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Introduction: Resistance to antipsychotic treatment is a 
significant clinical problem in patients with schizophrenia 
with approximately 1 in 3 showing limited or no response 
to repeated treatments with antipsychotic medication. The 
neurobiological basis for treatment resistance is unknown 
but recent evidence implicates glutamatergic function in 
the anterior cingulate cortex. We examined glutamate lev-
els of chronically ill treatment-resistant patients directly 
compared to treatment-responsive patients. Methods: 
We acquired proton magnetic resonance spectroscopy 
(1H-MRS) at 3 Tesla from 21 treatment-resistant and 
20 treatment-responsive patients. All participants had a 
DSM-IV diagnosis of schizophrenia. Treatment-resistant 
patients were classified using the modified Kane criteria. 
The groups were matched for age, sex, smoking status, 
and illness duration. Results: Glutamate to creatine ratio 
levels were higher in treatment-resistant patients (Mean 
[SD] = 1.57 [0.24]) than in treatment-responsive patients 
(Mean[SD]  =  1.38 [0.23]), (T[35]  =  2.34, P  =  .025, 
2-tailed), with a large effect size of d  =  0.76. A  model 
assuming 2 populations showed a 25% improvement in the 
fit of the Akaike weights (0.55) over a model assuming 1 
population (0.44), producing group values almost identi-
cal to actual group means. Discussion: Increased anterior 
cingulate glutamate level is associated with treatment-
resistant schizophrenia. This appears to be a stable neuro-
biological trait of treatment-resistant patients. We discuss 
possible explanations for glutamatergic dysfunction play-
ing a significant role in resistance to conventional anti-
psychotic treatments, which are all dopamine-2 receptor 
blockers. Our findings suggest that glutamatergic treat-
ments may be particularly effective in resistant patients 
and that 1H-MRS glutamate indices can potentially have 
clinical use.
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Introduction

All current first-line antipsychotics block dopamine-2 
(D2) receptors.1,2 However, approximately, a third of 
patients with schizophrenia show limited if  any response 
to first-line antipsychotic medications, despite high lev-
els of dopamine D2 receptor blockade.3–5 This has been 
termed as treatment-resistant schizophrenia.3 Although a 
number of criteria have been developed to define treat-
ment resistance, most clinical guidelines define it as an 
inadequate response to at least 2 trials of different first-
line antipsychotic medications.6,7

It has been proposed that treatment-resistant schizo-
phrenia patients do not respond to dopaminergic anti-
psychotic medication because their illness is not primarily 
characterized by a dopaminergic abnormality.8 Supporting 
this, they do not show the elevation in striatal presynap-
tic dopamine synthesis capacity, which is reproducibly 
associated with treatment-responsive schizophrenia.1,9 
Additionally, administration of the D2 antagonist halo-
peridol produced significant metabolic reductions in treat-
ment-resistant patients compared to responsive patients, 
suggesting that resistant patients might have reduced 
presynaptic dopamine reserve compared to responsive 
patients.10 Further support for the idea that treatment 
resistance is nondopaminergic comes from studies using 
drugs to deplete presynaptic dopamine stores.11–13 These 
studies have found no benefit from dopamine depletion in 
treatment-resistant patients, in contrast to the reduction 
in psychotic symptoms that is seen in most patients.
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Apart from dopaminergic abnormalities, glutamater-
gic abnormalities are also thought to contribute to the 
pathophysiology of schizophrenia. Proton magnetic res-
onance spectroscopy (1H-MRS) studies show that both 
high-risk and first-episode patients have elevated gluta-
mine and combined glutamate-glutamine (Glx) levels in 
the anterior cingulate cortex,14–18 while chronic patients 
show normalized or reduced glutamate-glutamine lev-
els.15,19–26 However, the published studies in chronic 
schizophrenia have generally focused on patients who 
were stable and excluded treatment resistance. There is 
recent evidence that elevated glutamate levels are related 
to treatment nonresponse.27–29 In a preliminary study, we 
found that treatment-resistant patients showed increased 
glutamate levels vs controls, but no difference in striatal 
dopamine synthesis capacity. In contrast, responders 
showed increased striatal dopamine synthesis capacity, 
but no difference in anterior cingulate glutamate levels 
compared to controls.27 .Elevated glutamate levels were 
found in nonremitted first episode patients compared 
to patients in remission in the anterior cingulate cor-
tex28 and left frontal lobe.29 If  elevated glutamate levels 
are found to be a stable neurobiological trait of treat-
ment resistance, they could be used to fast-track such 
patients to clozapine and/or towards newer glutamatergic 
compounds under current development. Thus, cortical 
glutamate levels, as measured with 1H-MRS, could be 
a potential biomarker for the stratification of treatment-
resistant and treatment-responsive patients.

