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Abstract
Background The neurobiology of psychotic depression is not well understood and can be confounded by antipsychotics. 
Magnetic resonance spectroscopy (MRS) is an ideal tool to measure brain metabolites non-invasively. We cross-sectionally 
assessed brain metabolites in patients with remitted psychotic depression and controls. We also longitudinally assessed the 
effects of olanzapine versus placebo on brain metabolites.
Methods Following remission, patients with psychotic depression were randomized to continue sertraline + olanzapine 
(n = 15) or switched to sertraline + placebo (n = 18), at which point they completed an MRS scan. Patients completed a second 
scan either 36 weeks later, relapse, or discontinuation. Where water-scaled metabolite levels were obtained and a Point-
RESolved Spectroscopy sequence was utilized, choline, myo-inositol, glutamate + glutamine (Glx), N-acetylaspartate, and 
creatine were measured in the left dorsolateral prefrontal cortex (L-DLPFC) and dorsal anterior cingulate cortex (dACC). 
An ANCOVA was used to compare metabolites between patients (n = 40) and controls (n = 46). A linear mixed-model was 
used to compare olanzapine versus placebo groups.
Results Cross-sectionally, patients (compared to controls) had higher myo-inositol (standardized mean difference 
[SMD] = 0.84; 95%CI = 0.25–1.44; p = 0.005) in the dACC but not different Glx, choline, N-acetylaspartate, and creatine. 
Longitudinally, patients randomized to placebo (compared to olanzapine) showed a significantly greater change with a 
reduction of creatine (SMD = 1.51; 95%CI = 0.71–2.31; p = 0.0002) in the dACC but not glutamate + glutamine, choline, 
myo-inositol, and N-acetylaspartate.
Conclusions Patients with remitted psychotic depression have higher myo-inositol than controls. Olanzapine may maintain 
creatine levels. Future studies are needed to further disentangle the mechanisms of action of olanzapine.
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Introduction

Psychotic features, such as delusions and hallucinations, 
occur in up to 20% of patients with major depressive dis-
order (MDD) (Coryell et al., 1996; Johnson et al., 1991; 
Maj et al., 2007; Ohayon & Schatzberg, 2002). Psychotic 
depression is associated with poorer outcomes including 
greater disability, increased suicide, and a higher rate of 
all-cause mortality compared to depression without psy-
chotic features (Coryell et al., 1996; Johnson et al., 1991; 
Maj et al., 2007; Vythilingam et al., 2003). The neurobi-
ology of psychotic depression is not well understood and 
there is a paucity of neuroimaging research in this disor-
der and no published magnetic resonance spectroscopy 
(MRS) studies to date.

Previous MRS studies indicate that non-psychotic 
depressed patients have lower levels of choline in the left 
dorsolateral prefrontal white matter (Wang et al., 2012), of 
myo-inositol in the dorsolateral prefrontal cortex (DLPFC) 
and anterior cingulate cortex (ACC) (Chiappelli et al., 
2015; Urrila et al., 2017), and lower creatine levels than 
controls (Moriguchi et al., 2019). An overview of the MRS 
studies in MDD showed that N-acetylaspartate, glutamate, 
creatine, and phosphocreatine demonstrated a trend of 
being downregulated (MacDonald et al., 2019); however, 
the findings were complex and inconsistent. In schizophre-
nia, there were significant elevations in glutamate + glu-
tamine (Glx) in the basal ganglia and medial temporal lobe 
but not in the medial prefrontal cortex (mPFC) or DLPFC 
(Merritt et al., 2016). A meta-analysis of antipsychotic-
naïve/free patients with schizophrenia showed lower tha-
lamic N-acetylaspartate but no differences in glutamate, 
choline, myo-inositol, N-acetylaspartate, or creatine levels 
in the DLPFC or medial prefrontal/temporal cortex com-
pared to controls (Iwata et al., 2018).

In relation to the treatment, Chen et al. found that Glx, 
N-acetylaspartate, and myo-inositol levels in the ACC were 
lower in patients with MDD compared to controls. These 
metabolite levels were normalized after the treatment with 
selective serotonin reuptake inhibitors (SSRI) (Chen et al., 
2009, 2014). Moreover, Zheng et al. noted that repetitive 
transcranial magnetic stimulation increased the prefron-
tal myo-inositol level in treatment-resistant depression. 
The authors also detected a positive relationship between 
clinical improvement and myo-inositol increase (Zheng 
et al., 2010). Similarly, significant increases of myo-ino-
sitol and creatine/phosphocreatine in the medial temporal 
lobe were found in the antipsychotic-treated group, but 
not in the drug-naïve group, in patients with first-episode 
schizophrenia spectrum disorder compared to controls 
(Wood et al., 2008). However, it is not known whether 

the pathophysiology of psychotic depression resembles or 
differs from the pathophysiology of non-psychotic MDD 
or psychosis in the left DLPFC (L-DLPFC) or dorsal ACC 
(dACC).

