule

Parietal cortex
41 Supramarginal gyrus 1
42 Supramarginal gyrus 2
43 Angular gyrus 1
44 Angular gyrus 2
45 Ant lat superior parietal lobule
46 Post lat superior parietal lobule
47 Ant med superior parietal lobule
48 Post med superior parietal lobule

Temporal cortex

49 Anterior superior temporal cortex 1
50 Anterior superior temporal cortex 2
51 Posterior superior temporal cortex 1
52 Posterior superior temporal cortex 2
53 Anterior inferior temporal cortex 1
54 Anterior inferior temporal cortex 2
55 Anterior inferior temporal cortex 1
56 Posterior inferior temporal cortex 2

57
58
59
60
61
62
63
64
65
66

Fusiform (occipitotemporal) gyrus
Inf lat occipital cortex 1

Inf lat occiptal cortex 2

Mid lat occiptal cortex

Sup lat occiptal cortex 1

Sup lat occiptal cortex 2

Inf calcarine cortex 1

Inf calcarine cortex 2

Sup calcarine cortex 1

Sup calcarine cortex 2

Paleocortical limbic

67
68
69
70
Kl
72
73
74

Gyrus rectus

Caudal orbital cortex 1
Caudal orbital cortex 2
Temporal polar cortex
Inferior insula

Anterior insula
Posterior insula
Superior insula

Archicortical flimbic

75
76
77
78
79
80
81
82

Inf anterior cingulate

Mid anterior cingulate

Sup anterior cingulate

Inf posterior cingulate

Sup posterior cingulate
Amygdala-hippocampus
Parahippoc. Gyrus—hippocampus 1
Parahippoc. Gyrus—hippocampus 2

Figure2. A representation of the regions of interest derived for the eight PET planes of section (see Figures 1 and 3). Num-

bers refer to the categorical list of region names contained in the legend.
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Table 4. Correlations between Regional Metabolic Rates and Verbal and Performance IQ Scores (WAIS-R)

Verbal 1Q

Performance IQ

Region of Interest Left Hemisphere

Right Hemisphere

Left Hemisphere Right Hemisphere

Subcortical
Midbrain -0.42
Ventral striatum 0.32
Putamen -0.21
Limbic cortical
Medial orbital cortex -0.39
Lateral orbital cortex -0.05
Opercular orbital cortex -0.31
Caudal orbital cortex -0.27
Inferior insula -0.07
Parahippocampal region -0.01
Frontal motor
Lateral premotor cortex 0.23
SMA -0.04
Inferior rolandic cortex -0.07
Superior rolandic cortex -0.16

-0.40 -0.26 -0.37
0.21 -0.26 -0.37
-0.05 -0.03 0.03
-0.34 —0.620 -0.58
-0.32 -0.31 -0.57?
~0.64% —0.60" -0.774
—0.54 —-Q.52¢ -0.68
-0.49 -0.36 -0.52¢
-0.18 0.22 0.02
0.30 0.01 -0.05
0.06 -0.01 0.06
-0.38 -0.01 -0.41
-0.15 -0.21 -0.36

p< .05 fp< 025 p< .01 4p< 001

ever, it is derived from a heterogeneous series of sub-
tests that, as a whole, may be sensitive to changes in
attentional and visuospatial performance as well as vari-
ations in short-term visual memory. In order to evalu-
ate relationships between cerebral metabolic activity
and functionally discrete neuropsychological variables,
the summary scores for attentional, visuospatial, mem-
ory, and executive performance were independently
correlated with regional metabolic rates for glucose.

In only two instances, attention and visuospatial
performance, did the numbers of significant correlations
exceed those expected by chance alone. Correlations
between metabolic activity and attention were signifi-
cantly more frequent and more robust than correlations
between metabolism and visuospatial performance.
This difference is evident when z-scores derived from
the binomial probability statistic were compared (z =
6.93, p < .00001 for attention; z = 2.43, p < .01 for
visuospatial performance, in the limited set of regions
that had distinguished TS patients and controls). Al-
though formal bootstrap procedures were not em-
ployed in evaluating the correlations, visual inspection
of each scattergram failed to detect the presence of out-
lying values spuriously augmenting the correlation
coefficients (a potential problem with parametric com-
parisons that was not relevant to the nonparametric
correlations reported).

As was the case with both complex behavioral
scores and performance IQ, significant correlations be-
tween attention and metabolic activity clustered in the
orbitofrontal cortices but were absent in the midbrain,
ventral striatum, parahippocampal gyrus, and sensori-
motor cortices (Table 5). As with performance IQ, at-
tentional scores were significantly correlated with meta-
bolic rates in the inferior insular cortex, and significant

correlations with both orbitofrontal and insular meta-
bolic activity were more robust in the right hemisphere.
The correlations were in this case uniformly positive,
since scores were calculated to reflect attentional dys-
function (i.e., the poorer the measures of attentional
function, the higher the metabolic rates in these ROIs).
As was the case with measures of behavioral severity,
attentional scores were positively correlated with meta-
bolic rates in the left putamen.

