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Magnetic Resonance Spectroscopy is a popular approach to probe brain chemistry in schizophrenia (SZ), but no
consensus exists as to the extent of alterations. Thismay be attributable to differential effects of populations stud-
ied, brain regions examined, or antipsychoticmedication effects. Here, wemeasured neurometabolites in the an-
terior cingulate cortex (ACC) and hippocampus, two structurally dissimilar brain regions implicated in the SZ
pathophysiology. We enrolled 61 SZwith the goal to scan them before and after six weeks of treatment with ris-
peridone.We also scanned 31matchedhealthy controls twice, sixweeks apart. Usingmixed effect repeatedmea-
sures linear models to examine the effect of group and time on metabolite levels in each voxel, we report an
increase in hippocampal glutamate + glutamine (Glx) in SZ compared to controls (p = 0.043), but no effect of
antipsychotic medication (p = 0.330). In the ACC, we did not find metabolite alterations or antipsychotic med-
ication related changes after six weeks of treatment with risperidone. The coefficients for the discriminant func-
tion (differentiating SZ from HC) in the ACC were greatest for NAA (−0.83), and in the hippocampus for Glx
(0.76), the same metabolites were associated with greater treatment response in patients at trend level. Taken
together, our data extends the existing literature by demonstrating regionally distinct metabolite alterations in
the same patient group and suggests that antipsychotic medications may have limited effects on metabolite
levels in these regions.

© 2019 Elsevier B.V. All rights reserved.
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1. Introduction

Magnetic Resonance Spectroscopy (MRS), an imaging technique
that allows measurement of neurometabolites in vivo, has become an
increasingly popular approach to probe brain chemistry in schizophre-
nia, but no consistent patterns have emerged as to the extent of
neurometabolite alterations in the illness. Nonetheless, the literature
suggests that a number of metabolites are abnormal (Iwata et al.,
2018; Kraguljac et al., 2012a; Merritt et al., 2016; Poels et al., 2014),
that aberrations may be variable across brain regions (Gallinat et al.,
2016; Merritt et al., 2016), and that these are potentially affected by an-
tipsychotic medications (Bustillo et al., 2002; Bustillo et al., 2008; de la
Fuente-Sandoval et al., 2013; Egerton et al., 2017; Egerton et al., 2018;
d Behavioral Neurobiology, The
Ave S, Birmingham, AL 35294-
Kegeles et al., 2012; Kraguljac et al., 2012b; Kraguljac et al., 2013;
Szulc et al., 2011) and illness progression (Keshavan et al., 2000;
Marsman et al., 2013).

Here, we measured N-acetyl-aspartate (NAA), choline (Cho), and
glutamate + glutamine (Glx) in the anterior cingulate cortex (ACC)
and hippocampus, two regions of the brain that are dissimilar in the
ratio of excitatory and inhibitory neurons (Heckers and Konradi,
2015), have been implicated in the pathophysiology of schizophrenia
(Kraguljac et al., 2012b; Lahti et al., 1995a; Lahti et al., 2006), and are
thought to be functionally modulated by antipsychotic medication
(Kraguljac et al., 2016; Lahti et al., 2003). We scanned a large group of
patients with schizophrenia and schizoaffective disorder (SZ) before
and after six weeks of treatment with risperidone and in a group of
matched healthy controls (HC) twice, approximately six weeks apart
to investigate neurometabolite abnormalities and antipsychotic medi-
cation effects.We chose risperidone because it is commonly prescribed,
now available as generic medication and thus one of the more afford-
able second generation antipsychotic medications in the US, and is
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Fig. 1. Illustration of voxel placement and example spectrum. A. Voxel placement in the
anterior cingulate cortex (2.7 × 2 × 1 cm3). B. Voxel placement in the left hippocampus
(2.7 × 1.5 × 1 cm3). C. Example spectra obtained from the anterior cingulate cortex. D.
Example spectra obtained from the left hippocampus. For C and D, the black line
represents averaged spectra, the red line is an overlay of the spectral fit, the bottom line
is the residual. Cho, choline; Cr, creatine; Glx, glutamate + glutamine; NAA, N-
acetylaspartate; ppm, parts per million.
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considered one first line medications for treatment in schizophrenia
(Moore et al., 2007), specifically in first episode patients (Robinson
et al., 2015).

