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Purpose:

Materials and
Methods:

Results:

Conclusion:

To test the hypothesis that anterior cingulate cortex (ACC)
subregions in patients with schizophrenia are metabolically
different from those in healthy control subjects.

This institutional review board-approved study was HIPAA
compliant, and all participants provided written informed
consent. Twenty-two patients with schizophrenia (13 male,
nine female; 39.4 years = 10.6 [standard deviation|) and
11 age- and sex-matched control subjects (seven male,
four female; 35.5 years = 10.7) underwent magnetic
resonance (MR) imaging and three-dimensional 3-T voxel
proton MR spectroscopy to measure absolute rostral and
caudal ACC N-acetylaspartate (NAA), creatine (Cr), and
choline (Cho) concentrations. Exact Mann-Whitney test
was used to compare patient data with control data,
paired-sample Wilcoxon signed rank test was used to com-
pare subregions within groups, and receiver operating char-
acteristic curve analysis was used to assess sensitivity and
specificity in diagnosis of schizophrenia.

There were no significant metabolic differences between
patients and control subjects or between ACC subregions
in control subjects. In patients, rostral ACC NAA and Cr
concentrations were significantly lower than those in cau-
dal ACC (6.2 mM = 1.3 vs 7.1 mM =* 1.3, P < .01; 5.7
mmol/L = 1.4 vs 6.3 mmol/L. = 1.6, P < .01; respectively);
however, this did not hold true for Cho concentrations
(1.7 mmol/L = 0.5 vs 1.8 mmol/L. = 0.3). For individual
differences between caudal and rostral measurements, only
NAA in patients was different from that in control sub-
jects (0.9 mmol/L = 1.3 vs —0.1 mmol/L. = 0.5, P < .01),
enabling prediction of schizophrenia with 68% sensitivity
and 91% specificity, for a difference of more than 0.4.

Significant differences between caudal and rostral NAA
concentration are found in ACC of patients with schizo-
phrenia but not in ACC of healthy control subjects, indicat-
ing that neuronal density or integrity differences between
ACC subregions may be characteristic of the disease.

©RSNA, 2011
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chizophrenia, which is a chronic
debilitating psychiatric disorder
with an early age of onset, affects
an estimated 1% of the population (1).
Its direct treatment-related costs and
indirect, mostly unemployment-related
costs are estimated at $23 billion and
$32 billion, respectively, in the United
States alone (2). Although psychotic
symptoms are well recognized in pa-
tients with schizophrenia, the prognosis
is related to the negative symptoms of
schizophrenia, which include a dimin-
ished motivation to initiate or persist in
goal-directed behaviors and lower emo-
tional expression. These features were
first described as the core of the disor-
der by Kraepelin in 1919 (3), but their
neural underpinnings remain uncertain
and refractory to existing treatments
(4,5). To facilitate new treatments for
schizophrenia, it is imperative to ad-
vance our understanding of its biology
and develop radiologic markers with
which to monitor it.
Schizophrenia is associated with
abnormalities of the anterior cingulate

Advances in Knowledge

B Three-dimensional multivoxel
proton spectroscopy yields
metabolite concentrations in the
entire anterior cingulate cortex
(ACCQ), including the irregularly
shaped caudal and rostral
subregions.

B Mean N-acetylaspartate (NAA)
and creatine concentrations are
significantly lower in the rostral
ACC than in the caudal ACC in
patients with schizophrenia, but
they are not significantly lower in
control subjects; these discrepan-
cies in metabolite concentrations
are consistent with the decreased
energy requirement and the
number and/or function of neu-
rons in the rostral ACC com-
pared with the caudal ACC.

