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Introduction

Current antipsychotics fail to alleviate clinical symptoms in 
approximately one-third of patients with schizophrenia.1 This 
subtype is termed treatment-resistant schizophrenia, which is 
formally defined as having an inadequate response to 2 or 
more trials of first-line non-clozapine antipsychotics, despite 
sufficient dose and duration.2 Treatment-resistant schizophre-
nia represents a significant burden at the individual, familial 
and societal levels, and it is related to higher medical costs 
and a lower quality of life relative to the remission state.3 
Given that most antipsychotic medications are antagonists or 
partial agonists of dopamine D2 receptors,4 neural compon-
ents beyond dopamine may be fundamental neurobiological 

markers that contribute to explaining the pathophysiology of 
treatment-resistant schizophrenia.

Several studies have reported neurobiological abnormal-
ities in the anterior cingulate cortex (ACC) of people in 
stages of illness that include the high-risk state, first-episode 
psychosis, chronic schizophrenia and treatment-resistant 
schizophrenia.5–8 These studies suggested that abnormalities 
in this region may be fundamental to the pathophysiology 
of the schizophrenia spectrum. Thus, it is essential to in-
crease our understanding of this critical region to improve 
treatment strategies. 

The ACC has been implicated in various functions, such as 
decision-making, cognitive control and emotional process-
ing.9,10 These diverse functions reflect regional variations in 
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Background: Abnormalities in the anterior cingulate cortex (ACC) are thought to play an important role in the pathophysiology of 
schizophrenia. Given regional variations in ACC structure, the present study aimed to examine ACC structural subdivisions and their 
relationships to treatment resistance and glutamatergic levels in schizophrenia. Methods: This study included 100 patients with schizo-
phrenia and 52 healthy controls from 2 cohorts. We applied non-negative matrix factorization to identify accurate and stable spatial 
components of ACC structure. Between groups, we compared ACC structural indices in each spatial component based on treatment 
resistance or response and tested relationships with ACC glutamate + glutamine levels. Results: We detected reductions in cortical 
thickness and increases in mean diffusivity in the spatial components on the surface of the cingulate sulcus, especially in patients with 
treatment-resistant and clozapine-resistant schizophrenia. Notably, mean diffusivity in these components was higher in patients who 
did not respond to clozapine compared to those who did. Furthermore, these ACC structural alterations were related to elevated ACC 
glutamate + glutamine levels but not related to symptomatology or antipsychotic dose. Limitations: Sample sizes, cross-sectional find-
ings and mixed antipsychotic status were limitations of this study. Conclusion: This study identified reproducible abnormalities in ACC 
structures in patients with treatment-resistant and clozapine-resistant schizophrenia. Given that these spatial components play a role in 
inhibitory control, the present study strengthens the notion that glutamate-related disinhibition is a common biological feature of treat-
ment resistance in schizophrenia.
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ACC structure.9,11,12 The ACC can be divided into dorsal and 
rostral–ventral areas, which play key roles in cognitive and 
emotional processing, respectively.9,11,13 However, a compre-
hensive understanding of the different dimensions of ACC 
structure and its relationship to the pathophysiology of 
schizophrenia is still lacking. Notably, several studies using 
proton magnetic resonance spectroscopy (1H-MRS) have re-
ported elevated glutamatergic neurometabolite levels in the 
ACC in patients with treatment-resistant schizophrenia com-
pared to patients with an adequate response to antipsychot-
ics14,15 or to healthy controls.5,6,16 The hyperglutamatergic state 
is hypothesized to induce neuronal overstimulation and in-
crease intracellular calcium levels, resulting in a downstream 
cascade of events and ultimately leading to neuronal cell 
death or damage.17–19 Thus, glutamate-mediated excitotoxicity 
may contribute to structural alterations in patients with 
treatment-resistant schizophrenia.

