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Objective: Itis likely that the corpus striatum is involved in obsessive-compulsive disor-
der (OCD). Prior studies have inconsistently found alterations in caudate volumes in pa-
tients with OCD. This study was undertaken in the hope that N-acetylaspartate and volu-
metric measures together would elucidate the presence and nature of corpus striatum
volumetric abnormalities in OCD. Method: Thirteen patients meeting the DSM-IV criteria
for OCD, who had been medication free for a minimum of 6 weeks, and 13 psychiatrically
normal matched comparison subjects participated in the study. Short echo H magnetic
resonance spectroscopy (*H-MRS) was used to measure levels of N-acetylaspartate and
several other cerebral metabolites from a 4.5-cm3 volume in the left corpus striatum of all
26 subjects. Metabolite levels were estimated by fitting the time domain spectroscopy data
with a noninteractive computer program. Volumes of the left and right head of the caudate
nucleus in each subject were determined by semiautomatic segmentation of the volumetric
images. Results: N-Acetylaspartate levels from the left corpus striatum were significantly
lower in the patients with OCD than in the comparison subjects. There were no differences
in either left or right caudate volume between the two groups. Conclusions: Despite the
lack of differences in caudate volumes between the OCD patients and the comparison sub-
jects, the lower level of N-acetylaspartate in the left corpus striatum of the patients sug-
gests reduced neuronal density in this region. Inconsistent volumetric findings among prior
studies may reflect a poorer sensitivity of magnetic resonance imaging morphometry for
detecting neuronal loss compared with 'H-MRS measurement of N-acetylaspartate.

(Am J Psychiatry 1998; 155:1584-1591)

Obsessive-compulsive disorder (OCD) is a preva-
lent, serious neuropsychiatric disorder (1) of unknown
etiology. Several lines of investigation into the cause(s)
of OCD have suggested that it is characterized by dys-
function within a basal ganglia-thalamocortical neu-
ronal circuit (2, 3). In particular, the corpus striatum
has shown abnormalities in patients with OCD com-
pared with normal subjects in several imaging studies

(4-6). Positron emission tomography (PET) and func-
tional magnetic resonance imaging (MRI) studies dur-
ing symptom provocation have revealed activation
within the corpus striatum (specifically in the caudate)
along with other brain regions (medial orbitofrontal
cortex, anterior cingulate, amygdala) (7-8). Studies of
OCD patients following treatment with either pharma-
cotherapy or behavioral therapy indicate that func-
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tional abnormalities in the corpus striatum normalize
as a correlate of symptom reduction (5, 6). Additional
support for the involvement of the basal ganglia-
thalamocortical neuronal circuit in OCD comes from
the finding of neurosensory “gating” abnormalities in
patients with OCD. These gating deficits are consistent
with dysfunction within this neuronal circuit (9, 10).

Several investigators have attempted to delineate a
neuroanatomic abnormality in OCD by measuring the
size or assessing the structural integrity of presumably
critical CNS structures. In particular, the corpus stria-
tum has been the focus of a series of computerized to-
mographic (CT) and, more recently, structural MRI
studies (11-16). These studies have been remarkably
inconsistent, with some finding reduced caudate size
(13, 16), another finding increased caudate size (12),
and some finding no differences (14, 15).

Short echo proton magnetic resonance spectroscopy
(H-MRS) can be used to obtain information about
several metabolites that are highly relevant to our un-
derstanding of the mechanisms of dysfunction within
neuronal circuits in OCD and other neuropsychiatric
disorders (17, 18). N-Acetylaspartate (NAA), which is
readily measured with the use of 'H-MRS, has become
a well-accepted neuronal marker (17-20). In fact, it is
believed that N-acetylaspartate may decline in neu-
ronal tissue before neuronal loss is detectable by con-
ventional MRI morphometric methods (21, 22).
Glutamate and glutamine, which are also reliably mea-
sured with the use of short echo "H-MRS, are involved
in the cycle of excitatory neurotransmission (17, 18)
and thus may yield additional information regarding
OCD.