In the present study, we used 1H-MRS to investi-
gate glutamate levels in the anterior cingulate cortex of 
chronically ill treatment-resistant patients directly com-
pared to treatment-responsive patients. The anterior 
cingulate appears to be an important region in regards 
to glutamatergic dysfunction and treatment response30 
while clozapine (as the only effective drug for treatment 
resistance) modulates its metabolic function differentially 
to haloperidol.31,32 Our preliminary study27 showed that 
resistant patients had increased anterior cingulate cor-
tex glutamate compared to controls, but lacked enough 
power to detect differences between the 2 clinical groups. 
In the present study we used a larger sample that would 
allow us enough power to detect such differences. Our 
main hypothesis was that treatment-resistant patients 
would show significantly increased anterior cingulate 
cortex glutamate when directly compared to treatment-
responsive. As an exploratory analysis we also used finite 
mixture modeling to assess whether glutamatergic indices 
as measured by 1H-MRS can potentially be informative 
as a clinical tool for patient stratification.

Methods

Subjects

The study was approved by the Institute of Psychiatry 
Research Ethics Committee. All subjects gave written 

informed consent to participate. Forty-one patients diag-
nosed with schizophrenia (as defined by DSM-IV crite-
ria) took part in the study. All patients were recruited 
and scanned within 14 months. Twenty-one patients were 
classified as treatment resistant using the modified Kane 
criteria.33 These require that patients had previously 
received at least 2 sequential trials of different antipsy-
chotics, each of at least 6 weeks’ duration at a daily dose 
of at least 400 mg of chlorpromazine (CPZ) equivalents,34 
but had shown inadequate response, including persistent 
psychotic symptoms. This was operationalized as having 
a rating of at least moderate severity on 1 or more items 
on the positive symptom subscale of the Positive and 
Negative Syndrome Scale (PANSS),35 and having a score 
< 59 on the Global Assessment of Functioning (corre-
sponding to at least moderate functional impairment) 
with no periods of symptomatic or functional improve-
ment over at least the preceding 6 months.

Twenty patients were classified as treatment responsive. 
These patients had responded to antipsychotic treatment 
and met the Remission in Schizophrenia Working Group 
criteria for treatment remission.36 They scored ≤ 3 on all 
items of the PANSS (corresponding to mild severity or 
questionable/no symptoms) and had not experienced a 
symptomatic relapse in the 6 months prior to the study. All 
treatment-resistant and 12 treatment-responsive patients 
were recruited from the South London and Maudsley 
NHS Trust. Eight treatment-responsive patients were 
recruited from the Central and North West London NHS 
Foundation Trust. One resistant patient and 2 respon-
sive patients were scanned that were also included in the 
Demjaha et al27 study.