Figure 3 illustrates the relationships between atten-
tional scores and regional metabolic rates throughout
the brain. The number of significant correlations again
exceeds that expected by chance (z = 6.09, p <.00001).
A marked degree of convergence is apparent when this
map is compared with Figure 1. The relationships be-
tween measures of attention and the independently de-
rived scores of behavioral complexity both pinpoint the
same general regions of interest, the orbitofrontal cor-
tices, in which significant correlations are more frequent
and are associated with the lowest probabilities of error.

Unlike the measures of behavioral severity, how-
ever, attentional dysfunction appears to be additionally
associated with increases in dorsolateral prefrontal cor-
tical metabolism and concommitant decreases in meta-
bolic activity in visual association cortices. Significant
relationships between measures of visuospatial dys-
function and regional metabolic rates (not illustrated)
exhibited the same general anatomical distribution but
were considerably less robust.

Q-Component Analysis

Regional metabolic values were normally distributed
for each subject (p > .05 using the Kolmogrov-Smirnov
test of normality). The data matrix of normalized meta-
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Figure 3. An anatomical representation of correlations between regional metabolic rates and scores of attentional dysfunc-
tion in Tourette’s patients. Red indicates a positive correlation between these values (i.e., higher regional metabolic rates
associated with poorer attentional performance); blue indicates a negative correlation. The magnitude of the correlations
is indicated by the degree of stippling: Pearson product-moment correlation coefficients above 0.5 are represented by solid
colors; 0.4-0.5 by dense stippling; 0.3-0.4 by moderate stippling; 0.2-0.3 by light stippling; regions with coefficients below
0.2 are uncolored. Significance is indicated by asterisks: * p<.05, ** p<.01, *** p<.005. Regions are identified by referring

to Figure 2.

bolic rates was therefore transposed and Pearson
product-moment correlations calculated between each
individual’s regional values. A principal component
analysis was then applied to the intersubject correla-
tion matrix. As outlined, this procedure, the Q-com-
ponent analysis, makes it possible to detect overall pat-
terns of regional metabolism that can be used to
differentiate potential subgroups. If the patient sam-
ple were homogeneous, a single factor would result
from the analysis. If the sample were heterogeneous,
two or more factors would be generated.

The unrotated matrix yielded two factors. All sub-
jects loaded positively on the first, which accounted for
the major portion of the overall variance. This is con-
sistent with the expected results of such an analysis,
in which the first factor derived from the unrotated ma-
trix generally captures as much of the common vari-
ance as possible. The factor scores, however, were not
significantly correlated with complex symptom scores
(r = 0.28) suggesting that this factor may represent a
shared pattern that is associated with the diagnosis of
TS per se, but is not associated with the severity of be-
havioral or cognitive symptoms.

The second factor, on the other hand, is orthogonal
to the first and will capture as much of the remaining

variance as possible in a heterogeneous population. The
second factor in this case appears to represent a meta-
bolic pattern with which some TS patients are strongly
and others weakly associated, as the factor loadings dis-
played a much wider dynamic range. The factor scores
in this instance were significantly correlated with com-
plex symptom scores (r = 0.71, p = .0009), suggesting
that this factor represents metabolic pattern associated
with behavioral complexity.

Because this factor accounted for a relatively small
proportion of the total metabolic variation, however,
an oblique rotation of the factor matrix was performed.
This process minimizes common variance and will am-
plify any differences between metabolic subgroups.

Figure 4 illustrates the results of this transforma-
tion; taken together, the factor score weights are bimo-
dally distributed and appear to segment the popula-
tion into two subgroups. Seven subjects (39%) loaded
more positively on the first factor and 11 subjects (61%)
more positively on the second, the factor weights ex-
ceeding 0.5 in each case.

The relative contribution of individual brain re-
gions—the elements of the metabolic patterns that the
factors describe—can be determined by examining the
factor scores associated with each ROI. The highest re-
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Table 5. Correlations between Regional Glucose Metabolic Rates and Measures

of Attentional Dysfunction

Region of Interest

Correlation Coefficients

Left Hemisphere Right Hemisphere

Subcortical
Midbrain
Ventral striatum
Putamen
Limbic cortical
Medial orbital cortex
Lateral orbital cortex
Opercular orbital cortex
Caudal orbital cortex
Inferior insula
Parahippocampal region
Frontal motor
Lateral premotor cortex
SMA
Inferior rolandic cortex
Superior rolandic cortex

0.50 0.18
-0.18 0.08
0.55 0.39
0.66° 0.64°
0.34 0.65%
0.56" 0.764
0.62¢ 0.784
0.13 0.55¢
-0.06 0.02
-0.12 -0.21
0.02 -0.11
-0.02 0.21
0.12 0.12

“p <05 P p< 025 p< 014 p < 001

gional scores, the most critical elements, were in each
case clustered in the orbitofrontal cortices bilaterally,
with the highest scores located in the right hemisphere
and in the right inferior insular cortex. Table 6 summa-
rizes the actual metabolic rates derived for each sub-
group in the set of regions that had distinguished TS
patients and controls. The same pattern is again ap-
parent.