Based on the existing literature (Bustillo et al., 2008; Egerton et al.,
2018; Grosic et al., 2014; Kraguljac et al., 2013; Szulc et al., 2011), we
hypothesized that (1) hippocampal Glx would be elevated in unmedi-
cated SZ compared to HC, but would normalize after six weeks of treat-
ment, and (2) that ACC NAA would not be altered in unmedicated SZ,
but decrease after antipsychotic treatment. We also explored the use
of linear discriminant analyses to examine their utility in discriminating
unmedicated SZ and HC, and their value in predicting treatment re-
sponse in SZ.

2. Experimental material and methods

2.1. Study design

Unmedicated SZwere recruited from the emergency room, inpatient
units, and outpatient clinics at theUniversity of Alabama at Birmingham
(UAB). HCmatched 1:2 to SZ on age, sex, and parental occupation were
recruited by advertisements. Approvalwas obtained from theUAB Insti-
tutional ReviewBoard andwritten informed consentwas obtained prior
to enrolment and after subjects were deemed competent to provide
consent (Carpenter Jr. et al., 2000).

Diagnoses were established by review of medical records, the Diag-
nostic Interview for Genetic Studies (DIGS) (Nurnberger Jr. et al., 1994),
and consensus of two board certified psychiatrists (ACL and NVK). The
Brief Psychiatric Rating Scale (BPRS)was used to assess symptom sever-
ity (Woerner et al., 1988).

Subjects were excluded if they had major neurological or medical
conditions, history of head traumawith loss of consciousness, substance
use disorders (excluding nicotine) within six months of imaging, were
pregnant or breastfeeding, or had MRI contraindications. Those with a
positive drug screen were excluded. HC with a personal or family his-
tory in a first-degree relative of a psychiatric disorder were excluded.

Subjects who were medication naïve or had been off antipsychotic
medications for at least two weeks (determined by self-report) were
enrolled in a six-week trial of risperidone using a flexible dosing regi-
men. Spectroscopy was done prior to treatment (off medication), and
after six weeks of medication. Risperidone was prescribed by ACL and
NVK; itwas started at 1–3mgand titrated in 1–2mg increments; dosing
was based on therapeutic and side effects. Use of concomitant medica-
tions was permitted as clinically indicated. Compliance was monitored
with pill counts at each visit. HC were scanned twice, with an average
interscan interval of 57.5 days. Of the 92 subjects enrolled, one HC and
12 SZ dropped out prior to the second scan. One SZ was excluded
from analyses due to gross anatomical abnormalities in the structural
scan. Data included here partially overlaps with prior reports by our
group (Hutcheson et al., 2015; Kraguljac et al., 2014; Kraguljac et al.,
2013; Reid et al., 2010). Data from35 unmedicated SZmeasuring hippo-
campusmetabolites were not included in prior reports. Additionally, no
data from unmedicated SZ measuring ACC metabolites or longitudinal
data were included in prior reports.

2.2. Image acquisition

Imaging was performed on a 3 T head-only scanner (Magnetom
Allegra, Siemens). A high-resolution structural scan was acquired
(MPRAGE, TR/TE/TI = 2300/3.93/1100 ms, 1 mm isotropic voxels).