Exclusion criteria were presence of a neurological con-
dition, comorbid psychiatric or physical illness, substance 
dependency/abuse (except nicotine), pregnancy, lack of 
capacity, contradictions to having an MRI scan, current 
or previous use of clozapine, and nonadherence to anti-
psychotic treatment. Adherence to medication was deter-
mined by clinical interview, reviewing pharmacy, and 
medical records. Patients were excluded if  there was evi-
dence of nonadherence at any point in the 6 months prior 
to the scan. To control for possible interactions of non-
antipsychotic medications with the glutamatergic system, 
patients were also excluded if  they had received additional 
psychotropic medications at any point 6 months prior to 
the scan. CPZ equivalents were determined as described 
in the Maudsley Prescribing Guidelines.37 Symptoms 
at the time of scanning were assessed using the PANSS 
scale.35

Data Acquisition and Analysis

Scanning was conducted on a Philips 3 Tesla Intera 
MRI scanner, using the same scanning procedures 
reported elsewhere.38 An initial localizer scan was fol-
lowed by acquisition of a whole-brain 3D-MPRAGE 
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scan (TR = 9.6 ms, TE = 4.5 ms, flip angle 8°, slice thick-
ness = 1.2 mm, 0.94 mm × 0.94 mm in plane resolution, 
150 slices). PRESS (Point RESolved Spectroscopy) data 
were then acquired (TE = 35 ms; TR = 3000 ms; 64 aver-
ages), utilizing the default “Excite” water suppression rou-
tine. Autoshimming was performed using a second-order 
pencil beam shim. The 3D-MPRAGE scan was used to 
position the 1H-MRS voxels. An anterior cingulate voxel 
(20 × 20 × 20mm) was prescribed from the midline sagittal 
slice, with the centre of the voxel positioned 13 mm above 
the anterior section of the genu of corpus callosum at 
90o to the AC-PC line (also see supplementary material). 
Before the acquisition of the 1H-MRS scan, 2 structural 
MRI and 4 functional MRI sequences were also acquired 
(data not reported here).

Data were analyzed using LCModel version 6.3.39 
A  standard basis set of 16 metabolites was used (com-
prising L -alanine, aspartate, creatine, phosphocreatine, 
GABA, glucose, glutamine, glutamate, glycerophospho-
choline, glycine, myoinositol, L-lactate, N-acetyl aspar-
tate, N-acetylaspartylglutamate, phosphocholine, and 
taurine), including simulated lipids and macromolecules 
as part of LCModel basis set that was acquired with the 
same field strength (3T), localization sequence (PRESS) 
and echo time (35 ms). Model metabolites and concen-
trations employed in the basis set are fully detailed in 
the LCModel manual (http://www.s-provencher.com/
pub/LCModel/manual/manual.pdf). Metabolite con-
centration estimates were expressed in ratio to total 
creatine (Cr) which is calculated as Cr plus phosphocre-
atine within LCModel. NAA was expressed as N-acetyl 
aspartate plus N-acetylaspartylglutamate, and choline 
as glycerylphosphorylcholine plus phosphocholinen 
(but not choline itself  as not typically quantifiable with 
these scanning parameters). Only metabolite concentra-
tion estimates associated with Cramer-Rao lower bounds 
(CRLB) <20% as reported by LCModel were included in 
the analysis. Additionally signal-to-noise ratio (S/N) ≥8 
and linewidth of <0.1 ppm were required for inclusion.

Statistical Analysis

Group differences in metabolite data, demographic and 
clinical data were assessed with an independent-sample 
t-test or Pearson’s χ2 as appropriate using Matlab 7.9 and 
SPSS 21 .software. Statistical significance was defined as P 
< .05, 2-tailed. Given our a priori hypothesis for a gluta-
mate increase in resistant compared to responsive patients, 
this contrast is reported uncorrected in relation to other 
metabolites of interest (Glx, NAA, choline, myo-inositol) 
while for differences these metabolites, a Bonferroni cor-
rection was applied with a threshold of P = .013 (α = .05/4 
for the 4 metabolites of interest). For data that were dif-
ferent between groups, metabolite comparisons were 
assessed with a linear regression where the differential 
variable was entered as a nuisance covariate. Additional 

post hoc correction for age was conducted irrespective of 
group differences as it has been previously shown to be 
associated with glutamate and glutamine levels.26