Once subgroups have been identified in this fash-
ion, based solely on the metabolic data, it is possible
to see if they differ on other variables. The frequency

of individual symptoms was systematically higher in
subgroup 2 than in subgroup 1 (Table 7), and complex
symptom scores were significantly higher in subgroup
2 as well (p < .001). Both rotated factor scores were in
this instance significantly correlated with complex symp-
tom scores (factor 1—r = 0.699, p = .0012; factor2—v =
723, p = .0007).

While z-scores for attentional and visuospatial per-
formance were also higher (worse) in subgroup 2 than
in subgroup 1, the differences did not attain statistical
significance. These trends were also apparent when fac-

Table 6. Normalized Regional Glucose Metabolic Rates in Subgroups 1 and 2

Left Hemisphere

Right Hemisphere

Subgroup 1 Subgroup 2 Subgroup 1 Subgroup 2
n=17 n = 11) n="17 n =11
Region of Interest Mean + SE Mean + SE Mean + SE Mean + SE
Subcortical
Midbrain 0.781 + 0.025 0.798 + 0.024 0.781 + 0.027 0.797 + 0.027
Ventral striatum 1.030 + 0.023 1.042 + 0.016 1.030 + 0.016 1.074 + 0.016
Putamen 1.100 + 0.030 1.173 + 0.016% 1.129 + 0.021 1.177 + 0.023
Limbic cortical
Medial orbital cortex 0.969 + 0.029 1.010 + 0.021 0.940 + 0.026 1.050 + 0.025°
Lateral orbital cortex 0.888 + 0.022 1.057 + 0.0234 0.927 + 0.039 1.091 + 0.031°
Opercular orbital cortex 0.915 + 0.017 1.003 + 0.018¢ 0.969 + 0.016 1.038 + 0.024¢
Caudal orbital cortex 1.049 + 0.008 1.125 + 0.027° 1.049 + 0.008 1.125 + 0.027°
Inferior insula 1.069 + 0.036 1.102 + 0.015 1.069 + 0.036 1.102 + 0.015
Parahippocampal region 0.853 + 0.026 0.832 + 0.011 0.853 + 0.026 0.832 + 0.011
Frontal motor
Lateral premotor cortex 1.005 + 0.016 1.057 + 0.019 1.011 + 0.018 1.056 + 0.020
SMA 1.084 + 0.030 1.103 + 0.024 1.090 + 0.031 1.095 + 0.022
Inferior rolandic cortex 1.025 + 0.019 1.023 + 0.013 1.075 + 0.013 1.045 + 0.012
Superior rolandic cortex 1.059 + 0.016 1.085 + 0.025 1.061 + 0.014 1.072 + 0.022

Ap< .05 P p< 017 p< 005 4 p< 001
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Figure 4. Tourette’s subgroups distinguished by Q-com-
ponent analysis according to methods outlined in the text.
Bars represent positive or negative factor weightings for each
patient. Solid bars: weights on factor 1; open bars: weights on
factor 2. These values were used to divide the Tourette’s pa-
tients into two subgroups based solely on patterns of meta-
bolic activity. Patients loading more heavily on factor 1 were
designated subgroup 1 (n = 7), those loading more heavily
on factor 2 were designated subgroup 2 (n = 11).

tor scores were correlated with the measures of neu-
ropsychological performance (Attention: Factor 1—r =
465, p = .0805; Factor2—r = .463, p = .0821; Visuospa-
tial: Factor 1-r = 419, p = .1204; Factor 2—r = .408,
p = .1310).

Table 7. Frequency of Complex Behavioral
Symptoms in Subgroups 1 and 2

Subgroup  Subgroup
Complex Symptom 1 2

Self-injurious behavior 0.00 0.27
Impulsivity 0.14 0.27
Echophenomena 0.00 0.36
Coprolalia 0.29 0.36
Obsessive-compulsive behavior 0.29 0.82
Depression 0.29 0.64
Score 1.00 + 0.31 2.73 + 0.38%
" p < .001.
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Effects of Age, Gender, Drug Treatment

Age did not correlate with metabolic rates in any of the
brain regions that had shown a significant relationship
with behavioral or cognitive measures. Furthermore,
age was not correlated with behavioral severity or with
any of the neuropsychological measures. Nor did gen-
der appear to have a demonstrable effect on the rela-
tionships between behavioral or cognitive measures and
cerebral metabolic rates. All of the significant correla-
tions outlined persisted when the two females were
eliminated from the analysis.