A series of T1-weighted anatomical scans (TR/TE = 250/3.48 ms,
5 mm slice thickness) were acquired to aid placement of the bilateral
ACC (2.7 × 2 × 1 cm3) and left hippocampus spectroscopy voxel (2.7
× 1.5 × 1 cm3), as previously described (Hutcheson et al., 2012;
Kraguljac et al., 2014; Kraguljac et al., 2013; Reid et al., 2010). For an il-
lustration of voxel placement and example spectra, see Fig. 1. Voxel
placement for the second acquisition was guided by an image of the
voxel placement during the first scan. After manual shimming, CHESS
pulses were used to suppress the water signal. Spectra were acquired
using a PRESS sequence (TR/TE = 2000/80 ms to optimize the gluta-
mate signal (Schubert et al., 2004) andminimizemacromolecule contri-
bution; 1200 Hz spectral bandwidth; 1024 points; 256 averages in the
ACC and 640 averages in the hippocampus). To limit effects of nicotine
intoxication or withdrawal, participants were allowed, but not encour-
aged, to smoke up to 1 h before acquisition of images. Spectral acquisi-
tion failed for one SZ in the ACC at baseline, for one SZ in the ACC at
endpoint, for one HC and three SZ in the hippocampus at baseline, and
for four SZ in the hippocampus at week six.

2.3. MRS data processing

MRS data were quantified in the time domain with AMARES in
jMRUI (version 5.2); prior knowledge derived from in vitro and in vivo
metabolite spectra was included in the model, as reported elsewhere
(Kraguljac et al., 2012b; Kraguljac et al., 2013). Exclusion criteria were
(1) failure of fitting algorithm and (2) Cramer-Rao lower bounds
(CRLB) N 20%. Hippocampus Glx spectra of one SZ at baseline and two
SZ at week six were excluded based on these criteria. Metabolites
were quantified with respect to creatine; for the sake of brevity they
will be referred to as Glx, NAA, and Cho hereafter. Structural scans
were segmented into grey matter (GM), white matter (WM), and cere-
brospinal fluid to calculate voxel tissue content, using in house Matlab
codes.

2.4. Statistical analyses

Mixed effect repeated measures linear models were used to investi-
gate the effects of group and time on neurometabolites in each voxel.
Voxel GM fraction (GM%/GM% + WM% (Caprihan et al., 2015)) was
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also included in the model. Both a model assuming a common variance
for HC and SZ as well as a model that allowed for separate variances for
HC and SZ were considered. Akaike's information criterion was used to
select the final model.

For linear discriminant analyses, we included subjects who had a
complete baseline dataset (all neurometabolites in the ACC and hippo-
campus; HC: n = 30; SZ: n = 55). Treatment response data (defined
as [BPRS total baseline − BPRS total week 6] / BPRS total at baseline ∗
−100) were available for 45 SZ. Linear discriminant analysis was used
to determinewhether baselinemetabolite values could discriminate be-
tween HC and SZ and predict change in symptoms after six weeks of
treatment with risperidone.

3. Results

3.1. Demographics, clinical characteristics

HC and SZ did not differ in gender, age, or parental socioeconomic
status (Table 1). Forty SZ were medication naïve, and 20 had been off
antipsychotic medications for an average of 22.02 months. BPRS scores
Table 1
Demographics and clinical measures.a

SZ (n = 61) HC (n = 31) t/X2 p
value

Gender (% male) 72.1 70.96 0.014 0.91
Age 27.84 (8.69) 28.58 (9.81) 0.372 0.71
Parental occupationb 7.18 (5.67) 5.84 (4.46) 14.911 0.31
Smoking status (% smokers) 62.29 29.03 9.101 b0.01
Diagnosis
Schizophrenia 50
Schizoaffective disorder 8
Schizophreniform disorder 1
Psychosis not otherwise specified 2
Prior antipsychotic treatment
Antipsychotic naive 40
Antipsychotic free interval
(months)c

22.02
(43.33)

BPRSd

Total
Baseline 49.53 (9.95)
Week 6e 31.67 (9.09)f

Positive
Baseline 14.60 (4.65)
Week 6g 6.84 (2.93)h

Negative
Baseline 7.05 (3.13)
Week 6g 5.76 (2.48)h

RBANSi

Total index 71.14
(14.37)

90.29
(11.72)

6.337 b 0.01

Immediate memory 77.52
(16.59)