In this study of patients with OCD and matched
comparison subjects, 'H-MRS and volumetric MRI
were used to further delineate a role for corpus stria-
tum dysfunction in the pathophysiology of OCD.
Maintenance of a tolerable total study time for these
subjects (1.5-2 hours) precluded the acquisition of
data from both the left and right striatum. We elected
to focus on the left side, because previous studies had
shown bilateral abnormalities and because we could
then compare data from the left side acquired in a
group of never-treated schizophrenic patients. On the
basis of previous reports of volumetric and functional
anomalies in the left corpus striatum, we hypothesized
that OCD patients and comparison subjects would
show different N-acetylaspartate levels in this region.
To the best of our knowledge, this is the first study to
combine short echo '"H-MRS and volumetric imaging
of the caudate in OCD. Caudate volumes were mea-
sured in these same subjects in the hope that the si-
multaneous examination of these volumes and N-
acetylaspartate levels might shed light on the inconsis-
tent volumetric findings that have emerged from prior
studies.
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TABLE 1. Characteristics of Patients With Obsessive-Compul-
sive Disorder and Healthy Comparison Subjects in a Study of
the Corpus Striatum

Patients With
Obsessive-
Comparison Compulsive
Subjects Disorder
(N=13) (N=13)
Variable N Mean SD N Mean SD
Age (years) 324 9.7 349 88
Gender
Male 7 7
Female 6 6
Handedness
Right 12 10
Left 1 3
Education level (scale of
1-4)
Subjects 3.0 07 30 038
Parents 23 11 25 11
Yale-Brown Obsessive
Compulsive Scale score
Obsessions — — 116 4.0
Compulsions — — 143 28
Total — — 259 5.2
Clinical Global Impres-
sion score — — 49 1.0
NIMH Obsessive-Com-
pulsive Scale score — — 95 138
METHOD

Thirteen patients diagnosed with OCD according to the DSM-IV
criteria and 13 healthy comparison subjects were studied. The OCD
patients were recruited from among persons seeking treatment at ei-
ther the Department of Psychiatry, St. Boniface General Hospital,
Winnipeg, Canada (N=10), or the Department of Psychiatry, Lon-
don Health Sciences Centre, London, Canada (N=3). Comparison
subjects were chosen from a pool of subjects recruited from the Lon-
don area by advertisement. Subjects were chosen in such a way as to
minimize demographic differences (gender, age, education, parental
education, and handedness) between the patient and comparison
groups (table 1).

Subjects with OCD were diagnosed by an experienced clinician-
researcher (M.B.S.) using a semistructured interview (the Structured
Clinical Interview for DSM-IV Axis I Disorders, Patient Edition
[SCID-P] [23]). Comorbidity, family history, and other illness pa-
rameters (e.g., age at onset) were assessed at this time as part of the
clinical interview, as was the patient’s medical and prior treatment
history. The same experienced interviewer (M.B.S.) determined the
severity of OCD symptoms using the Yale-Brown Obsessive Com-
pulsive Scale (24, 25), the Clinical Global Impression (CGI) scale
(26), and the National Institute of Mental Health (NIMH) Obses-
sive-Compulsive Scale (27). One patient had clinical depression at
the time of the study. All OCD subjects were outpatients and had no
other current comorbidity including tics.

The subjects with OCD and the healthy comparison subjects
were required to have been medication free for a minimum of 6
weeks before the day of scanning (nine patients had never received
antidepressant medication), to be otherwise in good physical
health, and to have no history of significant head injury or seizures.
One subject had a history of neuroleptic exposure 2 years before
this study. None of the OCD subjects was participating in formal
behavioral or cognitive therapy during the time of the study, nor
were they involved in any form of self-help cognitive or behavioral
therapy for their condition. As part of the magnetic resonance
study, routine clinical images were collected for each subject and
viewed by a radiologist (T.J.C.), who detected no gross abnormali-
ties on any scans. In addition to the aforementioned criteria, the
healthy comparison subjects underwent a routine clinical interview
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CORPUS STRIATUM IN PATIENTS WITH OCD

FIGURE 1. Sagittal and Coronal *H Magnetic Resonance Localizer Images Showing Placement of the Volume of Interest in the Left
Corpus Striatum in a Study of Patients With Obsessive-Compulsive Disorder and Healthy Comparison Subjects?