To control for potential group differences in tissue 
composition, we performed tissue segmentation within 
the anterior cingulate voxel (see supplementary mate-
rial). Since we only acquired water suppressed spectra 
referenced to creatine, main contrasts are reported with-
out tissue correction. A brain tissue correction was con-
duced post hoc. Cohen’s d was used as a measure of effect 
size. Correlations between metabolite levels and PANSS 
Positive, Negative, General, and Total scales were con-
ducted using Pearson’s correlation. To control for mul-
tiple comparisons, a Bonferroni correction threshold 
was set to P = .013 (α = .05/4 for the 4 PANSS scales). 
Residuals were tested for normality using the Shapiro-
Wilke Test and Cook’s distance test was used to assess 
the effect of potential outliers.

An exploratory finite mixture modeling for patient 
classification was implemented using Matlab 7.9 mixture 
model functions within the Statistics toolbox (see supple-
mentary material).

Results

Clinical and Demographic Data

21 patients were classified as treatment resistant (14 male 
and 7 female, mean age 41.2 ± 13.2) and 20 as treatment 
responsive (12 male and 8 female, mean age 39.2 ± 8.3). 
There were no differences between the 2 groups in sex, 
age, smoking, and illness duration (see table 1). The treat-
ment-resistant group had received a greater level of anti-
psychotic medication over the course of illness compared 
to the treatment-responsive group (t(35) = 2.50, P = .02). 
As expected, treatment-resistant patients had higher 
PANSS scores across all sub-scales (see table 1), which, 
however, was not statistically different across groups,  
P > .1

Table 1. Demographic and Clinical Characteristics of Patients

Responsive 
(n = 20)

Resistant 
(n = 21)

Sex (male/female) 12/8 14/7
Age, mean ± SD, y 39.2 ± 8 41.2 ± 13
Smoking (nonsmoker/smoker) 9/11 10/11
Ilness duration,mean ± SD,y 14.4 ± 6.7 14.6 ± 11.3
Medication dose (mg), mean ± SD, 
(chlorpromazine equivalent)

315.6 ± 246.1 682.5 ± 459.1a

PANSS-Positive, mean ± SD 10 ± 5 18 ± 6
PANSS-Negative,mean ± SD 11 ± 4 13 ± 4
PANSS-General,mean ± SD 22 ± 8 33 ± 9
PANSS-Total,mean ± SD 43 ± 13 65 ± 18

Note: PANSS, Positive and Negative Syndrome Scale.
aSignificant differences, t-test, 2-tailed, P < .05.

http://schizophreniabulletin.oxfordjournals.org/lookup/suppl/doi:10.1093/schbul/sbv151/-/DC1
http://www.s-provencher.com/pub/LCModel/manual/manual.pdf
http://www.s-provencher.com/pub/LCModel/manual/manual.pdf
http://schizophreniabulletin.oxfordjournals.org/lookup/suppl/doi:10.1093/schbul/sbv151/-/DC1
http://schizophreniabulletin.oxfordjournals.org/lookup/suppl/doi:10.1093/schbul/sbv151/-/DC1
http://schizophreniabulletin.oxfordjournals.org/lookup/suppl/doi:10.1093/schbul/sbv151/-/DC1
http://schizophreniabulletin.oxfordjournals.org/lookup/suppl/doi:10.1093/schbul/sbv151/-/DC1
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Spectra Quality

Over the course of  the study, water-scaled phantom 
data were acquired and did not provide any evidence 
of  significant scanner drift or other acute change 
(data not shown). Two patients from each group were 
excluded due to glutamate CRLB >20% and SNR <8. 
This reflected movement of  these patients in the scanner 
before 1H-MRS acquisition in relation to their position 
during the T1 scan that was used for voxel placement. 
This resulted in LCModel not being able to fit the spec-
trum adequately due to movement after voxel placement. 
Hence data from 19 treatment resistant and 18 respond-
ers were included in the final analysis. No differences 
were found between groups in any of  the spectra quality 
measures (see table 2).

