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Background: The relationship between brain structural changes and cognitive dysfunction in schizophrenia is strong. However, few studies have investigated both neuroanatomical abnormalities and cognitive dysfunction in treatment-resistant schizophrenia (TRS). We examined neuroanatomical markers and cognitive function between patients with TRS or early-stage schizophrenia (ES-S) and healthy controls (HCs). Relationships between neuroanatomical markers and cognitive function in the patient groups were also investigated.

Methods: A total of 46 and 45 patients with TRS and ES-S and 61 HCs underwent structural magnetic resonance imaging (MRI) brain scanning and comprehensive cognitive tests. MRI scans were analyzed using the FreeSurfer to investigate differences in cortical surface area (CSA), cortical thickness (CT), cortical volume (CV), and subcortical volume (SCV) among the groups. Four cognitive domains (attention, verbal memory, executive function, and language) were assessed. Comparisons of neuroanatomical and cognitive function results among the three groups were performed.

Results: A widespread reduction in CT was observed in patients with TRS compared to HCs, but differences in cortical thinning between TRS and ES-S patients were mainly limited to the inferior frontal gyrus and insula. Several subcortical structures (accumbens, amygdala, hippocampus, putamen, thalamus and ventricles) were significantly altered in TRS patients compared to both ES-S patients and HCs. Performance in the verbal memory domain was significantly worse in TRS patients compared to ES-S patients. A positive relationship between the thickness of the left middle temporal gyrus and the composite score for language was identified in patients with ES-S.

Conclusions: Our findings suggest significant cognitive impairment and reductions in CT and SCV in individuals with TRS compared to those with ES-S and HCs. These abnormalities could act as biomarkers for earlier identification of TRS.
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INTRODUCTION

Previous research has shown that 20–30% of people with schizophrenia do not respond to treatment with antipsychotic medications (1), a condition known as treatment-resistant schizophrenia (TRS). The following consensus criteria for defining TRS were recently proposed: (1) for current symptoms, at least moderate severity with a duration of ≥12 weeks and at least moderate functional impairment and (2) for adequate treatment assessment of past responses, failure in at least two previous antipsychotic trials with a duration of ≥6 weeks at a therapeutic dosage equivalent to ≥600 mg of chlorpromazine per day (2). The social and economic burden of TRS is huge in that patients with TRS have high rates of smoking, alcohol abuse, substance abuse, and suicidal ideation. Annual costs are 3–11-fold higher in patients with TRS than those for general schizophrenia (3). This calls for urgent efforts to ensure the effective identification and treatment of such patients.

Research on neuroanatomical signatures of the brain is important for the identification and treatment of TRS. Previous studies on cortical thickness (CT) reported widespread reduction in patients with TRS compared to healthy controls (HCs) or additional reduction (dorso-lateral prefrontal cortex, or frontal, temporal and cingulate cortices) compared to non-treatment-resistant schizophrenia (NTRS) (4, 5). However, another study reported no difference between patients with TRS and controls at baseline (6). With respect to cortical volume (CV), several studies have demonstrated greater reductions in multiple regions in TRS (4, 7, 8). One systematic review of brain imaging studies of TRS indicated that the most-replicated finding was a greater reduction in gray matter in resistant patients, predominantly in frontal areas, compared with responsive patients (9). In terms of subcortical volume (SCV), reduced volumes of the globus pallidus, hippocampus, striatum, and thalamus have been reported in TRS (10, 11). However, conflicting results of comparisons have ranged from no difference to greater corpus callosum volume in TRS (12, 13). The inconsistent findings may be due to adopting different criteria for defining TRS causing heterogeneity of the participants. Hence, to resolve this issue, more research adopting the consensus criteria for TRS is needed. Another important consideration in TRS research is to choose an appropriate patient group to be compared. Most of previous studies used patients with NTRS as comparison group. Nevertheless, as we were more interested in preventing deteriorating progression from early-stage of illness to chronic resistant stage, patients with early-stage schizophrenia were chosen as comparison group.

Cognitive impairment, a core clinical feature of schizophrenia, is considered a strong predictor of long-term prognosis in patients (14). Some have proposed including cognitive impairment and global functioning in definitions of TRS (15, 16). Several studies investigating cognitive functioning in TRS reported overall cognitive impairment compared to NTRS, including poorer performance on tests of verbal abilities, memory, learning (17, 18), and attention (19) and lower processing speed, verbal fluency, cognitive flexibility, and executive function (20). In schizophrenia, subcortical structures (21) as well as cortical gray matter volume and CT (22) are associated with cognitive deficits. However, current evidence supporting the existence of relationships between neuroanatomical abnormalities and cognitive dysfunction in TRS is scarce. Previous studies reported an association between working memory deficits and lower hippocampal volume (10) and Stroop interference and myelin water fraction in the corpus callosum in TRS (23).

The aims of this study were to investigate neuroanatomical markers and cognitive dysfunction differentiating patients with TRS from those with early stage schizophrenia (ES-S) and HCs. In addition, we sought to explore the relationships between neuroanatomical abnormalities and cognitive function. We hypothesized that neuroanatomical abnormalities and cognitive dysfunction of patients with TRS and association of these two deficits would be more remarkable compared to patients with ES-S as well as HCs.