Corpus striatum - sagittal section

Corpus striatum - coronal section

aThe projection of the 15x20x15-mm3 volume of interest in the corpus striatum is outlined by the white rectangle in each slice. Approximate
Talairach coordinates for this volume are given in the Method section. The vertical dotted lines in the coronal image give the position of the
corresponding sagittal slice, and the vertical dotted lines in the sagittal image give the position of the corresponding coronal slice. The hor-
izontal lines in both images show the position of the most inferior transverse slices that were also used for positioning but are not shown

here.

and were screened with the SCID-P by another experienced clini-
cian-researcher (P.C.W.) to ensure that they did not meet criteria for
any axis I or axis II psychiatric disorders.

The education level of each subject was rated on a 4-point scale
(1=grade 10 or lower; 2=grades 11-13; 3=1-3 years of college or
university; 4=4 or more years of college or university). Parental edu-
cation ratings were also evaluated as above for the most highly edu-
cated parent. The handedness of each subject was defined by a hand-
edness questionnaire (28). The height and weight of each subject
were also recorded so that these characteristics could be used as co-
variates in the statistical analysis of the volumetric data.

After complete description of the study to each subject, written in-
formed consent was obtained. The study was approved by the Fac-
ulty of Medicine Human Subjects Committee of the University of
Manitoba and the Review Board for Health Sciences Research In-
volving Human Subjects of the University of Western Ontario.

IH-MRS

Spectroscopy data were acquired as described in detail elsewhere
(29). Spectra were acquired from a 15%20%x15-mm?> volume of in-
terest in the left corpus striatum (figure 1). Although the images
used to position the volume of interest were not transformed to Ta-
lairach space (30), the volume of interest studied was approxi-
mately positioned within the volume defined by the following Ta-
lairach coordinates: x=0 to =15, y=—10 to 20, and z=0 to 15. Both
water suppressed (31) and water unsuppressed spectra were ac-
quired with the use of a stimulated echo acquisition mode (32) se-
quence (TR=1500 msec, TE=20 msec, mixing time=30 msec, 4096
complex points, 250 psec dwell time, 550 and 30 data acquisitions,
respectively).

Spectral Processing

Spectral processing is also described in detail elsewhere (29, 33).
Each spectrum was fitted to a complete spectrum model composed
of 12 metabolites (19, 29, 34-36) and three macromolecules (37)
with resonances between 1.9 ppm and 3.5 ppm (NAAcp3; was refer-
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enced to 2.01 ppm). The footnote to figure 2 contains a complete list
of the metabolites and macromolecules included in the spectrum
model.

Metabolite levels were normalized to the unsuppressed water sig-
nal following correction for the partial volume effect (29, 35) of the
ratio of CSE, gray matter, and white matter (estimated as 1%/60%/
39%). Therefore, metabolite levels represent the average metabolite
level (and standard deviation) in the volume studied, uncorrected for
the nuclear magnetic resonance relaxation parameters T1 and T»
(since accurate values were unavailable for each metabolite).

Volumetric Imaging

The entire brain of each subject was imaged on the same magnetic
resonance scanner and on the same day that the TH-MRS data were
acquired. Volumetric images consisted of 128 contiguous 1.56-mm-
thick coronal slices (0.94%0.94-mm in-plane resolution) acquired
with the use of a three-dimensional fast low-angle shot (38) sequence
(TR=30 msec, TE=10 msec). To measure consistent volumes of the
head of the caudate nucleus, ANALYZE software (39) was used to
reformat the coronal slices into slices perpendicular to a plane join-
ing the most inferior margin of the splenium with the most inferior
margin of the genu of the corpus callosum. The head of the caudate
nucleus, bordered by a plane parallel to the anterior portion of the
pons (13), a plane parallel to the anterior commissure, the frontal
horn of the lateral ventricle, and the anterior limb of the internal
capsule (14), was segmented by means of a semiautomated histo-
gram technique in Xstatpack (a multipurpose image quantification
utility for use by medical imagers, J. Davis, 1990-1998; for more in-
formation, contact the third author). The volumes of 10 subjects
were calculated twice on the same scan to determine test-retest reli-
ability. All volume measurements were performed by the same rater
(M.D.) without knowledge of diagnosis or MRS measures.

Statistical Analysis
All statistical tests were performed with SPSS release 6.0 (40). The

age, education level, parental education level, height, and weight of
the subjects were comparable in the two groups (t<0.5, df=24,
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p>0.50, two-tailed test). The use of these variables as covariates
therefore allowed for the reduction of extraneous variance in error
terms without risking removal of genuine group effects (41, 42).

