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Abstract

Background—Accumulating evidence suggests the involvement of abnormal glutamateric
neurotransmission and A-methyl-D-aspartate receptor (NMDAR) hypofunction in the
pathophysiology of psychotic disorders. The purpose of this study was to quantify /in vivo
glutamate (Glu) and glycine (Gly) levels in patients with first-episode psychosis as well as age-
matched healthy controls with MR spectroscopy.

Methods—The subjects were 46 patients with first-episode psychosis (20 schizophrenia-
spectrum disorders (SZ), 26 bipolar disorder (BD)) and 50 age-matched healthy controls (HC).
Glu and Gly levels were measured in vivo in the anterior cingulate cortex (ACC) and posterior
cingulate cortex (PCC) of the subjects by using the echo-time (TE)-averaged proton MR
spectroscopy technique (*H-MRS) at 4 T (i.e., modified PRESS sequence: 24 TE steps with 20 ms
increments). Metabolite levels were quantified using LCModel with simulated basis sets.

"Corresponding to: Dost Ongiir, M.D., Ph.D., 115 Mill Street, Belmont, MA 02478, USA, Tel: 617 855 3922, Fax: 617 855 2895,
dongur@partners.org.

Financial Disclosures
The authors report no biomedical financial interests or potential conflicts of interest.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kim et al. Page 2

Results—Significantly higher Glu and Gly levels were found in both the ACC and PCC of
patients with first-episode psychosis as compared to healthy controls. Glu and Gly levels were
positively correlated in patients. SZ and BD patients showed similar abnormalities.

Conclusions—Our findings demonstrate abnormally elevated brain Glu and Gly levels in
patients with first-episode psychosis by means of TE-averaged 1H-MRS at 4 T. The findings
implicate dysfunction of NMDAR and glutamatergic neurotransmission in the pathophysiology of
the acute early phase of psychotic illnesses.

Keywords
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Introduction

A large and consistent body of evidence suggests that glutamatergic dysregulation, and A-
methyl-D-aspartate receptor (NMDAR) hypofunction in particular, are involved in the
pathophysiology of psychotic disorders, including schizophrenia (SZ) and bipolar disorder
(BD) (1). This pathophysiologic mechanism is supported by the observation that
administration of NMDAR antagonist drugs, such as phencyclidine (PCP) and ketamine, in
healthy subjects and/or animals mimics a broad range of psychotic symptoms that closely
resemble those of SZ (2-7). While SZ has received the most attention as the disorder in
which NMDAR hypofunction might exist, the fact that higher doses of NMDAR antagonists
can induce mania, catatonic signs, and euphoria suggests that NMDAR hypofunction may
also be responsible for some of the symptoms of BD (1, 8). Given that NMDAR plays a
pivotal role in neurocognition and neurotoxicity, NMDAR function is of great interest in the
field of psychiatric research.

A unique feature of the NMDAR is its glycine (Gly) binding site, where Gly or D-serine (D-
Ser) acts as a co-agonist (9, 10). Both glutamate (Glu) and Gly/D-Ser binding are required to
trigger opening of the ion channel (11). Since Gly can modulate glutamatergic
neurotransmission, interventions enhancing Gly action may improve negative, cognitive and
depressive symptoms in patients (12-15). Tsai and Lin conducted a systematic review and
meta-analysis in 26 placebo-controlled clinical trials with over 800 subjects to evaluate the
efficacy of NMDAR co-agonist drugs (i.e., Gly, D-Ser, D-cycloserine) and showed that
agents that directly or indirectly activate the glycine modulatory site on the NMDAR
significantly improved most symptom domains, in patients receiving concurrent
antipsychotic treatment (16). Glu is the major excitatory neurotransmitter in the brain and
interacts with metabotropic and ionotropic receptors (including NMDAR). Excessive
stimulation of NMDAR by Glu released from presynaptic axon terminals can damage
neurons by a process called “excitotoxicity” (17, 18). Given the converging roles of Glu and
Gly in psychosis research and treatment, non-invasive /in vivo measurements of these amino
acids in the brains of patients with psychosis are of interest.