MATERIALS AND METHODS


Participants

The study included 152 subjects comprising 46 patients with TRS, 45 patients with ES-S, and 61 HCs. The diagnosis of schizophrenia was based on the Diagnostic and Statistical Manual of Mental Disorders-5 (24), and each patient's diagnosis was decided on a consensus basis between the patient's physician and one of the study's authors. The exclusion criteria for patients were as follows: (a) alcohol or substance use disorder; (b) intellectual disability (IQ ≤70); (c) current or past neurological disease, serious medical illness, or pregnancy; and (d) claustrophobia. We matched the age, sex, and education level of two patient groups. Trained psychiatrists performed clinical evaluations using the Positive and Negative Syndrome Scale (PANSS) (25).

Treatment resistance was defined by the following criteria: (1) failure to respond to at least 6-week trials of at least two different antipsychotic medications administered in adequate doses (equivalent to at least 600 mg/day of chlorpromazine [CPZ]) and (2) persistence of clinically relevant positive or negative symptoms (at least one positive or negative symptom with a PANSS score of 4 or more) (26). We adopted these criteria from the minimum requirement, not the optimum requirement suggested by the treatment response and resistance in psychosis (TRRIP) working group consensus guidelines (2) and other guidelines (27). The second criterion was not applied to patients on clozapine because some of them did not have persistent positive or negative symptoms and were also considered as TRS in other study (28). The ES-S diagnoses included schizophrenia and schizophreniform disorder with an illness duration of 5 years or less. Antipsychotic doses at the time of assessment were standardized using the defined daily dose (DDD) following the guidelines available at http://www.whocc.no/atc_ddd_index (29). Among TRS patients, 26 were on clozapine alone (n = 2) or clozapine plus other antipsychotics and 20 were on no-clozapine in either single (n = 2) or combination. Among ES-S patients, 22 were antipsychotic-naïve (n = 12) or -free (n = 10). HCs were recruited through advertising and then interviewed using the non-patient version of the Structured Clinical Interview for DSM-IV (SCID-IV) (30). The exclusion criteria for HCs were the same as the patient group except that there should be no first-degree relative suffering from mental disorders. The age, sex, and education level of HCs were matched to those of patients. All patients were recruited at Jeonbuk National University Hospital and volunteered to participate in the study; all provided written informed consent. This study has been approved by the Ethics Committee of Jeonbuk National University Hospital (approval number: CUH 2012-08-001).



Cognitive Test

Computerized neurocognitive tests (MaxMedica, Inc., Seoul, Korea) were administered to each subject within 1 month before a magnetic resonance imaging (MRI) scan. There was a no significant change in clinical status between cognitive assessment and MRI scanning. The cognitive domains of attention, verbal memory, executive function, and language were evaluated using the auditory continuous performance test (A-CPT), a verbal learning test, the Wisconsin Card Sorting Test (WCST), and a word-fluency test, respectively. Composite z-scores for each cognitive domain were calculated using the mean and standard deviation of HCs.

The scores for commission error and perseverative error were reversed so that better performance was indicated by positive z-scores. The domain composite scores constituted the average z-scores of (1) correct responses and commission errors for attention; (2) total recall (A1–A5), learning slope (A5–A1), and delayed recall at 20 min for verbal memory of 15 words; (3) categories completed and perseverative errors for executive function; and (4) tests on animals, stationery, ⌝, ⋏, and ° for language. Global cognitive function was calculated by averaging the z-scores of the four cognitive domains.



MRI Scan Acquisition and Preprocessing

Three-dimensional T1-weighted images were obtained using magnetization-prepared rapid gradient echo (repetition time: 1,900 ms, echo time: 2.5 ms; flip angle: 9°; field of view: 250 mm2; image matrix: 256 × 246 mm; voxel size = 1.0 × 1.0 × 1.0 mm3; 176 slices) at Jeonbuk National University Hospital on a 3T Verio scanner (Siemens Magnetom Verio, Erlangen, Germany) using a 12-channel standard quadrature head coil.

Cortical surface reconstruction and volumetric segmentation of each subject's T1-weighted volumetric images were performed using FreeSurfer 6.0.0 (http://freesurfer.net/fswiki) (31). This resulted in a white matter and pial (i.e., gray matter) surface mesh for each subject. The Desikan–Killiany and aseg atlases were used for cortical and subcortical segmentation, respectively. Following visual quality checks (https://sites.bu.edu/cnrlab/lab-resources/freesurfer-quality-control-guide/), inaccuracies were manually edited using the voxel edit and recon edit tools in Freeview software and then corrected by reprocessing. Vertex-wise measures of cortical surface area (CSA) and CT as well as the CV, SCV, and intracranial volume (ICV) were estimated.



Statistical Analyses

For demographic and clinical characteristics, we performed one-way ANOVA, t-tests, or Chi-square tests (as appropriate) using SPSS version 20.0 (SPSS, Inc.). Statistical significance was set at p < 0.05.