Anterior Cingulate Metabolite Levels in Treatment-
Resistant and Treatment-Responsive Patients The Glu/
Cr ratio was significantly higher by 11% in the treatment-
resistant group compared to the treatment-responsive 
group t(35) = 2.34, P = .025, 2-tailed, with a large effect 
size of d = 0.76, (see figure 1). There was no difference 
between the 2 groups in other quantifiable metabolites of 
interest (see table 3). The difference between resistant and 

responsive patients remained significant after accounting 
for effects of medication dose, T(34) = 2.21, P < .05, brain 
tissue composition T(34) = 2.29, and age, T(34) = 2.26, P 
< .05. For completeness, we also correct Glu/Cr with a 
Bonferroni correction of P = .025 (a = 0.05/2 for Glu/Cr 
and Glx/Cr ratios). This remains significant in respect to 
Glx/Cr, for P = .025.

Metabolite Relationship to Symptoms and 
Medication Dose

We did not find any significant relationship between any 
of the metabolite levels and any of the scales of PANSS, 
either when collapsing across both groups or for each 
group separately. Furthermore, there was no significant 
correlation between the metabolite and antipsychotic 
dose (all correlations P > .1).

Patient Classification

First the distribution was fitted with Model 1 with a 
mean of 1.47 (ie, the mean of the whole distribution). 
Importantly, Model 2 produced values of 1.50 and 1.35 
for each population, corresponding closely to the actual 
Glu/Cr means for resistant and responsive patients (1.57 
and 1.38, respectively), also reflecting the same difference 
between the 2 groups (11% in the actual data and 10% for 
Model 2). Note that these values were produced from the 

Table 2. 1H-MRS Spectra Quality Measures (mean ± SD) in 
the Anterior Cingulate Cortex in Treatment-Responsive and 
Treatment-Resistant Patients

Responsive 
(n = 18)

Resistant 
(n = 19)

CRLB% CRLB%a

Glutamate/Cr 10.1 ± 2.6 10.6 ± 2.5
Glx/Cr 10.8 ± 2.9 10.2 ± 2.8
NAA/Cr 6.5 ± 1.7 5.7 ± 2.6
Choline/Cr 7.2 ± 2.4 6.8 ± 3.2
Myo-inositol/Cr 10.8 ± 4.3 10.1 ± 3.3
S/N 17.1 ± 2.4 16.6 ± 3.3
FWHM 0.053 ± 0.014 0.051 ± 0.016

Note: CRLB, Cramer-Rao Lower Bounds; Cr, Creatine; Glx, 
Glutamate plus Glutamine; NAA, N-acetylaspartate; S/N, signal-
to-noise ratio; FWHM, full-width-half-maximum.
aNo significant differences across any of the measures Ps > .1.

Table 3. 1H-MRS Metabolite Level Ratios (mean ± SD) in 
the Anterior Cingulate Cortex in Treatment-Responsive and 
Treatment-Resistant Patients

Responsive  
(n = 18)

Resistant  
(n = 19) Statistic

Glutamate/Cr 1.38 ± 0.23 1.57 ± 0.24 T(35) = −2.34, P = .02
Glx/Cr 2.01 ± 0.53 2.23 ± 0.51 T(35) = −1.27, P = .21
NAA/Cr 1.08 ± 0.19 1.15 ± 0.11 T(35) = −1.37, P = .19
Choline/Cr 0.23 ± 0.03 0.25 ± 0.03 T(35) = −1.89, P = .07
Myo-inositol/Cr 0.70 ± 0.13 0.75 ± 0.11 T(35) = −1.12, P = .26

Note: Cr, Creatine; Glx, Glutamate plus Glutamine; NAA, 
N-acetylaspartate.