Patients with psychotic depression commonly receive 
treatment with a combination of antidepressant and antip-
sychotic medication, which complicates the interpreta-
tion of MRS studies because antipsychotic medications 
may affect neurometabolites. Studying participants in the 
presence and absence of antipsychotics is critical for dis-
ambiguating the effects of illness versus antipsychotics 
on metabolite levels. Moreover, antidepressant mecha-
nisms of action may interact directly or indirectly with 
antipsychotics. It may also provide new insights into the 
mechanisms of action of antipsychotic medications in 
individuals with psychotic depression.

The multi-center Study of the Pharmacotherapy of Psy-
chotic Depression (STOP-PD) II randomized controlled 
trial (RCT) (Flint et al., 2019) compared sertraline plus 
olanzapine (n = 64) with sertraline plus placebo (n = 62) 
on clinical outcomes in patients with psychotic depression 
who had attained remission with sertraline plus olanzapine 
(ClinicalTrials.gov Identifier: NCT01427608). STOP-PD 
II found that continuing olanzapine was associated with a 
lower risk of relapse. Moreover, the design of STOP-PD II 
provided a unique opportunity to investigate the effect of 
antipsychotics on brain structure, white matter microstruc-
ture, and functional connectivity via an integrated magnetic 
resonance imaging (MRI) study (Bingham et al., 2023; Neu-
feld et al., 2020, 2023; Voineskos et al., 2020). A subsample 
of participants in this MRI study completed MRS scans to 
better understand the pathophysiology of psychotic depres-
sion and to understand the mechanism of its treatment with 
olanzapine. We compared brain metabolite levels at the 
time of randomization in patients with remitted psychotic 
depression and non-psychiatric controls in the L-DLPFC 
and dACC. These regions of interest (ROIs) have been well 
investigated in previous studies and have particular impor-
tance for severe form of depression (Busatto, 2013; Foland-
Ross & Gotlib, 2012; Zhang et al., 2017). In the subset of 
patients who were able to complete their second scan, we 
conducted an exploratory longitudinal analysis, comparing 
change in brain metabolites in those randomized to pla-
cebo versus those randomized to continue olanzapine in 
conjunction with depression and delusion symptom sever-
ity. We hypothesized that we would find higher glutamate, 
choline, myo-inositol, N-acetylaspartate, and creatine levels 
in treated patients who achieved remission, based on the 
previous findings in depression and psychosis. Moreover, 
we hypothesized that patients randomized to placebo would 
exhibit a decrease in these metabolite levels compared to 
those who continued olanzapine.
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Methods

Participants and study design

Water-scaled MRS data were obtained from the National 
Institute of Mental Health (NIMH) funded STOP-PD II 
imaging study (R01 MH099167) conducted at the Centre 
for Addiction and Mental Health in Toronto (CAMH) 
and University of Massachusetts (UMass). Water-scaled 
data was not available from the Nathan Kline Institute 
nor University of Pittsburgh Medical Centre. The study 
was approved by each institution’s research ethics board/
institutional review board.