B The difference in NAA concentra-
tion between the caudal ACC and
the rostral ACC in individual sub-
Jjects is significantly greater in
patients with schizophrenia than
in healthy subjects.

cortex (ACC), which is a limbic struc-
ture with two functionally distinct sub-
regions (6,7). It is an intriguing region
with respect to volition and emotional
expression. The rostral emotion-oriented
portion lies just anterior to the genu of
the corpus callosum, while the caudal
cognition-oriented area is found just
superior to the body of the corpus cal-
losum, as shown in Figure 1 (7). Volu-
metric studies have shown that both of
these anatomic subregions are smaller
in patients with schizophrenia than in
control subjects (6,8), with the degree
of volume loss correlated to the sever-
ity of negative symptoms in the rostral
ACC (9) and to positive symptoms in
the caudal ACC (10). Functional MR
imaging, in which subjects engaged in
emotional and cognitive tasks, revealed
abnormal activity in both ACC segments
in patients with schizophrenia (11-13).

"H MR spectroscopy has also been
used to study the ACC in patients with
schizophrenia (14). The most common
metabolites studied have been N-acety-
laspartate (NAA), which is found only in
neurons and is therefore considered a
marker of their integrity (15,16); cre-
atine (Cr) and phosphocreatine, which
participate in adenosine triphosphate
synthesis and represent the energy re-
serves of the cells (15,16); and choline
(Cho) and phosphocholine, which are
markers of membrane turnover (15,16).

Previous "H MR spectroscopic stud-
ies of NAA in the ACC of patients with
schizophrenia have yielded inconsistent
results. Some have revealed decreased
NAA concentrations (14,17,18), while
others have demonstrated positive cor-
relation with executive function and
negative correlation with positive symp-
toms, such as delusions, disorganiza-
tion, and persecution (19,20).

Implication for Patient Care

B These findings may yield patient-
specific information for use in
the development of individualized
approaches with which to treat
schizophrenia that could lead to
the identification of additional
therapeutic targets for this
disease.

In the current study, we compared
absolute NAA, Cr, and Cho concentra-
tions within their rostral and caudal ACC
subregions by using three-dimensional
(3D) multivoxel '"H MR spectroscopy.
This enabled us to obtain spectra from
both ACC subregions in one examina-
tion, to more accurately include the
structure despite its irregular shape,
and to provide increased signal-to-noise
ratio and, therefore, quantification ac-
curacy when compared with single-voxel
spectroscopy (21). Our objective was to
test the hypothesis that ACC subregions
in patients with schizophrenia are meta-
bolically different from those in healthy
control subjects.

Materials and Methods

Human Subjects

In this prospective study, 29 patients
(18 male, 11 female; mean age, 40.6
years * 10.7) with a diagnosis of schizo-
phrenia were serially recruited from
the outpatient clinic of New York Uni-
versity Hospital and Bellevue Hospital
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Figure 1
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Figure 1:  (a) Sagittal and (b) axial T1-weighted magnetic resonance (MR) images in a 30-year-old woman
with schizophrenia (patient 18 in Table 1) superimposed with the 5 X 8 X 3-cm (left-right direction X
anterior-posterior direction X inferior-superior direction) volume of interest (VOI) (solid line), 16 X 16-cm
(Ieft-right direction X anterior-posterior direction) axial chemical shift imaging (CS/) field of view (dashed
line), and anterior cingulate gyrus (vellow line). Open arrow in a denotes level of b. (c) Real part of the five-
voxel by eight-voxel axial proton ("H) spectra matrix from VOI in b. Spectra represent 0.5-cm? voxels, and all
are on common frequency and intensity scales. Spectra within the anterior cingulate gyrus are black, while
remaining spectra (not included in analysis) are gray. None of the ACC involves VOI edge voxels that have
chemical shift displacement and the good signal-to-noise ratio and excellent spectral resolution (line width,
5.3 Hz + 1.2 [standard deviation]) from these high-spatial-resolution voxels. (d) Cerebrospinal fluid (CSF)
mask generated with statistical parametric mapping software from the five magnetization-prepared rapid
gradient-echo sections that overlap the 0.5-cm-thick 'H MR spectroscopic section in ¢, superimposed with
the VOI chemical shift imaging grid. CSF fraction was estimated for each voxel by adding all its fractions in
the 500 mask pixels within it. Voxels chosen for analysis are yellow and correspond to those selected in c.