Fig. 1. Placement of anterior cingulate cortex voxel (right panel) and representative sample 1H-MRS spectra (left panel).
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raw data set of all patients (both resistant and respon-
sive), without the inclusion of any priors for each group 
regarding mean, SD or distribution of the data. However, 
this model had an inclusion rate of 80% for the high 
glutamate group and 20% for the low glutamate group, 
hence it overestimated the high Glu/Cr population. Thus, 
accurate classification was not possible, probably due to 
a relatively small sample size not allowing more accurate 
classification. Model 3 (dummy model) produced means 
of 1.36, 1.33, and 1.64 for each population. Akaike 
weight for Model 1 was 0.44, for Model 2 it was 0.55, 
and for Model 3 was 0.02 (see figure 2, supplementary 
figure 1). Akaike weights ratio for Model 2 to Model 1 
was 1.25. This is a moderate evidence ratio, smaller than 
the recommended 2.7 when comparing 2 models to con-
clusively decide the best fit.40

Discussion

Glutamate Elevation in Treatment-Resistant Patients

Our results show, for the first time, that chronically ill 
patients with treatment-resistant schizophrenia show 
significantly elevated anterior cingulate cortex glutamate 
levels when directly compared to treatment-responsive 
schizophrenia patients. A previous study reported resis-
tant patients, but not responsive, showed elevated ante-
rior cingulate glutamate levels compared to controls, but 
no difference was found when directly comparing resis-
tant and responsive patients as that study was under-
powered.27 Other studies28 have found that nonremitted 
first-episode patients (but not meeting resistance criteria) 
show elevated anterior cingulate cortex glutamate levels 
compared to first-episode patients that show remission. 
Our study, extending the above, suggests that gluta-
matergic dysfunction plays a key role in antipsychotic 
treatment resistance, from early to chronic stages of the 
illness. In our sample, both patient groups had illness 
duration of approximately 14  years. Importantly, the 
resistant patients had never been treated with clozapine, 
which is the only known effective medication to address 
antipsychotic treatment resistance. In the UK clozapine 
is initiated approximately after 5  years since treatment 

resistance has been established,41,42 with similar time-
frames reported in other health systems.43–45 Thus, ele-
vated anterior cingulate glutamate appears to be a stable 
neurobiological trait in treatment-resistant patients, that 
is preserved after a number of treatment courses with dif-
ferent nonclozapine medications. Attenuation of gluta-
matergic dysfunction can be related to the effectiveness of 
clozapine in treatment-resistant patients. Animal studies 
have reported that clozapine shows specificity over halo-
peridol in modulating partial NMDA agonists glycine 
and serine,46,47 which have also been found to be deficient 
in treatment-resistant patients.48

This is consistent with the glutamate model of schizo-
phrenia, which suggests that NMDA type glutamate 
receptor hypofunction is a key component of the patho-
physiology of the disorder.49–52 Although initially coun-
terintuitive, elevated cortical glutamate seems to reflect 
compensation for N-methyl-d-aspartate (NMDA)-
receptor hypofunction due to increased GABA disinhi-
bition.53 It is unclear, however, what is the exact nature 
of glutamatergic dysfunction in relation to antipsychotic 
treatment resistance. Previous studies have shown that 
unmedicated first-episode patients before treatment 
show increased striatal glutamate compared to controls, 
and this is normalized after antipsychotic treatment54,55 
(though no such data exist with anterior cingulate mea-
surements). The patients in these studies were treated 
with risperidone, which has been shown to affect gluta-
matergic function56 In our sample the patients received a 
number of different antipsychotic medications (supple-
mentary table 1). This raises the interesting question of 
whether nonclozapine antipsychotic medications affect 
glutamate differentially. Animal research57 suggests that 
all antipsychotic medications affect glutamatergic func-
tion similarly, but the exact effects are still unknown.