In our previous report, the analysis of normalized
cerebral metabolic rates for glucose indicated that re-
cent exposure to neuroactive medications (withdrawal
occurring 2-8 weeks prior to the study) did not appear
to have a significant effect when TS patients were com-
pared to normal controls. In the present analysis, when
metabolic rates in patients recently withdrawn from
medications (n = 6) were directly compared with pa-
tients that had been drug free for a year or more or who
had never received treatment (n = 12), differences were
apparent, but these were detected only in the right mid-
brain (p < .05) and caudal orbital cortices (p < .01, left;
p < .05, right); higher metabolic rates in these regions
were observed in patients withdrawn from medications
between 2 and 8 weeks prior to the study.

Patients recently withdrawn from medications
tended to have higher complex symptom scores (2.6 +
1.8vs. 1.75 + 1.0, p < .15) and higher z-scores indicat-
ing attentional dysfunction (0.422 + 0.70vs. —0.183 +
0.42, p <.06). Performance IQ scores were significantly
lower (94 + 17 vs. 113 + 8, p < .01), and z-scores indi-
cating visuospatial dysfunction were higher (0.673 +
0.73 vs. —0.214 + 0.36, p < 0.01) in these patients as
well.

Relationships between Behavioral Complexity
and Neuropsychological Variables

The association between behavioral scores and mea-
sures of neuropsychological performance was examined
directly, independent of their relationship with cere-
bral metabolism. The primary elements, behavioral
scores and functionally discrete neuropsychological
variables, were correlated with one another across pa-
tients, and a principal components analysis was applied
to the resulting correlation matrix.

These features are summarized in the correlation
matrix and factor loadings derived from the PCA (Ta-
bles 8 and 9). The rotated factor matrix yielded two prin-
cipal components. The first, a “neuropsychological
factor, contained all independent measures of neuro-
psychological function. The second, which accounted
for approximately half of the total variance, and ap-
peared to capture the variance shared between mea-
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sures of behavioral and cognitive function, consisted
only of behavioral complexity and attentional and
visuospatial measures.

DISCUSSION

This work represents an exploratory analysis aimed at
generating rather than testing hypotheses. As such, any
conclusions that are drawn should be considered ten-
tative. Our results indicate, nevertheless, that certain
of the behavioral and cognitive features frequently en-
countered in TS patients may be linked to functional
changes in specific regions of the brain.

Ourinitial report (Braun et al., 1993) indicated that
the diagnosis of TS per se appeared to be associated
with decreased glucose metabolic rates in the midbrain,
ventral limbic-associated regions of the cortex (caudal,
medial, and lateral orbitofrontal, insular and parahip-
pocampal cortices), and basal ganglia (particularly the
ventral striatum—i.e., nucleus accumbens and ventro-
medial caudate —and in the putamen). These changes
were coupled to increases in metabolic activity in dor-
sal sensorimotor regions of the brain: supplementary
motor area, lateral premotor, and Rolandic cortices. The
current results suggest that the presence of associated
behavioral and cognitive symptoms may be linked to
changes in metabolism in a limited subset of these
regions, in particular to alterations in functional activ-
ity in the orbitofrontal cortex and basal ganglia.

This pattern was apparent when behavioral symp-
toms were evaluated: Behavioral severity scores were
positively correlated with metabolic rates in all regions
of the orbitofrontal cortex and the putamen (Table 3).
On the contrary, behavioral scores were not signifi-
cantly associated with metabolic rates in the midbrain,
ventral striatum, inferior insular cortex, parahippocam-
pal gyrus, or the sensorimotor cortices, regions which
had, in some cases, more robustly differentiated TS pa-
tients from normals.

It should be noted that the summary score was de-
vised in order to deal with a heterogeneous group of
patients with a marked overlap of complex behavioral
symptoms. In order to truly characterize the metabolic
patterns associated with individual symptoms, it will

Table 8. Correlation Matrix
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Table 9. Results of Principal Components Analysis
Summarizing Relationships between Behavioral
and Neuropsychological Features

Factor 1 Factor 2
Behavior 0.027 0.968
Attention 0.767 0.485
Visuospatial 0.768 0.428
Memory 0.897 0.075
Executive 0.665 0.065

be necessary to study patients with relatively “pure”
clinical presentations (e.g., TS patients in whom ob-
sessive-compulsive symptoms, coprolalia, impulsivity,
or self-injurious behavior represent the sole associated
behavioral feature). Furthermore, the fact that the be-
havioral measures used to generate these scores were
based on historical interviews and retrospective review
of case records rather than the use of standardized in-
struments could represent a potential limitation of the
present study. Nevertheless, our results suggest that,
in general, patients with a more complicated neurobe-
havioral presentation are characterized by elevated or-
bitofrontal metabolic rates and less robust elevations
in the putamen.