Although proton magnetic resonance spectroscopy (*H-MRS) can be used to non-invasively
determine metabolite levels in vivo, limited spectral resolution, relatively narrow spectral
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range (i.e., 0 to 4 ppm), and overlapping resonances have restricted its utility. For example,
the C4 proton signal of Glu at 2.35 ppm is contaminated by signal from the C3 protons of N-
acetyl aspartate (NAA) as well as C3 and C4 protons of glutamine (GIn) even in short echo-
time (TE) proton spectra. Further, Gly is present at very low concentration (below 1 mM) in
the healthy adult brain and its resonances are largely overlapped with myo-inositol (mlns),
which is normally present at higher concentrations than Gly. Hence, direct measurement of
Gly remains challenging. It is therefore valuable to have a novel technique for simultaneous
detections of Glu and Gly that overcomes the problem of overlapping spectral resonances
seen in conventional 1H-MRS. TE-averaged 1H-MRS, which was initially developed for Glu
detection distinct from Gln and NAA (19), has enabled reliable measure of the Gly singlet
peak by attenuating the overlapping mins resonance at 3.52 ppm (20). This approach was
validated in an in vivo Gly supplementation study (21). Note that MRS measures reflect total
pools of each metabolite in a volume of interest and metabolites such as Glu play multiple
roles in the brain. Therefore we cannot assume our MRS measures reflect synaptic activity
of Glu or Gly. To the best of our knowledge, there have been no reports on /n vivo Gly levels
in patients with psychotic disorders, despite multiple studies on the Gly metabolism /n vitro
in blood samples or cerebrospinal fluid (CSF) using biochemical analysis methods (12, 22,
23).

In this study, we aimed to simultaneously quantify Glu and Gly levels /n vivoin patients
with first-episode psychotic disorders using TE-averaged *H-MRS at 4 Tesla and to assess
possible interrelationships between Glu and/or Gly levels, diagnosis, and symptom severity.
We hypothesized that we would see abnormalities consistent with NMDAR hypofunction in
patients. Specifically, we expected elevated brain Glu levels, as observed in past studies of
patients with established illness (24-27), and brain Gly levels would be lower in patients
with first-episode psychosis based upon the studies of clinical trials of glycine
supplementation (12, 13, 28).

Methods and Materials

Subjects

All protocols were approved and conducted in compliance with the Institutional Review
Board at Partners Human Research Committee, and written informed consent was obtained
from participants before the studies. Forty-six patients with a first-episode psychotic
disorder (i.e., 20 diagnosed with a schizophrenia-spectrum disorder (SZ group) and 26 with
BD) and 50 age-matched healthy controls (HC) were enrolled in our study. The clinical
characteristics of participants are presented in Table 1 and additional details of subject
assessments in Supplementary Materials.

Magnetic resonance imaging (MRI) and spectroscopy (H-MRS) protocol

In vivo MRI and 1H-MRS measurements were conducted on a Varian Unity/Inova whole-
body MR scanner operating at 4 Tesla (Varian Inc., Palo Alto, CA, USA) and 16 elements,
single-tuned (*H), volumetric birdcage design RF coil (Robarts Research Institute, London,
Canada) operating at 170.3 MHz was used for RF transmission and signal reception.
Initially, the participants were scanned with a rapid 2D gradient-recall echo sequence to
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ensure their optimal positioning. High-contrast T1-weighted axial and sagittal images (TE/
TR=6.2/11.4 ms, FOV=22x22x16 cm3, readout-duration= 4 ms, receive bandwidth= +32
kHz, matrix size=256x256x64, in-plane resolution= 0.94x0.94, slice thickness=2.5 mm, flip
angle=11°) were acquired to serve as an anatomical guide to positioning MRS voxels, which
were placed on anterior cingulate cortex (ACC) with voxel size of 20x25x35 mm3 and
posterior cingulate cortex (PCC) with voxel size of 20x20x20 mm3.

A modified PRESS sequence employing four-pulse WET (water suppression enhanced
through Tq-effects, WET flip angle: 61: 6,: 63: 64 = 81.4°: 101.4°: 69.3°: 161.0°) (29) was
used for the collection of 24 TE-stepped spectra with the echo-time ranging from 30 to 490
ms with 20 ms increments. Before acquiring the TE-stepped spectra, By homogeneity was
manually adjusted for each subject. The localized unsuppressed water signal linewidth was
less than 10 Hz for all /n vivo measurements. The MRS acquisition parameters were:
TR=2.0 sec, spectral width= 2kHz, number of excitation (NEX)=16 per echo, humber of
complex data points=1024, and total scan time= 13 min.