As it pertains to treatment resistance, there are 2 main 
possibilities: (1) at first-episode stage, potentially resis-
tant patients have higher glutamate levels than patients 
who will become responsive and, thus, antipsychotic 
treatment alone is not sufficiently effective to normal-
ize their glutamate levels; (2) both resistant and respon-
sive patients initially have similar glutamate levels, but 

Fig. 2. Glutamate levels scaled to creatine in the anterior cingulate cortex for treatment-resistant and treatment-responsive patients. 
* = Resistant patients had significantly higher levels, t(35) = 2.34, P = .025, 2-tailed. Error bars represent SE of the mean.

http://schizophreniabulletin.oxfordjournals.org/lookup/suppl/doi:10.1093/schbul/sbv151/-/DC1
http://schizophreniabulletin.oxfordjournals.org/lookup/suppl/doi:10.1093/schbul/sbv151/-/DC1
http://schizophreniabulletin.oxfordjournals.org/lookup/suppl/doi:10.1093/schbul/sbv151/-/DC1
http://schizophreniabulletin.oxfordjournals.org/lookup/suppl/doi:10.1093/schbul/sbv151/-/DC1
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antipsychotic treatment does not have an effect on gluta-
matergic function on the resistant. Glutamate-dopamine 
interactions appear to be complex with no clear resolu-
tion on the primacy of each system to the other in the 
development of symptomatology (for review see58). If  
treatment-resistant patients have normal dopaminer-
gic function, it is possible that their symptoms develop 
through a nondopaminergic and predominantly glutama-
tergic pathway.59 Such interactions cannot be elucidated 
by the present study and warrant further investigations. 
In this context though, our findings are significant as, for 
the first time, we show that antipsychotic treatment resis-
tance in chronically ill patients is specifically associated 
with elevated cortical glutamate.

Relationship of Glutamate Levels With Clinical Symptoms

One of the aims of the study was to investigate whether 
elevated glutamate levels in treatment resistance were 
associated with positive symptoms. However, we did not 
find any correlations with any of the scales in PANSS. 
It has to be noted that such correlations are scarce in 
1H-MRS literature. Indeed such associations are not very 
common in 1H-MRS studies (for comprehensive reviews 
see60,61). The relatively narrow range of symptom scores in 
our groups, which will have reduced the power to detect 
correlations, indicates that we cannot exclude a Type II 
error accounting for the lack of significant associations 
between MRS measures and symptom scores. The use of 
more sensitive clinical scales and the inclusion of patients 
with a greater range of symptom scores in future studies 
will address this issue.

Finite Mixture Model Analysis

We conducted an exploratory analysis to investigate the 
potential of using glutamatergic indices to classify resistant 
and responsive patients. Using finite mixture modeling on 
the whole distribution of anterior cingulate cortex Glu/Cr 
values, a model that assumed 2 populations fitted the data 
25% better than a model that assumed a single population, 
though this reflected a trend and was not significant.

Importantly, we found that the 2-population model 
produced values for the high and low Glu/Cr populations 
that were remarkably similar to the actual Glu/Cr means 
of the resistant and responsive groups. Computationally, 
this shows that maximum likelihood estimates best con-
verge for 2 distributions around values almost identical 
to the actual means of the populations, even without 
any priors on means, sample distribution and SD. This 
suggests that significant information can be extracted 
from glutamate values as measured by 1H-MRS that 
could contribute to stratifying patients in future work. 
For instance, 1H-MRS glutamate measures can be used 
to inform machine learning classification models that 
could be later applied to first-episode patients to predict 

treatment response. The finite mixture model in our sam-
ple overestimated the inclusion of patients in the high 
Glu/Cr group and the weight ratio was modest, indicat-
ing that further work with larger sample sizes is necessary 
before the classification is sufficiently accurate for clinical 
use.

Limitations

One limitation of the present study is the possibility of 
glutamine contamination of the Glu/Cr was not able to 
provide accurate quanitification of glutamine. For spec-
tra with short TEs <40ms Glu and Gln peaks overlap 
by <30% in the 2.25–2.55 ppm range over which they 
are most distinct, and contribute around 90% and 10%, 
respectively, to the combined Glx signal.62 Based on this, 
the contamination of Glu by Gln in the present data is 
estimated as less than 10%. In our data, Glx/Cr ratio was 
not estimated for 29 out of 37 participants. This failure 
to quantify Gln is reflected as added noise in Glx/Cr sig-
nal. Although numerically the group difference was the 
same as the Glu/Cr ratio (10%), it did not reach statis-
tical significance due to larger SD compared to Glu/Cr. 
Nevertheless, as glutamine increases have been reported 
in schizophrenia16,19,63,64 future studies in treatment resis-
tance would benefit from studies at higher field strengths 
that allow accurate quantification of both glutamate and 
glutamine.