(New York, NY) between February 2010
and January 2011. Eleven age- and sex-
matched healthy control subjects (seven
male, four female; mean age, 35.5 years
+ 10.7) were recruited via medical cen-
ter postings. Inclusion criteria for pa-
tients were age between 18 and 60 years,

diagnosis of schizophrenia (or schizo-
affective disorder), and capacity to pro-
vide informed consent. Exclusion crite-
ria were uncontrolled medical illness,
presence of a neurologic condition, sub-
stance abuse in the past 6 months, and
any contraindication to MR imaging.

Additional exclusion criteria for control
subjects were history of axis I disorders
or family history of psychosis. A total
of seven patients were excluded; three
were excluded because of excessive un-
controllable motion (probably related
to medication) during the examination,
and four were excluded because of poor
spectra quality. This left us with 22 pa-
tients (13 male, nine female; mean age,
39.4 years = 10.6) for analysis. No con-
trol subjects were excluded. Character-
istics of all patients and control subjects
are shown in Table 1.

All patients and control subjects
were assessed with the Diagnostic In-
terview for Genetic Studies, which was
administered by interviewers with a
master’s degree or higher (J.W.M.,
D.A., D.M.; 3, 5, and 20 years of ex-
perience, respectively) who had been
trained to meet standards of reliability
(22). This institutional review board-
approved study was compliant with the
Health Insurance Portability and Ac-
countability Act, and all participants
provided written informed consent.

MR Data Acquisition

All experiments were performed with
a 3-T whole-body MR imager (Trio;
Siemens, Erlangen Germany) and a
transmit-receive head coil (TEM3000;
MR Instruments, Minneapolis, Minn).
For anatomic reference and guidance
of the spectroscopic VOI, we obtained
3D T1-weighted magnetization-prepared
rapid gradient-echo MR images with the
following parameters: repetition time
msec/echo time msec/inversion time
msec, 1360/2.6/800; matrix, 256 X 256;
and field of view, 256 X 256 mm. We ac-
quired 160 1-mm-thick sections in each
participant. The images were reformat-
ted into 192 sections, each 1 mm thick,
in axial, sagittal, and coronal orienta-
tions to yield isotropic 1-mm? pixels.
We used the chemical shift imaging-
based automatic procedure to adjust
the first- and second-order shims in
3-5 minutes (23). A 120-cm® (8 cm
anterior-posterior direction X 5 cm left-
right direction X 3 cm inferior-superior
direction) parallelepiped 'H MR spec-
troscopic VOI was then guided with
imaging over the ACC, as shown in
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Figure 1. This VOI was excited by using
point-resolved spectroscopy (repetition
time msec/echo time msec, 1800/35)
with three second-order Hadamard-
encoded slabs (six sections) interleaved
along the inferior-superior direction for
every repetition time for optimal signal-
to-noise ratio and spatial coverage (24).
Interleaving also enabled us to apply a
strong 9 mT/m Hadamard section-select
gradient to reduce the chemical shift
displacement between NAA and Cho
to approximately 0.13 mm (approxi-
mately 3% of the section thickness)
(25). Such thin sections were chosen
to reduce the line-broadening effects
of the strong, 1-2 ppm/cm static mag-
netic field susceptibility gradients in the
inferior-superior direction from the air-
tissue interface with the nearby maxil-
lary sinuses just underneath, as seen in
Figure 1a (26,27).