In this study, we sought to investigate the complex structural 
architecture of the ACC in treatment-resistant or treatment-
responsive patients with schizophrenia and healthy controls. 
We adopted the approach recently described by Patel and col-
leagues,20 in which they used non-negative matrix factoriza-
tion (NMF) to investigate microstructural patterns in the hip-
pocampus — a complex neuroanatomical region. The 
advantage of NMF is non-negative constraint, which allows 
for a purely additive reconstruction and the ability to describe 
data as a sum of their parts. Components derived from NMF 
have improved specificity and reproducibility compared to 
commonly used methods such as principal component analy-
sis and independent component analysis.21,22 To capture the 
structural characteristics of the ACC comprehensively, we 
used vertex-wise indices derived from multimodal MRI as in-
puts for NMF. Notably, in addition to standard structural in-
dices such as cortical thickness and surface area, we included 
microstructural indices derived from diffusion MRI (fractional 
anisotropy and mean diffusivity) to further capture tissue 
micro structures.23 Patel and colleagues20 noted increased re-
producibility of NMF when using data from multimodal MRI 
rather than data from a single modality. Furthermore, we 
aimed to examine the relationship between glutamatergic 
neurometabolite levels and neuroanatomical characteristics of 
the ACC. We hypothesized that any neuroanatomical charac-
teristics that were altered in the treatment-resistant schizo-
phrenia group compared to the other groups would be re-
lated to glutamatergic levels. We also explored whether 
parcellated ACC structure might be related to symptomatol-
ogy and antipsychotic dose in patients with schizophrenia.

Methods

Tokyo cohort

The original study for the Tokyo cohort was approved by the 
ethics committees at Komagino Hospital and Keio University 
School of Medicine.6 All participants in this cohort were re-
cruited between 2017 and 2018 at Komagino Hospital follow-
ing the completion of an informed consent procedure. We in-
cluded 73 participants based on the completion of 

T1-weighted and diffusion MRI scans: 23 patients who did 
not respond to non-clozapine first-line antipsychotics (pa-
tients with treatment-resistant schizophrenia), 24 patients 
who did respond to first-line antipsychotics (responders to 
first-line antipsychotics) and 26 healthy controls. Inclusion 
and exclusion criteria for each group are described else-
where6,24 and in Appendix 1, available at www.jpn.ca/lookup/
doi/10.1503/jpn.210113/tab-related-content. Briefly, we de-
fined antipsychotic treatment response or resistance using the 
modified Treatment Response and Resistance in Psychosis 
Working Group Consensus criteria.2 

All participants were scanned in a 3 T GE Signa HDxt scan-
ner equipped with an 8-channel head coil, and T1-weighted im-
ages were acquired (BRAVO; repetition time 6.4 ms; echo time 
2.8 ms; inversion time 650 ms; flip angle 8°; field of view 
230 mm; matrix 256 × 256; slice thickness 0.9 mm). We collected 
1H-MRS using point-resolved spectroscopy (repetition time 
2000 ms; echo time 35 ms; spectral width 5000 Hz; 4096 data 
points; 128 water-suppressed and 16 water-unsuppressed aver-
ages; 8 numbers of excitation). Diffusion MRI data consisted of 
30 diffusion-weighted volumes with different noncollinear 
 diffusion directions, all with a b value of 1000 s/mm2, and 
5 diffusion-unweighted volumes with a b value of 0 s/mm2 
(repetition time 16 000 ms; echo time 71 ms; flip angle 90°; 
 matrix 128 × 128; slice thickness 2.5 mm).

Toronto cohort

The original study from Toronto was approved by the re-
search ethics board at the Centre for Addiction and Mental 
Health.5 All participants in this cohort were recruited be-
tween 2014 and 2018 at the Centre for Addiction and Mental 
Health following the completion of an informed consent 
procedure. We included 79 participants based on the com-
pletion of T1-weighted and diffusion MRI scans: 21 patients 
who did not respond to first-line antipsychotics and clo-
zapine (patients with ultra-treatment-resistant schizophre-
nia), 15 patients who responded to clozapine (responders to 
clozapine), 17 responders to first-line antipsychotics and 
26 healthy controls. Definitions of treatment response or re-
sistance are described elsewhere5,25,26 and in Appendix 1. In 
brief, as with the Tokyo cohort, we defined antipsychotic 
treatment response or resistance using the modified Treat-
ment Response and Resistance in Psychosis Working Group 
Consensus criteria.2 