95.65
(13.47)

5.203 b 0.01

Visuospatial 72.38
(15.78)

82.97
(16.89)

2.925 b 0.01

Language 83.52
(13.29)

97.06
(15.79)

4.254 b 0.01

Attention span 79.32
(19.47)

96.10
(17.63)

3.976 b 0.01

Delayed memory 73.32
(19.29)

92.71 (7.32) 6.702 b 0.01

SZ, schizophrenia; HC, healthy control.
a Mean (SD) unless indicated otherwise.
b Ranks determined from Diagnostic Interview for Genetic Studies (1–18 scale); higher

rank (lower numerical value) corresponds to higher socioeconomic status.
c Antipsychotic free interval is denoted only for thosewith prior antipsychotic exposure

(n= 20). Brief Psychiatric Rating Scale (1–7 scale); positive (conceptual disorganization,
hallucinatory behavior, and unusual thought content); negative (emotional withdrawal,
motor retardation, and blunted affect).

d n = 49.
e t = 13.352; p b 0.01.
f t = 11.030; p b 0.01.
g t = 3.515; p b 0.01.
h Repeatable Battery for the Assessment of Neuropsychological Status.
significantly decreased after six weeks of treatment with risperidone;
the average dose at that time was 3.83 ± 1.66 mg per day.

3.2. MRS measurements

3.2.1. Mixed effects repeated measures analysis
Of the models for mixed effects repeated measures considered, the

model assuming a common variance for HC and SZ had the best fit.
After controlling for time and GM fraction, SZ had significantly higher
hippocampus Glx compared to HC (p = 0.043). None of the other me-
tabolites, spectral quality indices or voxel GM fraction in either region
differed between groups. When an interaction between group (HC
and SZ) and time (baseline andweek 6)was added to themodel, this in-
teraction was not statistically significant (p = 0.330, Fig. 2A and B).
None of the othermetabolites, spectral quality indices or voxel GM frac-
tion in either region changed across time, and no group by time interac-
tions for neurometabolites were observed (Table 2).

We found no correlations between the duration of the
antipsychotic-free interval and neurometabolite levels in currently un-
medicated patients.

We also compared metabolite measurements in never-treated and
currently unmedicated patients, and found that NAA was higher in
never-treated patients compared to controls in both the ACC and hippo-
campus at baseline, and that ACC Glx was higher in medication-naïve
patients compared to those with prior exposure. Additionally, change
in ACC NAA differed between medication-naïve patients and currently
unmedicated patients, where NAA increased in the former group, but
decreased in the latter. However, none of these results survived correc-
tions for multiple comparisons (Supplemental Table, Supplemental
Fig. 1).

3.2.2. Discriminant analysis
Following analyses were based on baseline metabolite values. The

coefficients for the discriminant function in the ACC were greatest for
NAA (−0.83; coefficient for Glx was 0.04 and for Cho was−0.27), and
in the hippocampus for Glx (0.76; coefficient for NAA was 0.29 and for
Cho was 0.33). The canonical discriminant function showed a trend to-
wards statistical significance (F=1.95; p=0.08). TheROC curve for the
discriminant function shown in Fig. 2C had an area under the curve of
0.821. When leave-one-out cross-validation was applied, the area
under the ROC curve decreased to 0.614 (Supplemental Fig. 2). When
GM fraction was taken into account, the discriminant function was not
statistically significant (F = 1.29; p = 0.27). Linear regression was
used to determine whether a single neurometabolite at baseline could
predict treatment response. None of the metabolites reached statistical
significance, but lower NAA in the ACC and higher Glx in the hippocam-
pus were associated with greater treatment response at trend level
(Table 3).