Essentially the same pattern was observed when
measures of neuropsychological function were exam-
ined (Table 4). Performance IQ scores were negatively
correlated with metabolic rates in the orbitofrontal cor-
tices: The higher the orbitofrontal metabolic rates, the
poorer the subjects’ performance. Significant correla-
tions were more robust in the right hemisphere. Ver-
bal IQ scores were only weakly correlated with regional
metabolic rates, but when significant correlations were
present, they clustered in the orbitofrontal regions. Nei-
ther verbal nor performance 1Q was coupled to meta-
bolic activity in other limbic or sensorimotor regions of
the cortex, basal ganglia, or midbrain.

Of the categorical measures of neuropsychological
function, only attention and visuospatial performance,
both of which represent elements of the performance
IQ, were significantly linked to cerebral metabolic
activity. Of these, attention was by far the more power-
fully connected. Correlations between cerebral meta-

Behavior Attention Visuospatial Memory Executive
Behavior 1.000
Attention 0.482 1.000
Visuospatial 0.457 0.667 1.000
Memory 0.133 0.688 0.819 1.000
Executive 0.064 0.552 0.329 0.315 1.000
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bolic rates and performance scores (representing neuro-
psychological dysfunction) were uniformly positive
(Table 5). That is, patients with the poorest measures
of attentional or visuospatial function had the highest
metabolic rates in the orbitofrontal and functionally
related inferior insular cortices and similar, although
less robust, increases in metabolism in the putamen.
Neither measure was significantly correlated with meta-
bolic rates in the midbrain, ventral striatum, parahip-
pocampal gyrus, or sensorimotor cortices.

The Q-component analysis, serving as an indepen-
dent, data-driven approach, provided confirmatory evi-
dence for these findings. Subtypes identified solely on
the basis of the regional metabolic data were distin-
guished by significant differences in metabolism in the
orbitofrontal cortices and putamen, but not by metab-
olism in other regions of interest. Subtypes identified
in this fashion could also be differentiated on the basis
of behavioral and cognitive measures: As expected, the
subgroup with the highest metabolic rates also had the
highest indices of behavioral severity and neuropsy-
chological dysfunction, although the latter failed to
reach statistical significance.

The relationships between behavioral or cognitive
measures and cerebral metabolic rates that we observed
are not likely to have resulted from common confound-
ing variables such as age or sex. Age was not correlated
with metabolic activity in any of the brain regions that
had shown significant relationships with either be-
havioral or cognitive measures, nor was it correlated
with the behavioral or cognitive measures themselves.
Because only two of the TS patients were females, they
could be excluded from the analysis without signif-
icantly reducing the sample size; all relationships de-
tected previously persisted when they were withdrawn.

Although we cannot exclude the possibility that the
relationships observed in TS patients could to some de-
gree represent the residual effects of chronic dopamine
blockade or exposure to other centrally active medica-
tions, this appears relatively unlikely. Although our ini-
tial analysis indicated that prior drug exposure had no
significant effect on normalized rCMglu when TS pa-
tients were compared to controls, the present data sug-
gest that, within this patient group, such exposure ap-
peared to be related to metabolic activity in the caudal
orbital cortex, one of the regions in which metabolic
rates had correlated with both behavioral and cogni-
tive measures.

This was not a systematic effect however: Recent
exposure to neuroactive medications was not associated
with metabolism in other regions of interest that were
significantly correlated with behavioral features or cog-
nitive performance. If correlations between metabolic
activity and these measures were artifactually driven
by prior drug exposure, one would expect to see simi-
lar relationships between such a history and metabolic
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rates in medial, lateral, or opercular orbital cortices, in-
ferior insula, or putamen as well. (In addition, prior
drug exposure appeared to be related to metabolic rates
in the midbrain; and these rates should have been
correlated with behavioral or cognitive measures, if
such relationships were strictly artifacts of prior drug
history.)

On the other hand, the relationship between be-
havioral or cognitive symptoms and recent exposure
to neuroactive drugs might not be causal. That is, the
likelihood of having received drug treatment might sim-
ply be greater in the more severe cases, which are of-
ten associated with more complex behavioral and cog-
nitive features (Bornstein et al. 1991; Randolph et al.
1993). This possibility is supported by the fact that those
subjects that had recently been withdrawn from treat-
ment had higher behavioral severity scores: it is unlikely
that drug exposure in itself actually worsened behavior,
more likely that subjects with more severe behavioral
presentations had received treatment. Similarly, recent
drug exposure was associated with poorer measures
of neuropsychological performance. It is possible, al-
though less likely, that the drugs themselves directly
impaired cognitive performance 2 to 8 weeks after with-
drawal, more probable that subjects with significant lev-
els of cognitive dysfunction had been treated in the first
place.