We obtained T1-weighted images of all participants at the 
Centre for Addiction and Mental Health using a 3 T GE Dis-
covery MR750 scanner equipped with an 8-channel head coil 
(repetition time 6.74 ms; echo time 3.00 ms; inversion time 
650 ms; flip angle 8°; field of view 230 mm; matrix 256 × 256; 
slice thickness 0.9 mm). We obtained 1H-MRS data using 
point-resolved spectroscopy (repetition time 2000 ms; echo 
time 35 ms). Diffusion MRI data consisted of 30 diffusion-
weighted volumes with different noncollinear diffusion di-
rections, all with a b value of 1000 s/mm2, and 3 diffusion-
unweighted volumes with a b value of 0 s/mm2 (repetition 
time 8800 ms; echo time 82.4 ms; flip angle 90°; matrix 128 × 
128; slice thickness 2.0 mm).
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Clinical assessment

We assessed symptom severity using the Positive and Negative 
Syndrome Scale27 and the Clinical Global Impression Severity 
Scale.28 We assessed cognitive function using the Repeatable 
Battery for the Assessment of Neuropsychological Status.29

Data preprocessing

All participants completed 3 T MRI scans. We visually in-
spected all images for quality. We preprocessed T1-weighted 
images using the minc-bpipe-library pipeline (https://github.
com/CobraLab/minc-bpipe-library), including N4 correction30 
and neck cropping. We performed diffusion MRI data prepro-
cessing (including denoising31 and motion and eddy current 
distortion correction32) with Mrtrix3 software.33 After tensor fit-
ting, we estimated fractional anisotropy and mean diffusivity 
maps at each voxel using Mrtrix3’s tensor2metric function.34

In both cohorts, 1H-MRS voxels were positioned on an 
oblique sagittal image acquired parallel to the anterior 
commissure–posterior commissure line and an oblique sagit-
tal image acquired parallel to the head midline (voxel size 
9.0 mL). The tip of the voxel was placed on top of the most 
anterior part of the genu, parallel to the cingulate cortex (for 
details, see Appendix 1, Figure S1). Details of the 1H-MRS 
analyses are described in our previous studies.5,6 Briefly, we 
estimated metabolite levels using LCModel.35 Then, we cor-
rected for partial volume effects using tissue volume frac-
tions determined from segmented T1-weighted images. Spec-
tra with signal-to-noise ratios of 10 or less, full-width at half 
maximum of 10 Hz or more or percentage standard deviation 
values of 20% or more were deemed to be of poor quality and 
excluded from subsequent analyses. Among the participants 
whose data were included, we found no group differences in 
these measures. In the present study, the neurometabolite of 
interest was glutamate + glutamine (Glx), because our par-
ameters were not optimized for separating them.36,37

Extracting structural indices in the ACC

Detailed procedures to obtain neuroanatomical indices are de-
scribed in Appendix 1. Briefly, we performed cortical surface 
extraction using the CIVET processing pipeline (version 2.1.0; 
Montreal Neurological Institute), resulting in 40 962 vertices per 
hemisphere. We delineated a binary ACC mask using the com-
bination of caudal and rostral ACC defined by the Desikan 
Killiany–Tourville atlas,38 resulting in 1694 vertices (847 vertices 
per hemisphere). We extracted cortical thickness, surface area, 
mean diffusivity and fractional anisotropy values for each ver-
tex in the mask and used them as inputs for the NMF analysis.

Non-negative matrix factorization

In this study, we used an orthogonal variant of NMF, ortho-
gonal projective NMF (OPNMF).21,39 Details are described in 
Appendix 1. Briefly, OPNMF decomposes a given input ma-
trix of dimensions m × n into a component matrix (m × k) and a 
weight matrix (k × n), in which k is the number of components. 

These matrices are generated such that their multiplication re-
constructs the input matrix as well as possible by minimizing 
the reconstruction error between the original and recon-
structed inputs. In the present study, we performed OPNMF 
on an input matrix that contained vertex-wise cortical thick-
ness, surface area, mean diffusivity and fractional anisotropy 
values for the bilateral ACC (separately for each cohort).