Detailed descriptions of the methods of the randomized 
clinical trial and the integrated neuroimaging study have 
been published (Flint et al., 2019; Voineskos et al., 2020). 
Briefly, patients between 18–85 years of age were eligi-
ble for STOP-PD II if they met Diagnostics and Statistical 
Manual of Mental Disorders (Fourth Edition, Text Revi-
sion) criteria for current MDD with at least one delusion 
(with or without hallucinations), had a severely depressed 
symptom with a total score of ≥ 21 on the 17-item Hamil-
ton Depression Rating Scale (Hamilton, 1960) (HDRS-17), 
had a score of 3 or higher (i.e., delusion definitely present) 
on the delusion severity item of the Schedule for Affec-
tive Disorders and Schizophrenia (SADS), and did not 
meet any exclusion criteria (see Supplemental Methods). 
STOP-PD II comprised three consecutive phases: acute, 
stabilization, and randomization. First, all participants 
received open-label acute treatment with sertraline (target 
dosage, 150–200 mg/day) plus olanzapine (target dosage, 
15–20 mg/day) for up to 12 weeks. Second, those who 
attained remission or near-remission received open-label 
stabilization treatment with sertraline plus olanzapine for 
8 weeks. Third, those who maintained remission or near 
remission and had a Mini-Mental State Examination score 
(Folstein et al., 1975) ≥ 24 were eligible for a 36-week 
double-blind RCT phase that compared the efficacy in 
preventing relapse of continuing sertraline plus olanzap-
ine (olanzapine group) versus switching to sertraline plus 
identically appearing placebo pills (placebo group). RCT 
participants were followed either for 36 weeks or until 
early termination due to relapse or discontinuation (Sup-
plemental Methods). For patients, neuroimaging data and 
clinical symptomatology score (i.e., HDRS-17 and SADS) 
were obtained at two time points: first, at the time of ran-
domization and then at the time of completion or early 
termination. Healthy controls aged 18–85 years (Supple-
mental Methods) completed one scan.

MRS data acquisition and processing

A Point-RESolved Spectroscopy (PRESS) sequence 
was utilized for 1H-MRS acquisition. Scanner models 
and acquisition parameters are provided in Table S1. 
MRS voxels were placed in the L-DLPFC (13.5  mm3 
[30 mm (AP) x 15 mm (RL) x 30 mm (SI)] for CAMH 
and 9.375  mm3 [25 mm x 25 mm x 15 mm] for UMass) 
and dACC (9.0  mm3 [30 mm x 20 mm x 15 mm] for 
both sites). The different voxel sizes for the L-DLPFC 
between sites were chosen due to the scanner configu-
rations. The dACC voxel was placed bilaterally over 
the midline to obtain sufficient voxel size within a 
limited scan time. The representative voxel place-
ment at each ROI and site is shown in Fig. 1a-1d. We 
analyzed water-suppressed spectra with LCModel 
version 6.3-0E (Provencher, 2001) to obtain the fol-
lowing metabolite levels: Glx, glycerophosphocho-
line + phosphocholine (Cho), myo-inositol, N-acet-
ylaspartate + N-acetylaspartylglutamate (total NAA 
[tNAA]), and creatine + phosphocreatine (Cr). The 
representative spectra at each ROI and site are shown 
in Fig. 1e-1h. We checked LCModel spectrum outputs 
quality. Water-scaled metabolite levels were corrected 
for voxel tissue composition (i.e., fGM, fWM, fCSF) 
(Gasparovic et al., 2006). A detailed description of 
these MRS data acquisition and processing is provided 
in the Supplemental Methods.

Statistical analysis

Baseline MRS with water-scaled data were obtained at 
CAMH and UMass. For the cross-sectional comparison 
between brain metabolite levels in patients with remitted 
psychotic depression and controls, we used an analysis of 
covariance with group (patient versus control) as the inde-
pendent variable, metabolite levels as the dependent vari-
able, and age, sex, and years of education as covariates. For 
the longitudinal comparison of MRS measures over time in 
the olanzapine versus placebo groups, a linear mixed-model 
regression was used, given that the interval between scans 
varied among patients. Time (in days) was included, and a 
treatment-group x time interaction was modeled, with age 
and sex as covariates. A fixed intercept was included, along 
with random intercepts to account for within-subject variabil-
ity. The data were analyzed from CAMH and UMass sepa-
rately and then harmonized meta-analytically. For multiple 
comparison corrections, the Bonferroni method was applied. 
Thus, a significance threshold of p < 0.0025 (= 0.05/20) was 
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applied for metabolite level comparison at each site, given 
that 5 metabolites × 2 ROIs × 2 sites were examined. Then, 
we averaged the effect sizes of the dACC data at the two sites 
by meta-analyzing them as a standardized mean difference 
(SMD) with a significance threshold of p < 0.01 considering 
5 metabolites. The L-DLPFC data were not meta-analyzed 
due to the different voxel sizes between sites. Pearson corre-
lation coefficients (two-tailed) were evaluated to examine the 
associations between 1) baseline metabolite levels and treat-
ment outcome/symptom changes, and 2) change in metabolite 
levels and symptom changes in the whole patient sample, as 
assessed with the change in HDRS-17 total score for depres-
sive symptoms and the SADS delusion score (Spitzer & 
Endicott 1979) for psychotic symptoms (Bonferroni correc-
tion applied). A detailed description of the statistical analysis 
is available in the Supplemental Methods.