Test-retest data demonstrating the reliability of our TE-averaging quantification method for
measuring Gly was previously published in work from our center (20). In this work, we
further acquired the data from a single healthy control subject scanned in identical fashion
10 times over a 10-week period in order to provide test-retest reliability for Glu and Gly
measure using TE-averaging approach.

Spectral processing and metabolites quantification

The TE-stepped H-MRS data were processed by averaging all 24 TE spectra. Before fast
Fourier transformation, free induction decay (FID) was processed with Gaussian
multiplication (i.e., f(t) = exp(—(t-tmax)?/262, tmax = 0.05 sec, o = 0.085 sec) and zero-filling
to enhance spectral resolution (30). Frequency drift between each step of TE spectra
acquisitions were corrected automatically using a cross-correlation algorithm (31). Eddy
current correction was done using unsuppressed water signal. All spectral preprocessing was
conducted using home-written software in MATLAB and fitting using LCModel. See
Supplementary Materials for details of metabolite quantification and voxel segmentation.

Statistical analysis

We excluded TE-averaged 1H-MRS data with severe baseline distortion, or SNR lower than
15, and/or poor spectral resolution (i.e., full-width half-maximum higher than 0.06 ppm)
(N=6 for psychosis group; N=1 for healthy group). The examples of bad spectral quality are
shown in Supplementary Figure S1. As a result, data from 40 psychosis patients and 49
healthy controls were included in the statistical analysis. Our primary outcome measures
were Glu and Gly levels, but the other metabolites with CRLB < 20 %, (NAA, Cr+PCr, PCh
+GPC, mins) were also examined. Three statistical approaches were used: (a) Analysis of
Covariance (ANCOVA) with sex and GM/(GM+WM) as covariates to compare the
differences in metabolite levels between two groups (i.e., patients with psychotic disorder vs.
healthy controls); (b) one-way ANOVASs with sex as a covariant followed by post hoc (e.g.,
Bonferroni correction with factor of 0.05/3=0.017) comparison, and (c) independent t-tests
for antipsychotic drug or lithium effects in the patient group. In the second approach, we
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divided the patient group into two groups (SZ and BD) in order to compare metabolite level
differences among the three groups, SZ, BD and HC. In the third approach, metabolite levels
in patients treated with antipsychotic drugs or lithium were compared with those who were
not taking antipsychotic drugs or lithium. Since the ages were well matched among all
groups, we only considered sex as a covariate to remove its influence. We considered
corrected p values lower than 0.05 as statistically significant.

We next evaluated the interrelationships between Glu and/or Gly, and demographic/clinical
parameters. A large number of correlation analyses were performed on an exploratory basis;
therefore, we considered Pearson’s correlation coefficients (R values) greater than 0.30 and
p values lower than 0.05 uncorrected for multiple comparisons as possibly significant. All
statistical analysis was performed using PASW software (Window version 18.0, Chicago, IL,
USA).

Metabolite quantification

Figure 1 shows representative TE-averaged spectra obtained from a healthy control and a
patient with psychosis; partial volume maps of tissue subtypes (GM, WM, and CSF)
overlaid with the IH-MRS voxel are also shown. There were no significant differences in
voxel compositions of either brain region among HC and patients with psychosis, SZ or BD
(all p> 0.05). As can be seen in Figure 1, TE-averaged 1H-MRS fully resolves the Glu
signal at 2.35 ppm from the overlapping resonances of NAA and GlIn, resulting in its
unobstructed measurement. In addition, the resonance of Gly methylene protons can be
clearly detected at 3.55 ppm in TE-averaged spectra, which is enabled by significantly
attenuating the four groups of strongly J-coupled mins resonances. This is confirmed in a
density-matrix calculated 1H spectrum (See supplementary Figure S2). Compared to
conventional PRESS measurement, TE-averaged 1H-MRS dramatically reduces the mins
resonance around 3.55 ppm, producing a clear separation between Gly and mins signals,
thus allowing greater sensitivity and specificity for detecting and quantifying Gly levels in
vivo (Figure S2). However, because the peak detected at 3.55 ppm in TE-averaged spectrum
is partially contaminated by the mins signal, we labeled the glycine signal as Gly” to
distinguish this peak from a “pure” Gly signal. Average CRLBs of Glu and Gly for all
subjects were 6 % and 12 %, respectively. The CRLB values for two brain regions in both
groups are listed in Table 2.