To determine the optimal number of components, we as-
sessed both the accuracy and stability of OPNMF perform-
ance, following procedures in the literature.20 We assessed 
the former using the gradient of reconstruction error, and the 
latter using the similarity of output spatial components 
across varying splits of data. After splitting each cohort into 
2  based on age and disease categories, we performed 
OPNMF on each subgroup independently to obtain the com-
ponent matrix of each. We calculated the stability index as 
the average correlation coefficient across each row of the co-
sine similarity matrix of output spatial components between 
the 2 splits; 1 represented perfect stability, and −1 repre-
sented instability. We repeated the above procedure for 
10 random splits of data, for 2 to 10 components. To evaluate 
the reproducibility of OPNMF performance, we estimated 
the overlap between the OPNMF outputs of the 2 cohorts 
 using an adjusted Rand index. An adjusted Rand index of 1 
indicates perfect consistency of clustering performance; 
0 indicates inconsistency. Because we found that age and sex 
were related to structural indices parcellated by a 
4-component solution (for details, see Appendix 1), we con-
trolled the statistical analyses in this study by age and sex.

Statistical analysis

We compared demographic and clinical characteristics be-
tween groups using analyses of variance for continuous vari-
ables or χ2 tests for categorical variables.

First, we tested group differences of structural indices in 
each parcellated region using analysis of covariance, control-
ling for age and sex. We then conducted post hoc compari-
sons for indices in which analysis of covariance reached the 
level of significance in both cohorts. We restricted subse-
quent analyses by using ACC structural indices that showed 
significant group differences in both cohorts. Second, to test 
glutamatergic effects on structural alterations in treatment-
resistant schizophrenia, we tested the relationship between 
ACC structural indices and Glx, as well as their interactions 
with the groups, using analysis of covariance and control-
ling for age and sex. If we identified significant relation-
ships, we performed follow-up partial correlation analyses, 
controlling for age and sex. Third, using linear models, we 
explored the relationships between ACC structural indices 
and clinical measures, including subscale scores from the 
Positive and Negative Syndrome Scale (positive, negative 
and general psychopathology), total score from the Repeat-
able Battery for the Assessment of Neuropsychological Sta-
tus, age at onset, illness duration, chlorpromazine equivalent 
daily dose40 and clozapine daily dose in patients with schizo-
phrenia. Because most of the responders to first-line anti-
psychotics and responders to clozapine were in remission, 
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we tested relationships with Positive and Negative Syn-
drome Scale subscales only in patients with treatment- 
resistant or ultra-treatment-resistant schizophrenia. As well, we 
restricted testing of relationships with clozapine daily dose to 
only responders to clozapine and patients with ultra- 
treatment- resistant schizophrenia in the Toronto cohort. All 
analyses were corrected for multiple comparisons using 
false discovery rate (FDR) correction. Only FDR-corrected 
p values are reported in the present study.

Results

Participant demographics

In total, we included 100 patients with schizophrenia and 
52 healthy controls from the 2 cohorts. Participants’ demo-
graphics and clinical characteristics are shown in Appendix 1, 
Tables S1 and S2. The total score on the Repeatable Battery 
for the Assessment of Neuropsychological Status was dif-
ferent among patients with treatment-resistant schizophre-
nia, responders to first-line antipsychotics and healthy con-
trols in the Tokyo cohort, as well as among patients with 
ultra-treatment-resistant schizophrenia, responders to clo-
zapine, responders to first-line antipsychotics and healthy 
controls in the Toronto cohort. Among patients in the Tokyo 
cohort, total and all subscale scores on the Positive and 
Negative Syndrome Scale, score on the Clinical Global Im-
pression Severity Scale and chlorpromazine equivalent 

daily dose were higher in those with treatment-resistant 
schizophrenia than in responders to first-line antipsychot-
ics. In the Toronto cohort, these variables were higher in 
those with ultra-treatment-resistant schizophrenia than in 
responders to clozapine and responders to first-line anti-
psychotics. As well, clozapine daily doses were higher in 
those with ultra-treatment-resistant schizophrenia than in 
responders to clozapine.