Results

Cross‑sectional baseline brain metabolite levels 
in patients versus controls

The flow diagram of the participants included in this study is 
presented in Figure S1. The demographic and clinical character-
istics of the 40 patients and 46 controls are detailed in Table 1. 
Patients were older than controls (M = 53.3, SD = 13.9 versus 
M = 42.2, SD = 16.8; p = 0.002). The proportion of males was 
lower (35.0% versus 56.5%; p = 0.046) and the years of educa-
tion were shorter (M = 13.6, SD = 3.5 versus M = 15.9, SD = 2.8; 
p = 0.001) in patients than in the control group.

Site-specific data are presented in Table S3. As shown in 
Fig. 2, when the data were meta-analyzed, remitted patients 
with psychotic depression demonstrated higher myo-inositol 

levels in the dACC (SMD = 0.84; 95% CI = 0.25–1.44; p = 0.005; 
I2 = 41.1%) than controls after adjusting for age, sex, and years 
of education. Signal to noise ratio (SNR), full-width at half 
maximum (FWHM), Cramer-Rao lower bounds (CRLB), 
and fractions of the three tissue compartments were different 
between sites in the L-DLPFC due to the different voxel sizes 
(Table S4a), but they were comparable between patients and con-
trols within sites (Table S4b). When the analyses were limited to 
adults > 50 years of age, the results were similar (Fig. S2).

Longitudinal changes in metabolite levels 
in olanzapine versus placebo groups

Among the 33 patients who completed longitudinal MRS 
acquisitions, demographic and baseline characteristics were 
comparable in the olanzapine (n = 15) and placebo (n = 18) 
groups (Table 1).

The absolute changes in metabolite levels at each site 
are detailed in Table S5 and the treatment-group x time 
interaction is detailed in Fig. 3 and Table S6. There were 
no significant differences between groups in the changes of 
any metabolite levels in the L-DLPFC (Fig. 3a). However, 
there were significant changes in metabolite levels in the 
dACC that did not survive correction for multiple compari-
sons (Fig. 3b). For the CAMH and UMass data, the placebo 
group showed a greater change with a decrease in Cr than 
the olanzapine group. Additionally, for the UMass data, the 
placebo group showed a greater change with a decrease in 
myo-inositol.

When the estimates of the linear mixed-model were 
meta-analyzed, patients who switched to placebo showed a 
greater change with a decrease in myo-inositol in the dACC 
(SMD = 1.11; 95% CI = 0.20–2.01; p = 0.017; I2 = 27.2%), 
tNAA (SMD = 0.75; 95% CI = 0.02–1.49; p = 0.044; I2 = 0%) 
and Cr (SMD = 1.51; 95% CI = 0.71–2.31; p = 0.0002; 
I2 = 0%) levels than those who continued olanzapine (Fig. 4); 
the change in Cr levels survived after multiple comparisons. 
SNR, cerebrospinal fluid (CSF) fraction, and CRLB in the 
L-DLPFC were different between sites but SNR, FWHM, 
and three tissue compartment fractions in the dACC were 
comparable between sites (Table S4c). They were compa-
rable between longitudinal scans (Table S4d) or between 
groups (Table S4e) within sites.

In a sensitivity analysis restricted to patients who sustained 
remission during the follow-up (n = 19), the placebo group 
showed a decrease in Cr level (SMD = 1.88; 95% CI = 0.55–3.22; 
p = 0.005; I2 = 0%) in the dACC compared to the olanzapine 
group when the data were harmonized across sites, whereas none 
of the change in other metabolite levels differed significantly 
between groups (Table S7). In a sensitivity analysis restricted 