4. Discussion

To our knowledge, this is the largest longitudinal multi-voxel MRS
study examining ACC and hippocampus neurometabolites in unmedi-
cated SZ and effects of short-term antipsychotic treatment. We report
increased hippocampal Glx, but no other metabolite abnormalities in
SZ, and no changes in metabolites with antipsychotic treatment. Linear
discriminant analyses showed ROC area under the curve of 0.82 indi-
cates good discrimination ability for metabolites. Metabolites with the
greatest power to discriminate between HC and SZ were ACC NAA and
hippocampus Glx, the same metabolites that were predictive of treat-
ment response at trend level.

We did not observe group differences in NAA or Cho levels in either
brain region, but confirmed our previously reported increase in hippo-
campal Glx in unmedicated SZ in an extended sample size (Kraguljac
et al., 2013). The elevation is similar inmagnitude to that seen in healthy
volunteers who receive sub-anaesthetic doses of ketamine (Kraguljac



Fig. 2. Neurometabolite measurements. A. Glutamate + glutamine (Glx) in the hippocampus in healthy controls (HC) and patients with schizophrenia or schizoaffective disorder (SZ).
Hippocampus Glx was significantly higher in SZ compared to HC (p = 0.043). Dots represent individual measurements, line represents group mean. B. Hippocampus Glx at baseline
and week six, top depicts measurements in HC, bottom depicts measurements in SZ, lines represent individual subjects. No effects of time were observed. C. Receiver operating
characteristic curve with area under the curve of 0.821.
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et al., 2017b), a non-competitive n-methyl-D-aspartate receptor
(NMDAR) blocker commonly used as a model for schizophrenia
(Kraguljac et al., 2017a; Lahti et al., 1995a; Lahti et al., 1995b; Lahti
et al., 2001), suggesting that this abnormality may be related to
NMDAR hypofunction (Javitt, 2012; Olney and Farber, 1995).
Table 2
Neurometabolites, spectral quality, and tissue fraction.

Baseline HC SZ Week 6 HC SZ

Neurometabolites
ACC
NAA 1.39 (0.11) 1.36 (0.10) 1.37 (0.11) 1.34 (0.09)
Glx 0.71 (0.08) 0.70 (0.07) 0.71 (0.07) 0.70 (0.07)
Cho 0.82 (0.07) 0.82 (0.11) 0.80 (0.66) 0.81 (0.08)

Hippocampus
NAA 1.27 (0.10) 1.29 (0.14) 1.29 (0.16) 1.30 (0.16)
Glx 0.60 (0.09) 0.65 (0.09) 0.63 (0.12) 0.65 (0.11)
Cho 0.88 (0.11) 0.91 (0.12) 0.86 (0.13) 0.90 (0.12)

Spectral quality indicesa

ACC
NAA CRLB 3.50 (0.67) 3.50 (0.82) 3.35 (0.35) 3.44 (0.59)
Glx CRLB 6.62 (1.21) 6.77 (0.17) 6.51 (0.93) 6.76 (0.13)
Cho CRLB 2.59 (0.41) 2.62 (0.55) 2.49 (0.26) 2.59 (0.50)
FWHM 4.80 (0.63) 4.82 (0.78) 4.97 (0.75) 5.01 (0.81)
SNR 11.32 (1.33) 10.97 (1.50) 11.59 (1.41) 11.14 (1.41)

Hippocampus
NAA CRLB 3.63 (0.78) 3.88 (0.95) 3.62 (0.74) 4.00 (1.00)
Glx CRLB 9.93 (2.82) 10.80 (2.98) 9.73 (2.26) 10.81 (2.41)
Cho CRLB 2.91 (0.52) 3.17 (0.76) 2.91 (0.56) 3.20 (0.64)
FWHM 8.19 (1.47) 8.40 (1.76) 7.98 (1.18) 8.63 (1.57)
SNR 12.46 (1.38) 11.93 (1.64) 12.42 (1.74) 11.91 (1.51)

Voxel tissue fractionb

ACC
Grey matter (%) 73.99 (3.51) 73.99 (4.71) 74.07 (6.28) 73.86 (5.34)
White matter (%) 13.11 (4.48) 14.47 (0.54) 13.67 (6.46) 14.50 (5.65)