The Hadamard-defined planes of the
six sections were encoded with 16 X 16
two-dimensional chemical shift imaging
over a 16 X 16-cm (left-right direction
X anterior-posterior direction) field of
view to form 1.0 X 1.0 X 0.5-cm vox-
els. The VOl in these planes was defined
by two 11.2-msec-long numerically op-
timized 180° pulses of less than 1.35
mT/m in the anterior-posterior direc-
tion and less than 2.16 mT/m in the
left-right direction to yield 240 voxels
(five left-right voxels X eight anterior-
posterior voxels X six inferior-superior
voxels), as shown in Figure 1c. Although
these gradients lead to a chemical shift
displacement between NAA and Cho of
2.6 mm in the anterior-posterior direc-
tion and 1.5 mm in the left-right direc-
tion (26% and 15% voxel size, respec-
tively), these occur only at VOI edges.
For this reason, we increased the VOI
beyond the ACC size (Fig 1b) to rel-
egate this error to only those voxels that
were to be excluded from analyses any-
way. Also note that although the actual
voxel size (full width at half maximum
of the point spread function) for this
uniform two-dimensional phase encod-
ing was 0.63 em?® (1.12 em X 1.12 cm
X 0.5 ecm) (28,29), since the nominal
voxel size is equal to the actual voxel size
in the Hadamard direction (30), we will
continue to refer to the nominal size for

Characteristics for All Subjects and Patients

Table 1

Participant No. Disease
and Group Age (y) Sex Duration (mo) Psychotropic Medication
Control

1 21 F NA NA

2 23 M NA NA

3 28 M NA NA

4 29 F NA NA

5 31 M NA NA

6 33 F NA NA

7 36 M NA NA

8 43 M NA NA

9 45 M NA NA

10 47 M NA NA

1 55 F NA NA

Patient

12 22 M 48 Clozapine

13 23 M 36 Risperidone

14 25 M 60 Clozapine, valproic acid

15 26 M 96 Ziprasidone

16 28 M 108 Clomipramine, risperidone,
clonazepam

17 29 F 96 Bupropion, aripiprazole,
fluphenazine

18 30 F 120 Risperidone

19 34 M 60 Risperidone

20 38 F 276 Clonazepam, fluphenazine

21 41 M 264 Fluphenazine

22 42 F 276 Ziprasidone, bupropion,
eszopiclone

23 43 M 216 Halperidol, quetiapine

24 43 F 240 Aripiprazole, escitalopram,
fluphenazine

25 44 M 312 Clozapine, valproic Acid

26 44 F 324 Quetiapine

27 44 M 384 Fluphenazine, ziprasidone

28 48 M 276 Quetiapine

29 51 F 180 NA

30 51 F 420 Gabapentin, lithium,
ziprasidone

& 52 384 Citalopram

32 53 M 372 Venlafaxine, gabapentin,
clozapine

33 55 F 432 Aripiprazole, trazadone,
quetiapine

Note.— F = female, M = male, NA = not applicable.

consistency. The MR signal was acquired
for 256 msec at £ 1 kHz bandwidth.
At two averages, the '"H MR spectro-
scopic potion of the examination took 30
minutes, and the entire protocol lasted
slightly less than 1 hour.

MR Spectroscopic Postprocessing

A spectroscopist (0.G.) with 20 years
of experience used in-house software to
process MR spectroscopic data offline.
Residual water was removed from the
MR signals in the time domain (31),
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Figure 2
Patient

NAA

Cho Cr

Glx

Figure 2:
ACC level in a 26-year-old man with schizophrenia (patient 15 in Table 1). Caudal (a) and rostral (b)) ACC are
outlined. Irregular shape of the ACC makes 3D 'H MR spectroscopy the appropriate probe. Right: Real part of 'H
spectra sums from all voxels within outlined regions of ACC on corresponding images (black line) superim-
posed with spectral fit function (gray line) with myo-inositol and glutamine and glutamate. All spectra are on
the same frequency and intensity scales. Note the excellent signal-to-noise ratio of the spectra and the
consequent good fit.

and the spectrum of each voxel was
shifted to align the chemical shift im-
aging grid with the NAA VOI. The data
were then Fourier transformed in the
temporal, anterior-posterior, and left-
right spatial directions, and Hadamard
reconstruction was performed along the
inferior-superior direction. Spectra were

)

Left: Sagittal (top) and axial T1- welghted MR images at the caudal (center) and rostral (bottom)