Fig. 1  Representative voxel placement and LCModel spectra. 
a-d  Representative voxel placement. The L-DLPFC voxel was 
placed parallel to the line connecting the superior frontal gyrus and 
the inferior frontal gyrus. The T1-images were acquired sagittally 
and reformatted to axial and coronal oblique images. The tip of the 
dACC voxel was placed on top of the anterior part of genu paral-
lel to the cingulate cortex. A sagittal image was acquired paral-
lel to head midline. The voxel dimensions (AP x RL x SI) were as 
follows. a  L-DLPFC (CMH): 30 × 15 × 30  mm3. b  dACC (CMH): 
30 × 20 × 15  mm3. c  L-DLPFC (MAS): 25 × 25 × 15  mm3. d  dACC 
(MAS): 30 × 20 × 15  mm3. e–h  Representative LCModel Spectra. 
e L-DLPFC (CMH). f dACC (CMH). g L-DLPFC (MAS). h dACC 
(MAS). Abbreviations. AP, anterior–posterior; Cho, glycerophospho-
choline + phosphocholine; CMH, Centre for Addiction and Mental 
Health; Cr, creatine + phosphocreatine; dACC, dorsal anterior cingu-
late cortex; Glx, glutamate + glutamine; L-DLPFC, left-dorsolateral 
prefrontal cortex; MAS, University of Massachusetts; mI, myo-
inositol; ppm, parts per million; RL, right-left; SI, superior-inferior; 
tNAA, N-acetylaspartate + N-acetylaspartylglutamate

◂
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to the placebo group (n = 18), patients who relapsed showed a 
decrease in Cho (SMD = 4.43; 95% CI = 1.83–7.03; p = 0.001; 
I2 = 0%), myo-inositol (SMD = 3.78; 95% CI = 1.44–6.11; 
p = 0.002; I2 = 0%), and tNAA (SMD = 3.37; 95% CI = 1.18–5.55; 
p = 0.003; I2 = 0%) levels in the dACC compared to those who 
sustained remission (Table S8). There were no significant cor-
relations between change in any metabolite level and change in 
the HDRS-17 total score (Table S9) or SADS delusion score 
(Table S10). Also, there were no associations between any metab-
olite levels at the time of randomization and the risk of relapse 
(Table S11), change in the HDRS-17 total score (Table S12) or 
SADS delusion score (Table S13).

Discussion

To our knowledge, this is the first MRS study to exam-
ine metabolite levels in vivo in patients with psychotic 
depression. Cross-sectionally, in remitted patients with 
psychotic depression compared to non-psychiatric con-
trols, we observed higher myo-inositol levels in the 
dACC. We did not find differences between groups in Glx, 
Cho, tNAA, and Cr. Longitudinally, patients randomized 
to placebo demonstrated a decrease in Cr levels in the 
dACC; the changes in metabolite levels were significantly 
greater compared to those who remained on olanzapine. 

Table 1  Characteristics of the participants at the baseline scan

Values are shown as N (%) or mean ± SD (range). Notes. a, Mann–Whitney U test was applied; b, for participants with complete longitudinal 
MRS scans only; c, item7 excluded; d, Fisher’s exact test was applied; e, n = 37 (L-DLPFC) and n = 39 (dACC); f, n = 42 (L-DLPFC) and n = 44 
(dACC); g, n = 14 (L-DLPFC) and n = 15 (dACC); h, n = 15 (L-DLPFC) and n = 16 (dACC); i, Not available because all the values were the 
same
Abbreviations. AIMS, Abnormal Involuntary Movement Scale; BAS, Barnes Akathisia Scale; CGI-S, Clinical Global Impression—Severity of 
Illness; CIRS, Cumulative Illness Rating Scale; CMH, Centre for Addiction and Mental Health; dACC , dorsal anterior cingulate cortex; HADS, 
Hospital Anxiety Depression Scale; HDRS-17, 17-item Hamilton Depression Rating Scale; L-DLPFC, left dorsolateral prefrontal cortex; MDE, 
major depressive episode; No, number; OLZ, olanzapine; SADS, Schedule for Affective Disorders and Schizophrenia; SAS, Simpson Angus 
Scale; SER, sertraline

Patients vs. Controls
  Characteristics Total (n = 86) Patients (n = 40) e Controls (n = 46) f p-value
  Age,  yearsa 47.4 ± 16.4 (18—78) 53.3 ± 13.9 (22 -78) 42.2 ± 16.8 (18—74) 0.002
  Sex, male 40 (46.5%) 14 (35.0%) 26 (56.5%) 0.046
  Site, CMH 47 (54.7%) 21 (52.5%) 26 (56.5%) 0.71
  Education, years 14.8 ± 3.3 (8—22) 13.6 ± 3.5 (8—22) 15.9 ± 2.8 (11—21) 0.001
  HDRS-17 total score NA 5.2 ± 3.5 (0—13) NA NA
  CGI-Sa NA 1.4 ± 0.7 (1—4) NA NA