Figure 2 shows the differences in metabolite concentrations between patients with psychotic
disorders and healthy controls. Statistical analysis revealed that there were significant
elevations of Glu and Gly” concentrations in patients with psychotic disorder in both brain
regions (ACC and PCC) as compared to healthy controls (ANCOVA: ACC, Glu: F=5.935,
p=0.017, Gly": F=4.446, p=0.038; PCC, Glu: F=14.251, p<0.001, Gly”™: F=9.599, p=
0.003). The Glu level in patient group was increased by 12.97 % and 23.5 % in ACC and
PCC, respectively, while the Gly”™ level in patient group was increased by 23.83 % and

24.12 % in ACC and PCC, respectively. Furthermore, we found significantly higher mins
concentrations in ACC and PCC of patients with psychotic disorder compared to healthy
controls (ANCOVA: ACC, mins: F=5.606, p=0.02; PCC, mins;: F=6.311, p=0.014).
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GPC + PCh concentrations are significantly higher in the PCC of patients with psychosis as
compared to healthy controls (F= 13.314, p< 0.001). Other metabolites quantified,
including NAA and Cr+PCr, were not significantly different between the two groups,
although the patient group showed a trend to numerically lower measures for each. In order
to test possible differences of metabolite levels between SZ and BD patients, we next carried
out one-way ANOVA followed by post hoc testing among the three groups. The post hoc
tests revealed that there were no significant differences in Glu, Gly*, GPC+PCh, and mins
level in either brain region between SZ and BD patients (data not shown). We also compared
metabolite level referenced to total Cr signal since water content might be different between
healthy and patients with psychosis. Even if we use total Cr signal as internal reference, we
still found significant differences in Glu/tCr and Gly™/tCr levels of both brain regions
between groups. Detailed results are provided in Supplementary Table S1.

Furthermore, we evaluated test-retest reliability of Glu and Gly measurement by calculating
coefficient of variation (CV=standard deviation divided by mean) in a healthy control
subject. We found that the CV of our measures was 7.4% for Glu and 12.4% for Gly,
indicating excellent reliability. The data for this test-retest work are presented in
Supplementary Figure S3.

Interrelationships between Glu and/or Gly, and clinical parameters

To investigate the interrelationships of Glu, Gly”™, and clinical parameters, we performed
Pearson’s correlation analyses. Interestingly, there were significant positive correlations
between Glu and Gly” levels in both ACC (/= 0.558, p< 0.001) (Figure 3-a) and PCC (R=
0.401, p=0.010) (Figure 3-b) of the psychosis group. A significant correlation between Glu
and Gly levels was found only in the PCC of healthy controls (#=0.636, p< 0.001) (Figure
3-b). In addition, we found relatively weak but significant positive correlations between
brain Glu and the PANSS General score (R =0.398, p=0.012), and between brain GPC
+PCh and the PANSS General score (R =0.338, p=0.035) in the region of ACC, but not in
PCC. Those results are presented in supplementary Figure S4. We note that the latter
correlations may be driven by skewed distribution in the PANSS General scores.

Subgroup analysis for antipsychotic drug effects

Table 3 summarizes the association between antipsychotic drug use and Glu and Gly™ levels
in two brain regions of the patients. In the ACC, there were no significant differences in Glu
(p=0.585) and Gly” levels (p = 0.205) between patients with and without antipsychotic
drug use, while there was a trend association (o = 0.081) between antipsychotic drug use and
Glu levels in PCC. In this instance, patients taking medication had lower Glu levels.
Additionally, Gly™ levels in the PCC were not significantly different between patients with
and without taking antipsychotic drug use (p=0.772).