Although 12 metabolites and three macromolecules were modeled
for each spectrum, only metabolites quantified with a coefficient of
variation less than 75% were considered reliable and were included
in between-group comparisons. Since N-acetylaspartate was the
focus of hypothesized differences, values of this metabolite were sub-
mitted to analysis of covariance (ANCOVA); the remaining mea-
sures were analyzed by multivariate analysis of covariance (MAN-
COVA). Age, education, and parental education were used as
covariates in these tests. A p value of <0.05 (two-tailed) was consid-
ered statistically significant.

Caudate volume repeated measure stability was assessed with in-
traclass correlation coefficients (ICCs) (43). Caudate volumes of
OCD patients and comparison subjects were compared by AN-
COVA, with age, height, and weight as covariates. A p value of
<0.05 (two-tailed) was considered statistically significant in these
analyses also.

To establish whether estimated metabolite levels were related (be-
cause of physiology or quantification artifact), we did bivariate cor-
relations between reliably quantified metabolites (coefficient of vari-
ation less than 75%). We also did bivariate correlations between
metabolites that showed group differences and caudate volumes,
and between these metabolites and symptom scores (Yale-Brown
Obsessive Compulsive Scale, CGI, and NIMH Obsessive-Compul-
sive Scale). Correlations were done independently for each subject
group. Values for significance (p) for all correlations were deter-
mined on the basis of a Bonferroni correction (44), since there were
no prior hypotheses.

RESULTS

Spectra from all 13 OCD patients and all 13 com-
parison subjects were quantified. A typical spectrum
(after water removal) acquired from the left corpus
striatum of one OCD patient is shown in figure 2. It is
displayed in the frequency domain after Fourier trans-
formation (45), although all quantification was done
in the time domain. The average signal-to-noise ratio,
measured as the N-acetylaspartate area divided by the
root-mean-square of the noise level in the time do-
main, was 8.6:1 (SD=1.2:1) for the 13 comparison
subject spectra and 8.0:1 (SD=1.6:1) for the 13 OCD
patient spectra. The average full width at half maxi-
mum of the unsuppressed water spectra was 6.2 Hz
(SD=0.7) for the comparison subjects and 6.7 Hz (SD=
0.5) for the OCD patients.

Spectroscopy Results

Seven of the 12 quantified metabolites and two mac-
romolecules had coefficients of variation less than
75% and were included in the statistical analysis.
These included N-acetylaspartate, glutamate, gluta-
mine, N-acetylaspartyl-glutamate, taurine, choline-
containing compounds, and phosphocreatme plus cre-
atine, as well as the macromolecules at 2.29 ppm and
3.00 ppm. The metabolites y-aminobutyric acid, aspar-
tate, glucose, scyllo-inositol, and myo-inositol and the
macromolecule at 2.05 ppm were quantified with coef-
ficients of variation greater than 75% and were there-
fore considered unreliable and excluded from the
statistical analysis. Figure 3 shows the estimated me-
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FIGURE 2. Typical In Vivo H Spectroscopy Data From the Cor-
pus Striatum (After Water Removal) for One Patient With Ob-
sessive-Compulsive Disorder?
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aData (light trace) were fitted in the time domain but are shown
here, at the top of the figure, in the frequency domain along with
the fit result (dark trace) for interpretation. The difference between
the data and the fit result (residual) is shown underneath. The in-
dividual metabolite components are displayed beneath the resid-
ual. The first line shows N-acetylaspartate (solid), phosphocreat-
ine plus creatine (dotted), and choline-containing compounds
including mostly phosphorylcholine, glycerophosphorylcholine,
and free choline (19, 36) (dashed). The second line shows N-
acetylaspartyl-glutamate (solid), glutamate (dashed), and glu-
cose (dotted). The third line shows glutamine (solid), aspartate
(dashed), and taurine (dotted). The fourth line shows y-aminobu-
tyric acid (solid), and myo-inositol (dashed). The fifth line shows the
macromolecule resonances at 3.00 ppm (M 3.00), and 2.29 ppm
(M 2.29) (37), while the sixth line shows the resonances fitted out-
side the spectral region of interest (<1.9 ppm and >3.5 ppm).
Scyllo-inositol and the macromolecule at 2.05 ppm are not shown
because they were fitted with amplitudes of 0 in this spectrum.