2.0 ppm

automatically corrected for frequency
and zero-order phase shifts in reference
to the NAA peak in each voxel (32).
Because the VOI also contains CSF
(Figs 1-3) in which the metabolite con-
centrations are lower than the detec-
tion threshold of 'H MR spectroscopy,
we used statistical parametric mapping

software (SPMS8; Wellcome Depart-
ment of Cognitive Neurology, Institute
of Neurology, Queen Square, London,
England) (33,34) to produce CSF masks
from the axial magnetization-prepared
rapid gradient-echo MR images. Sub-
sequently, to correct for the CSF par-
tial volume, we used in-house software
(Matlab 2009b; Mathworks, Natick,
Mass) to estimate the CSF fraction (CSF
volume divided by voxel volume) in each
of the 240 voxels in the VOI, as shown
in Figure 1d. We estimated CSF fraction
for each voxel by adding all CSF fractions
in the 500 magnetization-prepared rapid
acquisition gradient echo segmented mask
pixels within it.

The caudal and rostral regions of
the ACC were manually traced on the
axial MR images of each subject, as
shown in Figures 1-3. Our software
then added the phased and aligned CSF
normalized spectra from all the voxels
that fell completely or partially within
the circumscribed region, as shown in
Figures 2 and 3. The relative concen-
trations of the ith (i = NAA, Cr, Cho)
metabolite in the jth (j = 1.0.27) subject
and kth (k = caudal or rostral) region
were estimated from their peak area, Slk,
by using the SITools-FITT parametric
spectral modeling and least-squares op-
timization software described by Soher
et al (35), as shown in Figures 2-4.
Specifically, aspartate, glutamate, glu-
tamine, Cho, Cr, myo-inositol NAA, and
taurine model functions were used to
fit our data. The S;; was then scaled into
absolute (‘OHL&‘IITI‘dTlOH Cjj.» with phan-
tom replacement relative to a 2L sphere
of in vitro concentration (C' ) CM' =
12.5, 10.0, 3.0, and 7.5 mmol/L for
NAA, Cr, Cho and myo-inositol, re-
spectively in water at physiologic ionic
strength:

=i i [1]

where S, is the signal of the phantom
metabolites and V/'"" and V%" repre-
sent the radiofrequency voltage needed
for a nonselective 1-msec 180° pulse on
subject and reference, respectively. C

was corrected for in vivo (T,V, T,") and
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invitro (T,**, T,) T1 and T2 relaxation
time differences with a factor (36):

_ exp(=TE/T;") 1-exp(-TR/T}")

= . | )
exp (—TE/ TZ"“') 1-exp (—TR /T]\W) [2]

by using T*V of 1.4, 1.3, and 1.2 msec;
T, of 343, 172, and 248 msec; T|"" of
605, 336, and 235 msec; and T, of 483,
288, and 200 msec in the phantom.
TE is echo time and TR is relaxation
time. All measurements correspond to
NAA, Cr, and Cho at 3 T, respectively
(37-39).

Statistical Analyses

An exact Mann-Whitney test was used
to compare groups with respect to the
mean concentration of each metabo-
lite within each region. A paired-sample
Wilcoxon signed rank test was used to
compare dorsal and rostral regions in
terms of the metabolite concentrations
within each group. Receiver operating
characteristic curve analysis was used to
assess the diagnostic utility of the mea-
sures in the discrimination of patients
from control subjects. Reported values
of sensitivity and specificity are from
the cutoff value observed to maximize
the average of these components of di-
agnostic accuracy. All reported P values
are two-sided and indicate a significant
difference if P = .05. We used statisti-
cal software (SAS, version 9.3; SAS In-
stitute, Cary NC) for all computations.

Our shimming procedure yielded me-
tabolites with a voxel line width of 5.3
Hz = 1.2 for all patients and control
subjects, as shown in Figure 1. Exam-
ples of the manually traced ACC and its
subregions and the spectra sums from
all voxels that fell within these regions
in a patient and a control subject are
shown in Figures 2 and 3. Metabolite
concentrations in the rostral, caudal,
and total ACC of each group are com-
piled in Table 2.