Olanzapine vs. Placebo b

  Characteristics Total (n = 33) Olanzapine (n = 15) g Placebo (n = 18) h p-value
  Age, years 54.0 ± 13.6 (22—78) 53.6 ± 13.7 (34 -78) 54.3 ± 14.0 (22—71) 0.89
  Sex, male 12 (36.4%) 5 (33.3%) 7 (38.9%) 0.74
  Site, CMH 18 (54.5%) 9 (60.0%) 9 (50.0%) 0.57
  Education, years a 13.7 ± 3.7 (8—22) 14.1 ± 3.2 (9—20) 13.3 ± 4.1 (8—22) 0.45
  Entry status, outpatient 13 (39.4%) 8 (53.3%) 5 (27.8%) 0.13
  No. of lifetime suicide attempts a 0.8 ± 1.7 (0—8) 0.6 ± 1.0 (0—3) 0.9 ± 2.2 (0—8) 0.86
  Duration of current MDE, months a 11.1 ± 13.6 (0—72) 7.5 ± 5.7 (2—24) 14.2 ± 17.6 (0—72) 0.39
  Age of onset 37.4 ± 16.5 (8—68) 38.9 ± 12.7 (10—56) 36.2 ± 19.1 (8—68) 0.66
  HDRS-17 total score 4.8 ± 3.5 (0—12) 3.8 ± 2.3 (1—8) 5.6 ± 4.1 (0—12) 0.15
  CGI-S a 1.3 ± 0.7 (1—4) 1.1 ± 0.3 (1—2) 1.5 ± 0.9 (1—4) 0.06
  SADS delusion score 1 (0) 1 (0) 1 (0) NA i

  HADS anxiety total score 5.0 ± 3.8 (0—14) 5.4 ± 4.0 (1—14) 4.6 ± 3.8 (0—11) 0.56
  CIRS total score a 3.1 ± 2.6 (0—9) 2.5 ± 2.6 (0—7) 3.6 ± 2.5 (0—9) 0.22
  SAS total score a, c 1.6 ± 2.3 (0—8) 1.3 ± 2.2 (0—6) 1.8 ± 2.4 (0—8) 0.30
  BAS global clinical assessment 0 (0) 0 (0) 0 (0) NA i

  AIMS overall severity 0 (0) 0 (0) 0 (0) NA i

  Dose of SER, mg/day a 159.1 ± 29.2 (100—200) 156.7 ± 32.0 (100—200) 161.1 ± 27.4 (100—200) 0.70
  Dose of OLZ, mg/day a 14.7 ± 4.1 (5—20) 14.7 ± 4.4 (5—20) 14.7 ± 4.0 (10—20) 0.92
  Duration of follow-up, weeks a 24.4 ± 13.1 (2—34) 30.2 ± 7.8 (12—34) 19.3 ± 14.8 (2—34) 0.02
  Treatment outcome, relapse d 13 (39.4%) 3 (20.0%) 10 (55.6%) 0.08
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We did not find differences between treatment groups in 
the changes in Glx, Cho, myo-inositol and tNAA. Based 
on our results, we speculate that olanzapine may sustain 
remission from psychotic depression by maintaining Cr 
levels in the dACC.

Taken together, our findings may be explained by 
the glial cell disruption hypothesis in depression with 
respect to myo-inositol suppression. Myo-inositol is 
considered a glial cell marker since it is transported into 
astrocytes actively (Griffin et al., 2002) and is associ-
ated with osmoregulatory functioning in primary astro-
cytes (Isaacks et al., 1994) as well as neurons (Fisher 
et al., 2002) that contribute to the maintenance of brain 
volume. Myo-inositol levels are higher in glia than in 
neurons (Brand et al., 1993; Urenjak et al., 1993). Sev-
eral postmortem studies have demonstrated reduced glial 
density (Cotter et al., 2002; Rajkowska, 2000) in mood 
disorders, suggesting a histological basis of reduced myo-
inositol level in MDD and glial dysfunction. On the other 
hand, evidence from postmortem studies in patients with 
schizophrenia suggests an increase in microglia, a marker 
of neuroinflammation (Trepanier et al., 2016). However, 
these findings are based on comparisons of cultured neu-
ronal and glial cells, which do not have the same meta-
bolic and active transport phenotypes that are seen in 
mature neuronal and glial cells.