tabolite and macromolecule levels of the metabolites
included in the statistical analysis for each subject
group. The groups differed with respect to N-acetylas-
partate, which was significantly lower in the OCD pa-
tients than in the comparison subjects. The MAN-
COVA for the remaining six metabolites and two
macromolecules listed above did not show an overall
statistically significant difference between the OCD
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FIGURE 3. Box-and-Whisker Plot Showing Metabolite Levels
After Normalization to Total Nuclear Magnetic Resonance Vis-
ible Water in the Corpus Striatum of Healthy Comparison Sub-
jects and Patients With Obsessive-Compulsive Disorder?
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2 Whiskers indicate 5th and 95th percentiles, box indicates 10th
and 90th percentiles, notch indicates 25th and 75th percentiles,
and line indicates 50th percentile. Each box-and-whisker plot con-
tains 13 metabolite measures (points), although some points are
difficult to distinguish because they are coincident with other
points.

b Significant ANCOVA (mean=14.7 arbitrary units, SD=1.6, versus
mean=16.1 arbitrary units, SD=1.1; F=6.1, df=1, 21, p=0.02), with
age, education, and parental education as covariates.

patients and comparison subjects (F=0.22, df=8, 14,
p=0.98).

Volumetric Imaging Results

The ICCs for test-retest reliability were 0.86 and
0.90 for left and right caudate volumes, respectively.
ANCOVA showed no differences between the patients
with OCD and the comparison subjects in left caudate
volume (mean=4.6 cm?, SD=0.7, and mean=4.4 cm3,
SD=0.35, respectively; F=1.76, df=1, 21, p=0.20) or
right caudate volume (mean=4.8 cm?3, SD=0.7, and
mean=4.6 cm?, SD=0.4, respectively; F=0.95, df=1, 21,
p=0.34).

Bivariate Correlations

Plots of each correlation (available on request from
the third author) were visually inspected and showed
no evidence of outliers or anomalies that could give
rise to false correlations. The correlations reported
here were significant after Bonferroni correction (44).
Metabolite correlations in the comparison group
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showed that glutamate was inversely correlated with
glutamine (r=—0.70, df=11, p=0.007), and phosphocre-
atine plus creatine was positively correlated with the
macromolecule at 2.29 ppm (r=0.76, df=11, p=0.003).
In the OCD group, N-acetylaspartate was positively
correlated with glutamate (r=0.75, df=11, p=0.003),
and phosphocreatine plus creatine was positively cor-
related with choline (r=0.83, df=11, p<0.001) and with
the macromolecule at 2.29 ppm (r=0.76, df=11, p=
0.002). There were no significant correlations between
N-acetylaspartate levels and symptom scores or left
and right caudate volumes.

DISCUSSION

We found decreased levels of N-acetylaspartate in
the left corpus striatum of OCD patients compared
with healthy subjects, without a corresponding de-
crease in caudate volume. Recently, Ebert et al. (46)
also independently reported decreased N-acetylaspar-
tate levels in the right striatum of OCD patients com-
pared with healthy subjects. Reduced N-acetylaspar-
tate levels are often reported in disorders such as
Alzheimer’s disease (47) that are associated with neu-
ronal loss. In the absence of differences in caudate vol-
ume between groups in this study, the lower N-acety-
laspartate levels in the OCD patients may indicate a
greater sensitivity of this metabolite, compared with
measurement of tissue volume, for the detection of
neuronal loss (21). Our finding would be consistent
with this interpretation and might explain the discrep-
ancy among prior studies in the detection of differ-
ences in caudate volume in patients with OCD, since
small-scale volume loss might not have been detect-
able. It remains to be determined whether age at onset,
severity and duration of illness, or etiology might ex-
plain this apparent heterogeneity in caudate volumes
among subjects. However, if replicated, our findings
would support the notion that reduced neuronal den-
sity in the corpus striatum—albeit of a magnitude that
is not readily detectable with the use of conventional
imaging techniques—is a feature of many cases of
OCD.