Analysis by group revealed no dif-
ferences between patients and control
subjects in terms of metabolite concen-
tration in rostral, caudal or total ACC.

Control _gassssssSSSee
e 'P‘“'w

/

Figure 3:
ACC level in a 47-year-old healthy man (control subject 10 in Table 1). Caudal (@) and rostral (b)) ACC are
outlined. Irregular shape of the ACC makes 3D "H MR spectroscopy the appropriate probe. Right: Real part
of "H spectra sums from all voxels within outlined regions of ACC on corresponding images (black ling)
superimposed with spectral fit function (gray line) with myo-inositol and glutamine and glutamate. All spectra
are on the same frequency and intensity scales. Note the excellent signal-to-noise ratio of the spectra and
the quality of the fit.

Comparison of mean concentrations
within each group, however, showed that
patients had significantly lower mean
NAA (P < .01) and Cr (P < .01) concen-
trations in the rostral ACC than in the
caudal ACC (Table 2). No such differ-
ences were observed in control subjects.

3.5
Left: Sagittal (top) and axial T1-weighted MR images at the caudal (center) and rostral (bottom)

IBTOI B -2:SI B 2|0 ppm

Cho concentration did not vary between
the two subregions in either group.

To investigate the relationship be-
tween the diagnosis and an individual
subject’s caudal-rostral differences, we
defined a new metric, A, which equals
the difference between causal and rostral
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Figure 4 Table 2
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Figure 4: Dot plot of the distribution for individual caudal—rostral ACC concentration (A) in patients (@)
and subjects (O) for NAA, Cr, and Cho concentrations. Note the significantly elevated A, ,, in patients (0.9
mmol/L + 1.3 in patients vs —0.1 mmol/L + 0.5 in subjects, P < .01). ROC analysis showed that A, ,,
greater than 0.4 could be used to predict schizophrenia with 68% sensitivity and 91% specificity.

concentrations. The distributions of
caudal-rostral concentrations of NAA
(A,y)s Cr (A,), and Cho (A,) are
shown in Figure 4. Only A, differed
significantly between patients and con-
trol subjects (0.9 mmol/L = 1.3 vs
—0.1 mmol/L = 0.5, P < .03). Analy-
sis of the ROC curve revealed only A,
was a predictor of schizophrenia, with
68% sensitivity (15 of 22 patients had
true-positive findings) and 91% specific-
ity (10 of 11 control subjects had true-
negative findings) for A, , of more than
0.4 mmol/L, with an area under the
curve of 0.74 (95% confidence interval:
0.57, 0.89). The area under the curve
for both A (0.62; 95% confidence in-
terval: 0.45, 0.79) and A, (0.65; 95%
confidence interval: 0.49, 0.82) was
considered poor.

By probing the entire irregular shape of the
ACC during one high-spatial-resolution
3D 'H MR spectroscopic examination,
one may directly compare the rostral
(emotional) and caudal (cognitive) re-
gions within a patient. This comparison

reveals significant differences in NAA
concentration between subregions in
patients with schizophrenia that are not
present in healthy control subjects. This
finding most likely represents the rela-
tively decreased cellular density in the
rostral ACC when compared with that
in the caudal ACC seen during postmor-
tem studies that reveal decreased neu-
ron density in the rostral ACC (6,40) but
unchanged (6,41,42) or even increased
(43) neuron density in the caudal region
in patients with schizophrenia.

ACC subregional metabolic quan-
tification may have important implica-
tions for development of drugs used
to treat schizophrenia. Much of our
current understanding of psychotropic
medications has come from observ-
ing their effects on clinical symptoms.
There is only a limited understanding
of the underlying mechanism(s) of ac-
tion and few, if any, clinically available
methods with which to monitor activ-
ity in desired brain regions (44). The
ability to localize biochemical changes,
therefore, is desirable to understand
the mechanism of established therapies
and to monitor the response to novel

Absolute NAA, Cr, and Cho
Concentrations in Caudal, Rostral,
and Total Anterior Cingulate Gyrus