In human MRS studies in drug-free patients, low myo-
inositol level is reported in the ACC in unmedicated 
patients with MDD (Shirayama et al., 2017; Urrila et al., 
2017). Moreover, a recent meta-analysis showed a reduc-
tion in mPFC myo-inositol in schizophrenia (Das et al., 
2018). However, another meta-analysis that focused on 
antipsychotic-naïve/free patients found no differences in 
myo-inositol levels in the DLPFC or mPFC compared to 
controls (Iwata et al., 2018). This difference may come 
from the presence of antipsychotic treatment.

With respect to treatment-related metabolite change, previ-
ous studies have reported an increase in myo-inositol levels 
following treatment. Repetitive transcranial magnetic stimula-
tion increased prefrontal myo-inositol in treatment-resistant 
depression, which was associated with clinical improvement 
(Zheng et al., 2010). Moreover, Chen et al. reported that 
reduced Glx, N-acetylaspartate, and myo-inositol levels in 
the ACC were normalized after the treatment with SSRI in 

Fig. 2  Meta-analysis of metabolite levels in the dACC in patient ver-
sus control groups. Mean metabolite levels are estimated marginal 
means controlled for age and sex. A positive standardized mean dif-
ference indicates higher metabolite levels in patients compared to 
controls. Abbreviations. Cho, glycerophosphocholine + phosphocho-
line; Cr, creatine + phosphocreatine; dACC, dorsal anterior cingulate 
cortex; Glx, glutamate + glutamine; mI, myo-inositol; RE, random 
effect; SD, standard deviation; tNAA, N-acetylaspartate + N-acetylas-
partylglutamate

▸
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patients with MDD (Chen et al., 2009, 2014). Furthermore, 
treatment with antidepressants increased myo-inositol/cre-
atine level in the L-DLPFC in unmedicated patients with 
MDD (Kaymak et al., 2009). In relation to the antipsychot-
ics, an 8-week placebo-controlled trial of quetiapine did not 
find differences in myo-inositol level change in the ACC or 
L-DLPFC between the medicated and placebo groups in 
patients with bipolar depression (Chang et al., 2012).

In our study, we found higher myo-inositol levels in the 
dACC in remitted patients with depression compared to con-
trols. Our study focused on patients who attained remission 
after treatment with sertraline plus olanzapine. Higher myo-
inositol levels may reflect the consequence of this treatment, 
given that previous studies reported reduced myo-inositol 
levels in non-psychotic depression and not altered in psycho-
sis, and increases in myo-inositol levels after antidepressant 

Fig. 3  Metabolite level change in olanzapine versus placebo groups, 
treatment-group x time interaction. a L-DLPFC. b dACC. Metabolite 
levels at baseline and at the time of the second scan for each partici-
pant (which occurred either at remission, relapse, or discontinuation) 
are plotted in each panel. In the dACC, the placebo group showed a 
greater change than the olanzapine group with a decrease in myo-ino-
sitol (estimate ± standard error, -0.00465 ± 0.00165; t(12.1) = -2.82; 
p = 0.015) from the UMass data and a decrease in Cr from the CAMH 

data (-0.00528 ± 0.00148; t(16.4) = -3.56; p = 0.003) and UMass data 
(-0.00329 ± 0.00118; t(11.2) = -2.80; p = 0.017). Abbreviations. Cho, 
glycerophosphocholine + phosphocholine; Cr, creatine + phosphocre-
atine; dACC, dorsal anterior cingulate cortex; Glx, glutamate + glu-
tamine; I.U., institutional units; L-DLPFC, left-dorsolateral prefrontal 
cortex; mI, myo-inositol; tNAA, N-acetylaspartate + N-acetylaspartyl-
glutamate
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treatments. Future prospective studies are needed to eluci-
date the effects of antidepressants or placebo on the change 
in myo-inositol in relation to the treatment outcome, and to 
identify the role of myo-inositol in depression.

Our longitudinal analysis suggests that olanzapine main-
tains Cr level in the dACC of patients with remitted psy-
chotic depression. Creatine mainly plays a role in energy 
metabolism, osmoregulation, and neurotransmission (Rac-
kayova et al., 2017). Our study focuses on olanzapine, which 
is known to affect lipid metabolism (Spertus et al., 2018). 
Olanzapine is reported to increase the activity of mito-
chondrial respiratory chain complexes (Scaini et al., 2013), 
which works to generate adenosine triphosphate (ATP). 
Decreased ATP levels have been reported in the frontal 

lobes in antipsychotic-free patients with schizophrenia (Volz 
et al., 2000). The lack of phospholipids and impairments 
in energy metabolism is assumed to be associated with the 
pathophysiology and the therapeutic target of depression 
(Kalkman, 2006) and schizophrenia (Albert et al., 2002; 
Keshavan et al., 2003; Leppik et al., 2020). A recent compre-
hensive review (MacDonald et al., 2019) and a meta-analysis 
(Moriguchi et al., 2019) of MRS studies provided evidence 
for decreased creatine levels in MDD. Reduced phospho-
creatine level is also shown in patients with schizophrenia 
(Volz et al., 2000). In patients with first-episode schizophre-
nia spectrum disorder, significant increases of creatine and 
phosphocreatine in the medial temporal lobe were found in 
the antipsychotic-treated group, but not in the drug-naïve 