Furthermore, we used the ratio of  glutamate concen-
tration to total creatine as calculated by LCModel (ie, 
creatine plus phosphocreatine). It is a well-validated 
method implemented in LCModel that has shown to 
be resilient to signal-to-noise differences and increased 
sensitivity.65 This can be problematic if  the groups have 
different creatine levels, and since we did not have abso-
lute metabolite quantification we could not directly test 
that. In our dataset, all metabolite values were increased 
in the resistant group with differences ranging from 
4%–7% which could potentially reflect significantly 
lower creatine concentrations in treatment-resistant 
patients. However, similar elevations in other metabo-
lites apart from glutamate were reported for resistant 
patients in Demjaha et  al27 even though those values 
were referenced to water, while no creatine differences 
were found between resistant, responsive, and healthy 
control groups. Egerton et  al27 also reports similar 
metabolite elevations in nonremitted patients (both 
when referenced to creatine or water with no creatine 
differences between groups). In our data, only Glu/Cr 
ratio was found significant with a difference of  11%, 
almost twice larger than any other metabolite contrast. 
Although in the present study, we cannot completely 
exclude creatine differences, it is unlikely that the sig-
nificant glutamate elevation in the treatment-resis-
tant group can be attributed solely to creatine group 
differences.
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Another potential caveat was that antipsychotic 
doses were higher in the resistant patients, as is typi-
cally the case.41 However, we did not find any relation-
ship between antipsychotic dose and glutamate levels 
and the Glu/Cr difference between the 2 groups remained 
significant when using antipsychotic dose as a nuisance 
variable. Also, while the groups were well matched on 
demographic variables, it remains possible that there 
are residual confounders, such as socioeconomic, IQ, 
or education differences, which we did not measure. We 
also did not have a healthy control group, thus we can-
not elucidate on glutamatergic function of the patient 
populations. However, the main objective of the present 
study was to investigate differences directly between resis-
tant and responsive patients in glutamate as a potential 
marker of antipsychotic treatment resistance in chroni-
cally ill patients. No previous study has addressed this 
before with adequate group numbers to find a signifi-
cant glutamate difference when comparing resistant and 
responsive patients. Further studies could include con-
trols to test the differential effects in glutamate compared 
to treatment-resistant and treatment-responsive patients. 
Such information about the glutamate distribution in 
each population will elucidate the neurobiology of treat-
ment resistance and could potentially be used to inform 
future efforts for patient stratification. Finally, by nature 
of the cross-sectional design used in the present study, we 
cannot determine the causal relationship between gluta-
mate levels and treatment resistance. This question can be 
potentially resolved with a prospective design, measuring 
glutamate in medication-naïve patients and repeating it 
when treatment resistance has been determined.

Conclusion

Here we show that glutamatergic dysfunction is associ-
ated with chronic antipsychotic treatment resistance as a 
neurobiological trait of treatment-resistant patients. This 
suggests that medications that specifically target the glu-
tamatergic system may be particularly effective in such 
patients. Also, given that 1H-MRS is a quick, safe, and 
relatively cost-effective examination, it has potential as a 
clinical tool for early detection of treatment resistance so 
patients could be fast tracked to more efficient treatments 
such as clozapine or novel glutamatergic compounds. 
However, before this could be tested further prospective 
studies are deemed necessary to elucidate the nature of this 
glutamatergic dysfunction both before antipsychotic treat-
ment and in early stages of the disease after exposure to 
medication. This is a crucial next step to establish whether 
glutamatergic indices have the potential to be a biomarker.
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