Hippocampus
Grey matter (%) 62.51 (4.39) 63.08 (5.56) 62.38 (5.75) 61.04 (5.34)
White matter (%) 34.16 (4.83) 33.74 (5.97) 34.37 (5.79) 36.00 (5.04)

Abbreviations: HC: Healthy control; SZ: Patient with schizophrenia, schizoaffective disor-
der, or schizophreniform disorder; ACC: Anterior cingulate cortex; NAA: N-acetyl-aspar-
tate; Glx: Glutamate + glutamine; Cho: Choline; CRLB: Cramer rao lower bounds;
FWHM: Full width half maximum; SNR: Signal to noise ratio.

a None of the spectral indices differed between groups at either timepoint, or across
timepoints in either group (all p N 0.90 after correction for multiple comparisons).

b Voxel tissue fraction did not differ between groups at either timepoint, or across
timepoints in either group (all p N 0.90 after correction for multiple comparisons).
Interestingly, we did not find Glx alterations in the ACC, which is in
agreement with prior studies in medicated (Coughlin et al., 2015; Reid
et al., 2010; Taylor et al., 2017) and unmedicated patients (Egerton
et al., 2018). It also is consistent with the theory that the hippocampus
may be more vulnerable to shifts in the excitation/inhibition balance
compared to the ACC because the vast majority of its neurons are gluta-
matergic pyramidal cells, whichmarkedly differs from the cortexwhere
the number of pyramidal cells and GABAergic interneurons ismore sim-
ilar (Heckers and Konradi, 2015).

Several lines of evidence describe complex interactions between the
dopamine and glutamate systems, and identify glutamate receptor
complexes as potentially important indirect targets for D2 receptor
blockers (Del'guidice and Beaulieu, 2008; Hanaoka et al., 2003;
Krzystanek et al., 2015). Additionally, single nucleotide polymorphisms
in glutamate-related genes have been implicated in antipsychotic drug
response (Bishop et al., 2015; Stevenson et al., 2016). Taken together,
the literature suggests that antipsychotic medications may affect gluta-
mate. However, we did not observe a significant decrease in Glx after six
weeks of treatment with risperidone in either voxel, which stands in
contrast with Szulc et al., who report a decrease in temporal lobe Glx
after four weeks of treatment with a variety of antipsychotic medica-
tions (Szulc et al., 2011), de la Fuente-Sandoval who found a reduction
in striatal glutamate after four weeks of risperidone treatment, and a re-
cent report by Egerton et al. who showed a reduction in glutamate in the
ACC after four weeks of treatment with amisulpride (Egerton et al.,
2018). It is possible that the discrepancy is due to differential effects of
Table 3
Linear regression results by baselinemetabolite. For all models the outcome is percent de-
crease in BPRS; BPRS and grey matter fraction at baseline are included as covariates in all
models.

Parameter estimates Model fit statistics

Estimate SE p R2 F statistic F p-value

ACC NAA −43.28 23.30 0.07 0.14 2.27 0.095
Glx −42.76 33.53 0.21 0.11 1.61 0.201
Cho −35.03 23.77 0.15 0.12 1.81 0.161

Hippocampus NAA −12.01 15.87 0.45 0.08 1.16 0.335
Glx 50.17 25.21 0.05 0.15 2.37 0.084
Cho −20.06 17.27 0.25 0.10 1.44 0.245

ACC: Anterior cingulate cortex; NAA: N-acetyl-aspartate; Glx: Glutamate + glutamine;
Cho: Choline.
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various antipsychotic medications on the glutamate system. Alterna-
tively, risperidone may affect glutamate levels only in a subset of pa-
tients, and we were therefore unable to detect changes in this
endophenotypically heterogeneous group of subjects. It is also possible
that shifts in glutamatergic neurotransmission may be too subtle to be
captured with proton MRS which measures tissue metabolites rather
than compartment specific levels.