Fig. 3  (continued)
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group, compared to controls (Wood et al., 2008). In our sen-
sitivity analysis limited to patients who sustained remission, 
randomization to placebo was associated with a decrease in 
Cr compared to randomization to olanzapine; this suggests a 
direct effect of olanzapine rather than an effect of symptoms 
on Cr levels. Thus, olanzapine may play a role in maintain-
ing energy metabolism.

Another sensitivity analysis limited to patients who were 
assigned to placebo found that relapsed patients demonstrated 
a greater decrease in Cho, myo-inositol, and tNAA in the 
dACC compared to the sustained remission group. This is 
consistent with previous studies which reported that success-
ful treatment increased choline and myo-inositol levels (Sona-
walla et al., 1999; Zheng et al., 2010, 2015). However, we did 
not detect a significant correlation between the change in any 
metabolite levels and symptom severity score changes. Future 
investigations are required to establish relations between the 
metabolite level change and clinical outcomes.

Findings from this study should be considered in light 
of some limitations. First, we were unable to combine the 
data from all four sites because the excluded two sites did 
not have water-scaled data and the acquisition parameters 
such as TE and CRLB of each metabolite were different 
across sites. Therefore, we harmonized the effect size of 
the two sites meta-analytically. Since the tissue fractions, 
FWHM, and SNR were different across the two sites in 
the L-DLPFC due to different voxel dimensions, and fGM 
in this voxel was relatively low, our L-DLPFC findings 
should be interpreted cautiously. Moreover, dACC voxel 
was placed bilaterally, which would reduce the amount of 
gray matter and limits our ability to assess the laterality 
of effects. Second, the relatively small sample size may 
increase the risk of type II errors. For example, we found 
a trend level increase in Glx in the dACC in patients than 
controls (SMD = 0.43 [-0.01–0.87], p = 0.05, I2 = 0%). 
Third, we did not measure depression score in healthy 
individuals. They did not have any psychiatric diseases; 
however, it is possible that healthy controls can have 
subclinical depressive symptoms. Fourth, some findings 
were only present at one site. Fifth, there may be poten-
tial interaction between sertraline and olanzapine. Sertra-
line has a weak inhibition of CYP2D6. Active metabolite 

Fig. 4  Meta-analysis of metabolite level change in the dACC in olan-
zapine versus placebo groups. Estimates (Est.) are regression coeffi-
cients of time (in days) controlled for age and sex. A positive stand-
ardized mean difference indicates a metabolite level increase in the 
olanzapine group compared to the placebo group (i.e., a decrease in 
the placebo group compared to the olanzapine group). Abbreviations. 
Cho, glycerophosphocholine + phosphocholine; Cr, creatine + phos-
phocreatine; dACC, dorsal anterior cingulate cortex; Est., estimated 
regression coefficients (×  10–3); Glx, glutamate + glutamine; mI, myo-
inositol; OLZ, olanzapine; PBO, placebo; RE, random effect; SD, 
standard deviation (×  10–3); tNAA, N-acetylaspartate + N-acetylaspar-
tylglutamate
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2-Hydroxymethyl olanzapine is metabolized via CYP2D6; 
however, this is assumed to contribute less to olanzapine 
clearance. Finally, the documented effect of olanzapine on 
brain metabolite levels in this study may not be directly 
applicable to other antipsychotics or other illnesses such 
as bipolar disorder or schizophrenia.

Conclusion

Myo-inositol levels were higher in the dACC in remitted 
patients with psychotic depression compared to controls. 
Continuing olanzapine maintained Cr levels in the dACC. 
Future placebo-controlled studies with larger sample sizes 
are needed to confirm the findings from this study, and to 
examine the relationships between metabolite level changes 
induced by antipsychotics and their relationship with clini-
cal outcome.
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