Metabolite and ~ Control Subjects ~ Patients
Region (mmol/L) (mmol/L)
NAA
Caudal 6.5+ 1.1 71 +1.63
Rostral 6.6 = 0.8 6.2+13
Total 6.6 +0.9 6.5+ 1.2
Cr
Caudal 58+ 1.1 6.3+1.6
Rostral 55+0.8 57+14
Total 56+0.8 59+13
Cho
Caudal 1.6 +0.3 1.8 +05
Rostral 1.7+03 1.7+05
Total 1.6 +0.3 1.7+04

Note.—Data are means =+ standard deviations. There
were no significant differences between groups.

ones. Since current antipsychotic medi-
cations have minimal efficacy in the
treatment of the negative and cognitive
symptoms of schizophrenia (43), and
given that negative symptoms are linked
to the rostral ACC and cognitive symp-
toms are linked to the caudal ACC, both
areas separately are likely attractive tar-
gets for new therapies and novel nonin-
vasive markers (9,13).

To our knowledge, in only one other
study have researchers compared ros-
tral and caudal metabolite concentra-
tions in patients with schizophrenia by
using two single voxels in each subregion
(46). Wood et al (46) found significantly
lower NAA concentrations in patients as
compared with control subjects and in
the rostral region as compared with the
caudal region in both groups. Our find-
ing of decreased NAA concentration
in the rostral ACC of patients corrobo-
rates the findings of Wood et al (46).
However, we did not reproduce others’
findings of lower NAA (17,18,46,47) or
Cr (48) concentrations in the ACC.

Disagreements with previous find-
ings and the variable results of other
'H MR spectroscopic studies of the
ACC in patients with schizophrenia
may reflect methodologic differences
between studies (20,49). Specifically,
use of single voxels, whereby sensitivity
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dictates volumes of 3.5 cm? or larger, is
unable to effectively contain the irregu-
lar shape of the ACC; and must, conse-
quently, suffer considerable subcortical
white matter partial volume. The use
of high-spatial-resolution 3D 'H MR
spectroscopy instead of single-voxel 'H
MR spectroscopy enabled us to better
encompass the entire ACC and discern
its caudal and rostral subregions in one
examination while minimizing partial
volume contamination from surround-
ing tissue.

Our study had several limitations.
First, the relatively small sample did
not enable us to account for the various
phenotypes of schizophrenia, group pa-
tients into narrow age cohorts, or look
for differences between male and female
participants. Second, we did not control
for the effects of medication. This limi-
tation, however, is an unavoidable and
nearly universal limitation in studies of
patients with chronic schizophrenia. It
represents a potential confounding fac-
tor, given the fact that there has been
demonstration of decreased NAA con-
centration in the ACC of patients taking
typical, but not atypical, antipsychotic
medications (47). Third, although the
voxels were relatively small, they were
not sufficiently small to enable us to
precisely trace the tortuous edges of
the ACC, resulting in some partial vol-
ume of subcortical white matter at its
surface. Although this is unavoidable,
its effect is significantly less than that
when larger single-voxels are used.
Similarly, a small number of voxels at
the rostral-caudal interface contained
elements of both ACC subregions, lead-
ing to some unavoidable partial volume
effects between them.

In conclusion, we probed the entire
irregular shape of the ACC during one
high-spatial-resolution 3D 'H MR spec-
troscopic examination; this enabled us
to compare the rostral and caudal re-
gions within a subject and revealed
significant differences in NAA concen-
trations in patients with schizophrenia
that are not seen in healthy subjects.
In consideration of the paucity of non-
clinical (laboratory or radiologic) surro-
gate markers of schizophrenia, the dis-
tinctive pattern of metabolite variance

found between ACC regions in patients
but not healthy control subjects may of-
fer the potential to improve diagnostic
accuracy and monitor therapeutic tar-
gets in this disease that affects approxi-
mately 1% of the population. In turn,
these markers could provide us with
guidance in developing and monitoring
individualized treatment paradigms for
schizophrenia.
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