Functional Characteristics of Identified
Regions of Interest

Orbitofrontal Cortices. The behavioral consequences
of lesions of the prefrontal cortex are well documented
in the literature. These are often grouped into three dis-
tinct syndromes that are in turn associated with lesions
in three discrete anatomical regions: the medial, dor-
solateral, and orbitofrontal cortices (Cummings 1985).
The behavioral and cognitive features associated with
TS may be equivalent to the effects seen in patients with
orbitofrontal lesions.

The relationship that we observed between meta-
bolic activity in the orbitofrontal cortex and impulsivity
(the failure to inhibit socially inappropriate or even self-
injurious behaviors) is consistent with a well-docu-
mented body of research. The orbitofrontal cortex ap-
pears to play a primary role in behavioral inhibition.
Animals with lesions in this region are characterized
by poor performance on behavioral tasks (e.g., go/no
0, successive discrimination, or reversal) that require
suppression of competing or inappropriate responses
{Deuel and Mishkin, 1977; Passingham 1972; Rosvald
and Mishkin 1961). In animals with lesions of the or-
bital cortex, spindle bursts, recruiting responses, and
other electrophysiological indices of cortical inhibition
are abolished (Lindsley et al. 1949; Skinner and Linds-
lev 1973; Velasco et al. 1968).



164 A.R. Braun et al.

The most striking effects of orbital lesions, however,
are observed in the disinhibition of instinctual or emo-
tional behaviors. This is not surprising since it is this
region of the prefrontal cortex that has the closest ana-
tomical relationship with the limbic system (Brodal 1981;
Fuster 1989; Nauta 1971). Animals with lesions is this
region show significant deficits in emotional expression
as well as social bonding (Butter et al. 1968, 1970; Kling
and Stelkis 1976). Orbital lesions, for example, lower
the threshold for emotional reactions, particularly rage
induced by hypothalamic stimulation (Sato 1971).

Human subjects with orbitofrontal lesions are
characterized by disinhibited and impulsive emotional
responses. Patients exhibit socially inappropriate sex-
ual and aggressive behaviors (Blumer and Benson 1975;
Hécaen 1964; Jarvie 1954) and may be characterized by
a greater degree of risk-taking behavior (Miller 1992).
In this context, the apparent association between im-
pulsivity, coprolalia, self-injurious behavior, and or-
bitofrontal activity observed in our patients appears
straightforward.

Symptoms such as echolalia, palilalia, and echo-
praxia, collectively termed echophenomena, are exam-
ples of the more general condition of stimulus bound-
edness, the excessive control of behavior by external
stimuli within the immediate social or physical envi-
ronment (Stuss and Benson 1986). This condition has
been associated with prefrontal cortical dysfunction,
and the “environmental dependency syndrome” de-
scribed by Lhermitte, similarly characterized by an ex-
aggerated dependency on the environment for be-
havioral cues, has been specifically associated with
damage to the medial orbitofrontal cortex (Lhermitte
1983, 1986; Lhermitte et al. 1986; Shallice et al. 1989).
The relationship between echophenomena and or-
bitofrontal metabolism that we observed is consistent
with these findings.

The failure to inhibit behaviors routinely triggered
by environmental stimuli has also been interpreted as
dysfunction of the brain’s attentional system (Shallice
1988). Indeed, Shallice suggests that one of the primary
roles of the prefrontal cortex is to regulate selective at-
tention, acting as a “supervisory system” and serving
to suppress routine responses so that the organism’s
interaction with the environment can be planned rather
than impulsive. The failure of this system should re-
sult in significant attentional deficits.

Behaviors observed in animals or human subjects
with orbitofrontal lesions support this concept. Animals
with lesions in this region are distractible and hyperac-
tive when exposed to a novel environment (Fuster 1989)
and, as noted, are characterized by poor performance
on behavioral tasks that require the suppression of in-
appropriate, competing responses. There are numer-
ous clinical descriptions of distractibility in patients with
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orbitofrontal lesions (Cummings 1985, 1993; Rylander
1939; Stuss and Benson 1986) as well as impairment in
what are interpreted as quantitative measures of selec-
tive attention (e.g., event-related potentials associated
with auditory discrimination (Knight et al. 1981). The
relationship between our measures of attentional per-
formance and orbitofrontal metabolic activity is there-
fore not unexpected.