Non-negative matrix factorization

The results of the stability analysis are shown in Appendix 1, 
Figure S2. In both cohorts, stability indices at k = 4 were above 
0.8. Moving from k = 4 to k = 5, we observed dramatic drop-offs 
in the stability index. For this reason, the 4-component solution 
was deemed a suitable choice for observing complex yet sta-
ble spatial patterns. In terms of accuracy, the gain in accuracy 
when moving from k = 4 to k = 5 was much less than when 
moving from k = 3 to k = 4. For k greater than 5, we observed 
a smaller change in the gradient from one component to the 
next. These observations suggested that at k = 4, the most 
prominent patterns were captured and that any added com-
plexity had a diminishing return on reconstruction accuracy. 
Accordingly, we used the 4-component solution for the sub-
sequent analysis. Figure 1 displays the 4-component solution 
for the ACC. The performance of OPNMF-derived spatial 
components was consistent between the Tokyo and Toronto 
cohorts (adjusted Rand index = 0.80).

Figure 1: Four-component solution for the ACC structure of (A) the Tokyo cohort and (B) the Toronto cohort. The panels display sagittal views 
of each ACC component for the 2 cohorts. ACC = anterior cingulate cortex.

A Structure-based parcellation using the Tokyo cohort

Component 1

Component 2

Component 3
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Component 2
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B Structure-based parcellation using the Toronto cohort
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Group comparisons of ACC structural indices

In the Tokyo cohort, the cortical thickness and mean diffusivity 
of all ACC spatial components differed significantly among 
groups (Appendix 1, Table S3). In the Toronto cohort, the corti-
cal thickness and mean diffusivity of components 1 and 2 were 
significantly different among groups (Appendix 1, Table S4). 
Taken together, the cortical thickness and mean diffusivity of 
components 1 and 2 were different among groups in both co-
horts. Figure 2 displays comparisons of the cortical thickness 
and mean diffusivity for components 1 and 2 between groups. 

Post hoc comparisons revealed that in the Tokyo cohort, 
the cortical thickness of components 1 and 2 was reduced in 
patients with treatment-resistant schizophrenia (component 1: 
t = 4.18, p < 0.001; component 2: t = 5.10, p < 0.001) and re-
sponders to first-line antipsychotics (component 1: t = 3.83, 
p  < 0.001; component 2; t = 4.29, p < 0.001) compared to 

healthy controls. As well, the mean diffusivity of component 
1 was increased in responders to first-line antipsychotics (t = 
2.58, p = 0.02) and patients with treatment-resistant schizophre-
nia (t = 3.55, p = 0.003) relative to healthy controls; the mean dif-
fusivity of component 2 was increased only in patients with 
treatment-resistant schizophrenia (t = 3.05, p = 0.011). 

In the Toronto cohort, the cortical thickness of both com-
pon ents was reduced in patients with ultra-treatment- 
resistant schizophrenia (component 1: t = 3.58, p = 0.003; com-
ponent 2: t = 4.11, p < 0.001) and in responders to clozapine 
(component 1: t = 3.57, p = 0.003; component 2: t = 4.36, p < 
0.001) compared to healthy controls. The mean diffusivity of 
both components was increased in those with ultra- 
treatment-resistant schizophrenia compared to responders to 
clozapine (component 1: t = 2.64, p = 0.039; component 2: t = 
2.93, p = 0.018), and to healthy controls (component 1: t = 
2.75, p = 0.039; component 2: t = 2.97, p = 0.018).

Figure 2: Significant differences of cortical thickness and mean diffusivity in spatial components 1 and 2 of the ACC in (A) the Tokyo cohort 
and (B) the Toronto cohort. *p < 0.05; **p < 0.01; ***p < 0.001. ACC = anterior cingulate cortex.
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Relationships with Glx levels

After performing quality assurance of the 1H-MRS data, 
we excluded 8 participants from the Tokyo cohort (3 with 
treatment-resistant schizophrenia, 4 responders to first-
line antipsychotics and 1 healthy control) from the analy-
sis. No participants were excluded from the Toronto co-
hort. Although the present study included only some 
participants who completed multimodal MRI, we confirmed 
elevated Glx levels in patients with treatment-resistant 
schizophrenia relative to healthy controls (p = 0.005) and 
in patients with ultra-treatment-resistant schizophrenia 
relative to healthy controls (p = 0.038), in line with previ-
ous studies.5,6 Analyses revealed that increased cortical 
thickness and reduced mean diffusivity in components 1 
and 2 were related to ACC Glx levels (Figure 3). In the 