Moreover, we found no significant lithium effects on Glu and Gly™ level in both brain
regions. Detailed results for lithium effects are provided in Supplementary Table S2.
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Discussion

In this study, we measured Glu and Gly levels using TE-averaged 1H-MRS in human brain
at 4T. The measured Glu and Gly levels were significantly higher in both brain regions in
patients with first-episode psychosis as compared to healthy controls. The findings were
similar between the SZ and BD groups. We also found clear and significant positive
correlations between Glu and Gly”™ levels in both brain regions among patients with
psychosis but not as clearly among healthy controls. This pattern of findings suggests that
early psychosis is characterized by abnormal and linked elevations in two endogenous
NMDAR agonists. These findings are consistent with a multi-hit hypothesis of risk for
psychosis, in which both glutamate and glycine levels are abnormal, or may possibly
indicate a compensatory response to underlying NMDAR hypofunction.

The most striking finding in this study is that we were able to document abnormal /n vivo
brain Gly levels in patients with psychosis. Although the two uncoupled methylene protons
of Gly exhibit a simple singlet resonance at 3.55 ppm in 1H MR spectra, reliable Gly
detection /n vivo with conventional 1H-MRS techniques is quite challenging. TE-averaged
1H-MRS as used in this study allows Gly detection by suppressing the dominant mins signal
that are greatly decreased due to J-coupling as well as T2 relaxation as TE is varied
systematically. There are to date no published reports of *H-MRS Gly measurement in
patients with psychosis. Gly is both a co-agonist at the NMDAR as well as a precursor to D-
Ser, the NMDAR co-agonist in forebrain. Occupancy of the glycine modulatory site on the
NMDAR is essential for neural plasticity and memory (32). Synaptic Gly concentrations are
tightly regulated by glycine transporters (33). Our finding of increased Gly levels in patients
with first-episode psychosis is somewhat unexpected, but it is consistent with previous
reports showing higher blood Gly, Glu, and serine levels in patients with SZ (34). Other
studies also reported significantly higher levels of Gly in CSF (35) and in mesial aspects of
temporal lobe of autopsied brain (36) in patients with SZ. Moreover, Heresco-Levy et al.
observed a negative correlation between serum glycine levels and prepulse inhibition (PPI, a
measure of sensorimotor gating) in SZ patients (23), indicating that patients with higher Gly
levels have reduced PPI, as usually observed in SZ patients. However a recent meta-analysis
found no observable differences in serum Gly levels between HC subjects and SZ patients
(37). Given that Gly has been used as an adjunctive treatment to enhance glutamatergic
neurotransmission and to ameliorate SZ symptoms (16), the higher brain Gly™ levels in
patients with psychosis observed in this study at first seem to be inconsistent with the
NMDAR hypofunction hypothesis. However, MRS cannot determine whether it reflects a
slower turnover, resulting in net accumulation, or increased synthesis, resulting in elevated
levels. Nevertheless, the results of recent genome wide association study revealed a dozen
risk genes that encode proteins that directly or indirectly affect NMDAR function or its
down-stream mediators (32). A parsimonious interpretation is that the elevated Gly™ levels
represent a failed attempt at compensating for genetically determined NMDAR
hypofunction. This interpretation is supported by the observation of the same pattern in
patients on and off treatment in this study; i.e. we see no evidence of normalization with
treatment indicating this may be a disease-related finding. Another possible interpretation of
our findings is that there might be malfunction of the enzyme converting Gly to D-Ser,
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leading to a build-up of Gly but deficiency in D-Ser levels (38). Future research would be
necessary to investigate how direct and indirect NMDAR agonist interventions affect brain
Gly levels.