While visuospatial dysfunction has generally been
associated with post-Rolandic, specifically posterior
parietal, lesions, there are reports of impairment of
visuospatial performance in patients with pathology
confined to the prefrontal cortices (Luria 1973; Taylor
1979). Functional alterations in the orbitofrontal regions
might in fact exert their effects via interactions with the
post-Rolandic cortices. It has been suggested, for ex-
ample, that the environmental dependency syndrome
which has been described might be due to a disruption
of the normal balance between functional activity in
prefrontal and parietal regions (Lhermitte 1986; Mesu-
lam 1986). Thus, the symptoms of stimulus bounded-
ness and attentional as well as visuospatial dysfunc-
tion in our TS patients, while ostensibly related to
alterations in orbitofrontal activity, might be due to a
disruption of the influence that the orbital cortex nor-
mally exerts on posterior parietal mechanisms.

Patients with orbitofrontal lesions may, in addition,
experience significant disturbances in mood, ranging
from irritability and emotional lability (Cummings 1985)
to frank manic or depressive features (Boetz 1974).
While orbitofrontal lesions have been more commonly
associated with euphoric or hypomanic behaviors rather
than depression, there have been reports of depression
in orbitofrontal patients, particularly those with right
hemisphere orbitofrontal lesions (Graffman et al. 1986).
Depression developing in the course of neuroleptic
treatment, commonly observed in our group of patients,
may represent a unique pathophysiological process su-
perimposed on the functional changes associated with
TS. In any case, the relationship between orbital me-
tabolism and dysphoric symptoms in our study is not
inconsistent with the appearance of affective symptoms
per se in patients with orbitofrontal dysfunction.

Overall, as outlined, patients with orbitofrontal le-
sions have a unique syndrome: Disinhibited and im-
pulsive, often exhibiting socially inappropriate sexual
and aggressive behaviors, they are also distractible, ir-
ritable, emotionally labile, and stimulus bound. It is pos-
sible that complex behavioral and cognitive features
such as impulsivity, coprolalia, self-injurious behavior,
echophenomena, and symptoms of affective and atten-
tional dysfunction, which in TS patients appear to be
associated with increased orbital metabolic rates, may
represent primary elements of the orbitofrontal syn-
drome.
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While neurosurgical procedures that deafferenti-
ate the orbital gyri have been used to alleviate obses-
sions and compulsive behaviors in some psychiatric pa-
tients (Bridges et al. 1973), it is the clinical PET literature
that provides the strongest evidence for an association
between obsessive-compulsive disorder (OCD) symp-
toms and the orbitofrontal cortex. Several PET studies
have demonstrated that patients with OCD unas-
sociated with TS have elevated glucose metabolic rates
in the orbital gyri (Baxter et al. 1987; Nordahl et al. 1989;
Swedo et al. 1989); ¥"Tc-HMPAO SPECT studies have
demonstrated similar increases in orbitofrontal blood
flow (Machlin et al. 1991).

Baxter and Guze (1993) have reported the results
of FDG PET studies in patients with the concurrent di-
agnoses of TS and OCD. Metabolic rates in these sub-
jects were compared to those in control subjects and
in patients with the diagnosis of OCD alone. All pa-
tients with the diagnosis of OCD, whether or not tics
were present, had elevated orbitofrontal metabolic
rates. Subjects with the diagnosis of TS alone, however,
were not included in this study, and a direct compari-
son with our results is therefore not possible. Another
study (George et al. 1993), evaluated cerebral perfusion
with HMPAOQO in TS patients with and without obses-
sive-compulsive symptoms and reported no differences
in normalized frontal (left or right frontal/visual corti-
cal) flow rates. The frontal region of interest utilized in
that study, however, was placed at the level of the basal
ganglia and therefore did not apparently estimate or-
bitofrontal perfusion per se.

All of these studies utilized strict DSMIV criteria
for the diagnosis of OCD, and these patients’ symp-
toms were therefore likely to have been more severe
than those observed in our TS patients. In general, for-
mal measures of obsessive-compulsive features, al-
though elevated in TS patients, are typically rather low
when compared with those obtained in patients who
meet DSMIV criteria for OCD (Frankel et al. 1986).
Nevertheless, it must be noted that in our patients, al-
though the presence of obsessions and compulsions
was unequivocally associated with significant elevations
in orbital metabolic rates, the rates observed in patients
with the highest symptom complexity scores were in
general not significantly different from control values.

It should not be assumed, however, that orbital
metabolic rates have simply been restored or have
“returned to normal” in Tourette’s patients with
obsessive-compulsive and other complex behavioral or
cognitive symptoms. On the contrary, metabolic activ-
ity simply estimates synaptic activity —afferent or in-
trinsic regulation — within a region of interest, and not
all synaptic activity is equivalent (Kadekaro et al. 1985;
Schwartz et al. 1979; Sokoloff 1992).