Tokyo cohort, we found that the cortical thickness of com-
ponents 1 and 2 and the mean diffusivity of component 1 
were significantly related to ACC Glx levels (cortical thick-
ness of component 1: r = −0.396, p = 0.004; cortical thickness 
of component 2: r = −0.474, p < 0.001; mean diffusivity of 
component 1: r = 0.217, p = 0.049). The mean diffusivity 
of  component 2 did not reach significance (r = 0.202, p = 
0.054). We did not find any group interactions for these 
relationships. As well, in the Toronto cohort, all indices 
that were significantly different among the groups were 
related to ACC Glx levels (cortical thickness of component 
1: r = −0.212, p = 0.007; cortical thickness of component 2: 
r = −0.281, p = 0.002; mean diffusivity of component 1: r = 
0.233, p = 0.002; mean diffusivity of component 2: r = 0.244, 
p = 0.002). We did not find any group interactions for these 
relationships.

Figure 3: Relationships between cortical thickness and mean diffusivity in spatial components 1 and 2 of the ACC and Glx levels in (A) the 
 Tokyo cohort and (B) the Toronto cohort. Black lines indicate fitted linear models between structural indices and Glx levels. ACC = anterior cin-
gulate cortex; Glx, glutamate + glutamine. 
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Relationships with symptomatology and antipsychotic dose

Our exploratory analyses found no relationships between the 
cortical thickness and mean diffusivity of components 1 and 
2 and clinical variables, including symptomatology, age at 
onset, illness duration and antipsychotic dose. As well, con-
sistent with previous studies,5,6 ACC Glx levels were not re-
lated to these clinical measures.

Discussion

In the present study, we sought to investigate patterns of 
ACC structure, as assessed by T1-weighted and diffusion 
MRI, in treatment-resistant or treatment-responsive pa-
tients with schizophrenia and healthy controls using 
OPNMF. Based on a balance between stability and accu-
racy, we found 4 ACC spatial components that were repro-
ducible between the 2 cohorts. In both cohorts, we found 
reduced cortical thickness and increased mean diffusivity 
of these spatial components, which were located on the 
surface of the cingulate sulcus, especially in patients with 
treatment-resistant schizophrenia and ultra-treatment-
resistant schizophrenia relative to healthy controls. Fur-
thermore, in the Toronto cohort, we found increased mean 
diffusivity in these components in patients with ultra-
treatment-resistant schizophrenia compared to responders 
to clozapine. As well, these alterations were related to ele-
vated ACC Glx levels but not to symptomatology or anti-
psychotic dose.

Structural brain abnormalities in patients with schizo-
phrenia are some of the most consistently reported findings 
in the schizophrenia neuroimaging literature.41–43 The ACC 
is the region commonly reported to show abnormal struc-
ture and function in patients with the disorder across the 
various stages of illness.5–8 In line with these studies, we 
found reduced cortical thickness and increased mean diffu-
sivity in ACC subdivisions on the surface of the cingulate 
sulcus in patients with treatment-resistant schizophrenia or 
ultra-treatment-resistant schizophrenia compared to 
healthy controls. These alterations were suggestive of in-
creased synapse elimination and sparser axonal organiza-
tions in these components of the ACC in patients with 
treatment-resistant or ultra-treatment-resistant schizo-
phrenia.23,44 Supporting this finding, previous studies have 
noted reduced synaptic density in the ACC in patients with 
schizophrenia.45,46 Analyses revealed that these alterations 
in patients with treatment-resistant schizophrenia or ultra-
treatment-resistant schizophrenia were only in components 
on the surface of the cingulate sulcus (components 1 and 2) 
but not in those on the surface of the cingulate gyrus (com-
ponents 3 and 4). Evidence has suggested that areas on the 
surface of the cingulate gyrus play a role in interoception, 
and those on the surface of the cingulate sulcus play a role 
in the inhibition of action, pointing to functional differ-
ences in the region.12 Given the relationships we found 
with elevated Glx levels, our results suggest that glutama-
tergic dysfunction may lead to structural alterations in in-
hibitory control–related subdivisions of the ACC via the 

excitatory process. Limongi and colleagues demonstrated 
that glutamate levels in the dorsal ACC were negatively re-
lated to inhibitory influence on the excitatory population of 
the region in patients with first-episode psychosis.47 The 
present study strengthens the notion that disinhibition 
caused by glutamatergic dysfunction is a common bio-
logic al feature of treatment resistance to antipsychotics, in-
cluding clozapine.