Our finding of increased Glu levels in patients with first-episode psychosis is broadly
consistent with previous reports. For example, a study by Egerton et al. (2012) showed that
the GIu/Cr ratio in ACC of 15 patients with first-episode psychosis were significantly higher
compared to those in remission (25). The authors also found that higher Glu/Cr ratios in the
ACC were associated with greater negative symptoms and lower global functioning. Another
MRS study using a 3T MR scanner revealed that absolute Glu concentrations in the
associative-striatum of ultra high-risk and antipsychotic naive first-episode psychosis
patients were elevated compared to healthy controls (24). Although Bustillo et al. (2010)
observed no differences in Glu levels in the bilateral ACC, the left frontal white matter and
the left thalamus of a minimally treated SZ group, they did see elevation of the GIn/Glu ratio
in the bilateral ACC (39). Since GIn is a precursor and metabolite of Glu, GIn/Glu ratio may
be a good measure of glutamatergic neurotransmission (40). 1H-MRS studies measuring GIn
consistently showed elevation in the left ACC (41) and left thalamus (42) of antipsychotic
naive SZ patients. More recently, a meta-analysis of 1H-MRS studies in SZ showed
significant elevations in Glu in the basal ganglia, GIn in the thalamus, and Glu+GlIn (GIx) in
the basal ganglia and medial temporal lobe of patients (27). A meta-analysis of 1H-MRS
studies in BD revealed significant elevation of GIx in patients with BD as compared to HC
when all brain areas were combined (26). The finding remained significant in medicated and
non-medicated patients, and in frontal brain areas in adults (26). Our finding of elevated Glu
level in patients with psychosis replicates previous reports and suggests some perturbation of
the glutamatergic system that would need to be investigated by other means. Further study,
for example 13C-MRS technique, would be required to investigate Glu synthesis and release
in greater detail, because this technique permits direct quantitation of both Glu synthesis and
catabolism rates using 13C-labled tracers. 'H-MRS cannot provide direct information
regarding Glu neurotransmission but reflects the total amount of parenchymal Glu (i.e.,
metabolic and neurotransmitter pools of glutamate) within a specified VOI in the brain.
Lastly, in exploratory analyses we found significantly higher mins levels in ACC and PCC
as well as higher GPC+PCh levels in the PCC of patients with psychosis as compared to
healthy controls. The mins and GPC+PCh signals have been proposed as markers of glial
cell and membrane turnover, respectively, as those metabolites are mostly present within
glial cells rather than in neurons (43). Thus elevated mins and GPC+PCh levels in patients
with psychosis might be tentatively interpreted as glial activation. Moreover, we found a
significant positive correlation between Glu and mins levels in patients with psychosis (data
not shown). Since mins and GPC+PCh levels are elevated in several neuroinflammatory
disorders (44-46) our findings may motivate future studies on the relationship between
neuroinflammation and mins and GPC+PCh levels.

The present study has limitations. First, we were not able to reliably measure the Gln signal
using TE-averaged 1H-MRS, since the signals for GIn C3 and C4 protons are cancelled out
in TE-averaged spectra. Although one can estimate GIn levels by subtracting the integral of
the Glu signal at 2.35 ppm from that of the Glx signal at 3.75 ppm, this method is not likely
to be accurate. Simultaneous Glu and GIn detection methods such as J-modulated (47) or
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phase-adjusted echo time (PATE)-averaging MRS (48) would provide more detailed
information about glutamatergic metabolites in psychosis. Second, we cannot exclude
medication effects on Glu and Gly, levels since most of the patients participated in this study
were taking medication. However patients who were taking antipsychotic or lithium
medications showed no significant differences in Glu and Gly levels in either brain region
compared to those who were not taking these medications, suggesting that medication
effects do not account for our findings. Since the number of patients who were not taking
any antipsychatic or lithium medication was small, replication in a larger population would
be required to obtain a definitive finding. Third, differential T2 transverse relaxation effects
between patients and controls may influence spectral pattern of each TE-step. The
measurement of T2 for strongly coupled (e.g, Glu) and low concentration (e.g. Gly)
metabolites in the brain is extremely difficult in vivo. Although apparent T2 values of Glu in
healthy brain at 3 T (but not Gly) have been reported with 201 + 18 ms (49), there are no
reports about T2 values of Glu and Gly at 4 T. Further studies to investigate reliable
measurement of T2 values for those metabolites at 4 T are required in order to observe
possible differences between healthy controls and patients with psychosis. Lastly, the Gly
levels, estimated using the TE-averaged approach of this study, might be partially
contaminated by the mins signal. However, we found 23.8 % and 21.3 % elevations of Gly”
and mins levels, respectively, in the ACC of patients of psychosis patients (corresponding to
abouta 0.5 and 1.2 i.u. elevation in concentration, respectively). Thus, a very substantial
contamination from the mins signal would be needed to account fully for our finding of
Gly* elevation and that is inconsistent with previous reports showing that the mins
contribution was less than 2% of total Gly” signal in a 1:1 mIns/Gly mixture (20). Therefore
we suggest that our findings reflect a true Gly elevation in patients with psychosis, even
though we cannot completely rule out some contribution from mins.