The technique, for example, does not discriminate
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between excitation and inhibition; both are energy-
requiring processes, and both produce increases in glu-
cose utilization (Ackerman 1984). Orbitofrontal meta-
bolic rates observed in controls might, for example,
represent predominantly inhibitory activity, whereas
equivalent rates observed in TS patients with more
severe cognitive or behavioral symptoms might reflect
abnormal excitatory tone. In addition, the source of
afferent inputs cannot be identified. For example, or-
bitofrontal metabolic activity in control subjects could
primarily reflect regulatory input from the dorsomedial
thalamus, whereas that observed in TS patients might
represent increased input from the amygdala, entorhi-
nal, or cingulate cortices, all of which project to this re-
gion as well (Morecraft et al. 1992).

These scenarios are impossible to differentiate using
the FDG technique. Our results instead suggest sim-
ply that synaptic activity in the orbital frontal cortex is
decreased in Tourette’s patients without complex be-
havioral symptoms and that the appearance of these
symptoms is associated with increasing synaptic tone
within this region. The pattern of correlations with cog-
nitive and behavioral features that we report here sug-
gests that either this synaptic input is dysfunctional or
that it represents a compensatory response to disturbed
function in other brain regions that may underlie the
generation of cognitive and behavioral symptoms.

Other Regions of Interest. The relationship between
cognitive symptoms and metabolic rates in the inferior
portion of the insula is consistent with the functional-
anatomical associations between this region and the or-
bitofrontal cortices. These cortical regions belong to a
subdivision of the paralimbic belt, a ventral paleocorti-
cal or “olfactocentric” system that is centered on the in-
sula and from which the contiguous temporal polar and
orbital cortices represent neocortical elaborations (Gold-
berg, 1987; Pandya and Barnes 1987; Sanides 1972).
Both insular and orbital cortices have similar connec-
tions with other brain regions, and both may serve as
a convergence zone for afferents from multimodal as-
sociation and limbic areas (Mesulam and Mufson 1982a,
1982b; Mufson and Mesulam, 1982; Morecraft et al.
1992). The involvement of the insula with attentional
and visuospatial dysfunction in our patients is there-
tore consistent with the foregoing results.

The apparent relationship between metabolic ac-
tivity in the putamen and behavioral-cognitive features
is somewhat more difficult to interpret, although it is
not inconsistent with the report of Baxter and Guze
{1993), in which patients with the concurrent diagnoses
of TS and OCD showed higher rates of glucose utiliza-
tion in the putamen than patients with the diagnosis
of OCD alone.

Because activity in the orbital and insular cortices
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is significantly related to cognitive and behavioral mea-
sures, the region of the basal ganglia that might have
been expected to be similarly related would have been
the ventral striatum, which is the region to which these
cortical regions project. Metabolic activity in the ven-
tral striatum, however, was not significantly associated
with either the presence or severity of cognitive-be-
havioral features.

The putamen, on the other hand, is felt to be the
center of a distinct corticostriatal-thalamocortical circuit
(Alexander et al. 1986; DeLong 1983), connected to sen-
sorimotor and premotor regions of the neocortex in-
volved in the initiation and execution of movement.
Metabolic rates in the sensorimotor cortices were not
correlated with cognitive or behavioral measures in our
patients. Metabolic rates in the putamen were not only
correlated with these measures but also showed a
significant association with metabolic rates in the cau-
dal and medial orbitofrontal cortices, the orbital regions
with the strongest limbic connections. Interregional
correlations such as these are often interpreted as indi-
cating significant functional coupling between areas of
the brain. This finding therefore suggests that the nor-
mal relationships between dorsal and ventral striatal
regions and motor and limbic cortices may be altered
in the TS brain. This issue will be addressed in a sepa-
rate communication (Braun et al. [part IlI] in prepa-
ration).

CONCLUSIONS

The results presented in the initial paper in this series
suggested that relative hypometabolism in inferior fron-
tal, insular, mesial temporal cortices, basal ganglia, and
midbrain and that relative hypermetabolism in supe-
rior sensorimotor cortices might represent a metabolic
diathesis associated with the diagnosis of Tourette’s
syndrome, that is, these alterations in CMRglu may rep-
resent markers for the illness itself.

The results we report here suggest that metabolic
activity in a subset of these regions may vary with the
severity of behavioral and cognitive features frequently
associated with this disorder. This appears to be true
whether subtypes are distinguished clinically and as-
sessed with respect to metabolic activity or are distin-
guished metabolically and evaluated with respect to
presence or absence of behavioral and cognitive fea-
tures. In particular, increases in symptom complexity
appear to be associated with increasing, apparently dys-
functional synaptic activity within the medial, lateral,
and caudel orbitofrontal cortices.

This observation is consistent with the notion that
the complex behavioral and cognitive features com-
monly associated with the diagnosis of TS —including
impulsivity, coprolalia, self-injurious behavior, echo-
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phenomena, and symptoms of affective and attentional
dysfunction—may in fact represent primary elements
of the behavioral syndrome typically seen in patients
with lesions of the orbitofrontal cortex.
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