In the Toronto cohort, we also found increased mean diffu-
sivity in these components in patients with ultra-treatment- 
resistant schizophrenia compared to responders to clo-
zapine. There are 2 possible mechanisms for this difference. 
First, the difference may exist before clozapine administra-
tion. A recent systematic review noted that higher prefron-
tal volumes before clozapine initiation are related to a bet-
ter response to clozapine.48 Our results are in line with this 
notion, because mean diffusivity is thought to reflect 
micro structural disorganization and disruption of cellular 
membranes.49 Therefore, mean diffusivity in the area may 
be a surrogate marker of treatment response or resistance 
to clozapine. Second, successful clozapine treatment may 
reduce the mean diffusivity of components 1 and 2 in re-
sponders to clozapine. Although we did not find any rela-
tionship with clozapine dose, previous studies have shown 
that clozapine administration led to altered brain structure 
and inflammatory processes.50,51 Taken together with the 
differences in mean diffusivity we found between those 
with ultra-treatment-resistant schizophrenia and respond-
ers to clozapine, we cannot exclude the possibility that clo-
zapine may alter brain structure only in responders to clo-
zapine. Because no robust neuroimaging correlates of 
ultra-treatment-resistant schizophrenia have been found 
thus far,52 future longitudinal studies that assess patients 
with treatment-resistant schizophrenia before and after clo-
zapine treatment are warranted.

We found no relationships between ACC structural indi-
ces and symptom severity, suggesting that symptom sever-
ity might not vary in association with ACC structures. On 
the other hand, the sample size of the 2 cohorts may not 
have been large enough to detect such relationships. Fur-
thermore, clinical heterogeneity (e.g., different antipsychot-
ics and medication adherence) might confound relation-
ships; future studies are warranted.

Limitations

Our findings should be interpreted in light of several limita-
tions. First, in both cohorts, the sample size of each group 
was relatively small. Future studies with a larger sample 
size may enable more precise parcellation. Second, each pa-
tient group consisted of patients taking different anti-
psychotics, which may have affected ACC structural organ-
ization differently. Third, diffusion MRI–derived indices 
(fractional anisotropy and mean diffusivity) are not specific 
to underlying biological changes.53 Future studies can take 
this into account by using advanced diffusion MRI–based 
modelling, such as neurite orientation dispersion and density 
imaging.54 Fourth, we did not assess detailed behavioural 
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phenotypes of the participants, and this prevented us from 
inferring the functional properties of each component. 
 Future studies are needed that link each component to broad 
behavioural dimensions to characterize functional proper-
ties. Finally, because of the nature of cross-sectional design 
and the greater clinical severity among those with treatment-
resistant schizophrenia or ultra-treatment-resistant schizo-
phrenia relative to other patient groups, we could not con-
clude whether our findings were a trait marker of treatment 
response or resistance in schizophrenia, or a state marker 
representing clinical severity in those with treatment-  
resistant or ultra-treatment-resistant schizophrenia.

Conclusion

Our main findings from the 2 cross-sectional cohorts were as 
follows: we found reduced cortical thickness and increased 
mean diffusivity in the spatial components on the surface of 
the cingulate sulcus in patients with treatment-resistant 
schizophrenia or ultra-treatment-resistant schizophrenia rela-
tive to healthy controls; we found increased mean diffusivity 
in these areas in patients with ultra-treatment-resistant 
schizophrenia compared to responders to clozapine; reduced 
cortical thickness and increased mean diffusivity in these 
components were related to elevated Glx levels in the ACC; 
and altered structural indices were not related to symptom-
atology or antipsychotic dose. Collectively, our results sug-
gest that the hyperglutamatergic state may lead to 
 disinhibition-related structural compromises seen in patients 
with treatment-resistant or ultra-treatment-resistant schizo-
phrenia. Going forward, studies are warranted that use a 
prospective design in patients with treatment-resistant 
schizophrenia before and after clozapine administration. An 
improved understanding of the ACC structural abnormal-
ities may aid in furthering our knowledge of the patho-
physiology of schizophrenia.
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