Since N-acetylaspartate is found primarily within
neurons in the brain (20), reduced N-acetylaspartate
levels suggest decreased neuronal density within the
volume studied. What pathophysiologic processes
might lead to this state? One attractive hypothesis is
that neuronal loss leading to reduced N-acetylaspar-
tate levels could result from an excitotoxic process
caused by an increase in activity of afferent glutama-
tergic neurons from the prefrontal cortex. A recent
functional MRI study (8) showed increased activation
in the corpus striatum during symptom provocation of
patients with OCD, suggesting that increased afferent
input to this region—much of which is glutamatergic
(48)—may be an important factor in the pathophysiol-
ogy of OCD symptoms. However, previous PET and
single photon emission computed tomography neutral-
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state studies have not consistently shown increased ac-
tivity in the corpus striatum (4, §). In interpreting the
literature on brain function in OCD, however, one
must consider that the interpretation of relative differ-
ences in either blood flow or glucose utilization in the
corpus striatum might be confounded by actual differ-
ences in neuronal density between patients and com-
parison subjects. In fact, if reduced corpus striatum N-
acetylaspartate is replicated in other studies of patients
with OCD, an argument could be made in favor of cor-
recting for neuronal density in functional studies of the
corpus striatum in OCD.

There are undoubtedly several alternatives to a glu-
tamatergic excitotoxic explanation for reduced corpus
striatum neuronal density in OCD. Most promising
among these explanations is the possibility that OCD
may be caused by an autoimmune process (49-52).
Antibodies directed against B-hemolytic streptococcus
cross-react with corpus striatum neurons (53, 54).
Damage to the corpus striatum caused by such a pro-
cess could lead to decreased neuronal density and de-
creased N-acetylaspartate levels as were observed in
this study. This damage, unless extensive, would not
necessarily lead to volume changes that could be de-
tected with conventional magnetic resonance mor-
phometry.

There are a number of alternative explanations for
our findings, as well as a number of unanswered ques-
tions. It is possible, for example, that changes in OCD
occur selectively or predominantly in particular striatal
structures (e.g., the caudate, the putamen) (16, 55, 56)
rather than generally throughout the corpus striatum.
Our voxel size and positioning were such that both the
caudate and putamen were sampled, perhaps to differ-
ing degrees in different patients, leaving us unable to
discern whether low N-acetylaspartate levels were con-
fined to one or both of these structures. This possibility
warrants more careful scrutiny in future studies.

Another possible explanation for the variability in
caudate findings across the literature, and for the re-
duction of N-acetylaspartate in our particular patient
group, may be that our patients lacked tic symptoms
(55, 57). As others have suggested (15), heterogeneity
within and among samples for the presence of tic
symptoms may lie at the heart of the inconsistent cau-
date volume findings in OCD. This issue could be re-
solved by conducting a study where two groups of pa-
tients with OCD—one group with and one group
without substantial tic symptoms—are included.

Ramifications of technical limitations must also be
considered. Although the volume studied was small
(4.5 cm?) and positioning was done with the aid of im-
ages to sample only the caudate (gray matter), all vox-
els contained partial volumes of the internal capsule
(white matter) and putamen (gray matter). Since N-
acetylaspartate levels measured by MRS are slightly
higher in gray matter than white matter, a decrease in
the ratio of gray matter to white matter within a vol-
ume of interest would result in a measured decrease of
N-acetylaspartate level. Since no differences between
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the two groups in caudate volume were observed, it is
unlikely that decreased gray matter content within the
volume of interest studied in the OCD patients is the
cause of observed differences in N-acetylaspartate lev-
els. Furthermore, assuming N-acetylaspartate levels
are 25% higher in gray matter than in white matter
(35) and that the average comparison subject volume
contained 60% gray matter and 40% white matter, if
partial volume were the sole reason for the observed
decrease in N-acetylaspartate levels (9%) in the OCD
patients, the average OCD volume would have con-
tained only 20% gray matter and 80% white matter, a
highly unlikely scenario.

CONCLUSIONS

We found decreased levels of N-acetylaspartate in
the left corpus striatum in the absence of volumetric
changes of the left or right head of the caudate nucleus
in OCD patients compared with healthy subjects.
These findings suggest that there is decreased neuronal
density within this region and support the view of
OCD as a neuropsychiatric disorder involving an alter-
ation in neural architecture within one or more com-
ponents of a basal ganglia-thalamocortical neuronal
circuit. Subsequent studies using spectroscopic tech-
niques that permit more precise regional localization
will be required to determine whether specific corpus
striatum structures are selectively involved in the disor-
der. Such studies would benefit from careful attention
to diagnostic subtype classification (tics, family his-
tory, age at onset, autoimmune etiology), which may
serve to reduce patient heterogeneity and improve the
precision of metabolite measurements.
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