In conclusion, we report abnormal brain Glu and Gly levels in patients with first-episode
psychosis by means of TE-averaged 1H-MRS at 4T, and that the pattern of our findings was
consistent with the involvement of NMDAR hypofunction in the pathophysiology of early
stage psychosis. Future research coupling these observations with intervention studies to
address these dysfunctions would be of great interest.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Partial volume maps of tissue subtypes (GM: gray color; WM: white color; CSF: dark gray

color) overlaid with reconstructed VOIs (yellow box) of 1H-MRS are shown (a: ACC, b:
PCC). And representative TE-averaged proton spectra obtained from ACC and PCC of
healthy control (c, d) and patient with psychosis (e, f) are also provided. Note that the Glu
signal at 2.35 ppm is clearly resolved from the GIn and NAA resonances, and the Gly signal
at 3.55 ppm is observed by suppressing the dominating mins signal.
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Metabolite levels in ACC (a) and PCC (b) in patients with first-episode psychosis (N=40)
and age-matched healthy controls (N=49) are shown. The quantifications were performed
with LCModel and the concentrations are calculated using the unsuppressed water signal as
an internal reference. The levels are expressed in institutional units (i.u.). The error bars
indicate standard deviations of measurements of each metabolite. Statistical analyses were
performed using Analysis of Covariance (ANCOVA) with sex as a covariate (significance
level: *p < 0.05, **p < 0.005, ***p < 0.001).
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The relationships between Glu and Gly levels in ACC (a) and PCC (b) in patients with first-
episode psychosis (black-filled circles) and healthy controls (open circles) are shown. The
Glu levels are positively correlated with Gly levels in both brain regions of patients with
psychosis (ACC: R =0.558, p< 0.001; PCC: R = 0.401, p=0.010), while a significant
correlation between these metabolites is observed only in PCC of healthy controls (R =
0.636, p< 0.001). Note that this figure presents data after correction for CSF contamination;
although there was no between-group difference in voxel composition, a small number of
participants with high CSF content in the MRS voxel show higher calculated Gly and Glu

concentrations.
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Table 1

Demographic and clinical characteristics of the subjects included in MRS analyses

Characteristics Healthy controls  Patients with first-episode psychosis Statistics
Age (years, mean + SD) 25.14 +5.86 23.62+4.73 +=1.167, p=0.203
Sex (M/F) 19/30 34/6 X2:25.2, p<0.05
Education (years, mean + SD) 16.08 +1.91 14.87 £ 2.04 £=2.379, p=0.530
Handedness (right/left) 4712 36/4 x%=1.227, p=0.268
PANSS

Positive - 10.31+5.12

Negative - 12.11+5.45

General - 24.85+7.75
YMRS . 5.00+7.17
MADRS - 8.10 +8.37
MCAS - 45.20 £6.74
CPZ equivalent - 127.32 +178.08
Lithium users (%) - 16 (40.0 %)
Antipsychotic users (%) - 26 (65.0 %)

All data are expressed as mean + SD.

Abbreviations: BMI, Body Mass Index; PANSS, Positive and Negative Syndrome Scale; YMRS, Young Mania Rating Scale; MADRS,
Montgomery-Asburg Depression Rating Scale; MCAS, Multnomah Community Ability Scale; CPZ, Chlorpromazine
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Relative Cramer-Rao Lower Bounds (CRLBs%) of Glu and Gly calculated by LCModel

Table 2

CRLBs (%)

Brain region Group
Glu Gly
ACC Healthy  549+2.01 12.77+5.41
Psychosis 517 +1.37 11.31+4.97
pCC Healthy 5.75+1.77 10.92 +2.46
Psychosis 5.87+1.64 12.25+3.73
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