Here, we did not observe risperidone related changes in NAA. Sev-
eral studies also report no change inNAAwith short and longer terman-
tipsychotic medications (Bustillo et al., 2008; Grosic et al., 2014; Szulc
et al., 2011), while others find NAA increases in the dorsolateral pre-
frontal cortex but no other brain regions with short term treatment
(Bertolino et al., 2001) and decreases in NAAwithin the first year of an-
tipsychotic treatment (Bustillo et al., 2002). Taken together, evidence
suggests that long term antipsychotic treatment (or illness chronicity)
rather than short term treatment may affect neuronal viability to an ex-
tent that can be capturedwithMRS. Two studies examining drug effects
on Cho found no changes in this metabolite (de la Fuente-Sandoval
et al., 2013; Gan et al., 2014), which is also consistent with our findings.

Linear discriminant analysis, which is designed to separate classes,
distinguished unmedicated SZ from HC at trend level. The area under
the curve of 0.82 suggests this biomarker panel may have utility in sep-
arating patients from controls. ACC NAA and hippocampal Glx had the
greatest discriminant power, and were associated with response to ris-
peridone after sixweeks of treatment. Atfirst glance, the association be-
tween low cortical NAA and good response to treatment appears
counter-intuitive and stands in contrast with a study reporting an asso-
ciation between lower prefrontal NAA in first episode patients and
poorer functional outcomes 18 months later (Wood et al., 2006). It is
striking however, that greater deviations in both ACC NAA and hippo-
campus glutamate in our sample appear to be linked to better treatment
response. One could speculate that these features may point towards
functional conditions, characterized by a disequilibrium in the excita-
tion/inhibition balance and a deprived neuronal state, which have the
potential for restoration.

Our findings have to be interpreted in context of a number of
strengths and limitations. We enrolled a large group of unmedicated
SZ, many of them without prior antipsychotic exposure and a group of
HC matched on key demographic characteristic in this prospective lon-
gitudinal trial. To minimize variance in the data, we used a single anti-
psychotic medication. We assessed adherence using pill counts and
self-report, but future studies would benefit from monitoring risperi-
done blood levels to confirm compliance.We also used self-report to de-
termine the off medication interval in those with prior antipsychotic
exposure. Ideally, we would have had access to an additional source
such as a family member or pharmacy record that would have corrobo-
rated this timeframe. We chose a six week interval for antipsychotic
treatment as it is a commonly recommended timeframe to determine
treatment response in clinical practice. However, we cannot rule out
that longer antipsychotic exposure could have affected neurometabolite
levels. Spectroscopy acquisition parameters were optimized for gluta-
mate, and results were corrected for partial volume effects, but because
we did not obtain unsuppressed water spectra, we used creatine as a
reference (at the time the study was designed, referencing metabolites
to creatine was the most common method of metabolite quantifica-
tion).Whilemeta-analytic evidence suggests a lack of alterations in cre-
atine in schizophrenia (Kraguljac et al., 2012a), some do report
abnormalities (Ongur et al., 2009). We thus cannot rule out that Glx al-
terations reported here may in part be driven by altered creatine. The
Glx peak reported here is a combination of neuronal, glial, and synaptic
glutamate and glutamine in the voxel, it is therefore not possible for us
to definitively attribute alterations to aberrant glutamatergic neuro-
transmission. Because it is ethically not permissible to withhold
known effective medications from patients, we did not include a pla-
cebo group. To account for possible effects of time on metabolites, we
scanned healthy controls twice; however, due to the considerable side
effect burden of antipsychotic medications, we did not include a group
of healthy controls with prolonged exposure to risperidone.

In summary, we report evidence of hippocampus glutamate alter-
ations in this profoundly disabling neuropsychiatric disorder, but did
not detect effects of risperidone on any metabolites. Large, prospective
studiesmapping the neuro-metabolome and effects of dopamine D2 re-
ceptor blockers in this clinically and endophenotypically heterogeneous
illness may be important in advancing rational drug development and
identification of subtypes of patients who would most benefit from
these drugs.
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