Whole-Brain Analysis

Given potential effects of antipsychotics on brain structure (32, 33), we included CPZ equivalent as a covariate for CSA and CT, and CPZ equivalent and ICV as covariates for CV and SCV comparisons among the three groups. Patients with antipsychotic-naïve or -free state and all controls were given a chlorpromazine equivalent score of zero (34). All p-values in the ANCOVA and post hoc tests were corrected for multiple comparisons using a false discovery rate (FDR) correction threshold of q = 0.05. Only corrected results are presented. The percentage difference in CT between two groups was obtained using the formula [(thickness of group 1 (mm) – thickness of group 2 (mm)/thickness of group 2 (mm) × 100]. For CV and SCV, relative (%) volume [(absolute volume (cm3)/ICV (cm3) × 100] was calculated to control for subject head size, and the percentage difference between two groups was estimated using the same formula as for CT.



Correlation Analysis

To assess the association between PANSS or cognitive function scores and structural measures of the brain regions where pairwise group differences were found, we performed partial correlation analyses with age, sex, and the CPZ equivalent as covariates for the TRS and ES-S groups. All p-values were corrected for multiple comparisons using the FDR correction threshold of q = 0.05.



Subgroup Analysis

One study suggested that brain atrophy and CT in TRS may be contributed to by switching to clozapine treatment (6). Hence, to explore differential effects of clozapine vs. other atypical antipsychotics on structural measures in TRS, we divided participants into clozapine (n = 26) and no-clozapine (n = 20) groups depending on the type of medication at the time of scanning. Whole-brain analyses were repeated separately in the clozapine and no-clozapine groups. Comparison of clozapine and no-clozapine groups was also performed.




RESULTS


Demographic and Clinical Characteristics and Cognitive Measures

No significant differences in age, sex, and education level were found among the TRS, ES-S, and HC groups. The TRS group exhibited a significantly younger age of onset, longer duration of illness (DI), greater CPZ equivalent dose, and higher negative PANSS subscores compared to the ES-S group. Twenty-two patients with ES-S were antipsychotic-naïve or -free at the time of the investigation. A comparison of the clozapine and no-clozapine groups is shown in Supplementary Table S6. Regarding the cognitive measures, both patient groups exhibited worse global cognitive function than did HCs. For the verbal memory domain, the composite score of the TRS group was significantly lower than that of the ES-S group (Table 1).


Table 1. Demographic and clinical characteristics and cognitive measures of patients with TRS and ES-S, and HC.
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Whole-Brain Analysis

There were significant differences in CT among the three groups in the frontal (caudal and rostral middle frontal gyrus, lateral orbitofrontal cortex, pars opercularis, pars orbitalis, and pars triangularis), temporal (banks of the superior temporal sulcus, superior temporal gyrus, middle temporal gyrus, and inferior temporal gyrus), and parietal regions (inferior parietal cortex and supramarginal gyrus) and in the posterior cingulate cortex and insula. In the subsequent post hoc analyses, significantly greater reductions in the right pars opercularis (t = −3.617, p < 0.001), left pars triangularis (t = −3.331, p = 0.034), and left insula (t = −3.082, p = 0.045) were observed in the TRS group compared to the ES-S group. A comparison of TRS and HC groups revealed that all regions were significantly decreased in the TRS group. Significantly greater reductions in the right rostral middle frontal gyrus (t = −4.100, p < 0.001), right pars opercularis (t = −2.907, p = 0.045), right superior temporal gyrus (t = −3.096, p = 0.034), right inferior temporal gyrus (t = −3.472, p = 0.034), right inferior parietal cortex (t = −2.863, p = 0.049), and right supramarginal gyrus (t = −1.131, p = 0.034) were observed in the ES-S group compared to HC group (Table 2; Supplementary Figure S1).


Table 2. Comparison of cortical thickness among patients with TRS (n = 46) and ES-S (n = 45), and HC (n = 61).
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The SCV differed significantly among the three groups in the accumbens area, amygdala, hippocampus, putamen, thalamus proper, lateral ventricle, inferior lateral ventricle, and third ventricle. In the post hoc analyses, compared to the ES-S group, significantly greater reductions in all regions with significant differences among the three groups except the hippocampus were observed in the TRS group [accumbens area (right: t = −2.928, p = 0.016), amygdala (left: t = −2.671, p = 0.024), putamen (right: t = −3.838, p < 0.001), thalamus proper (left: t = −3.015, p = 0.013), lateral ventricle (left: t = 4.061, p < 0.001), inferior lateral ventricle (left: t = 4.083, p < 0.001; right: t = 2.854, p = 0.018), and third ventricle (t = 3.062, p = 0.013)]. Compared to the HCs, significantly greater reductions in all regions that were significantly different among the three groups except the accumbens area were found in the TRS group [amygdala (left: t = −3.430, p = 0.004), hippocampus (right: t = −3.016, p = 0.010), putamen (right: t = −3.134, p = 0.007), thalamus proper (left: t = −3.648, p < 0.001), lateral ventricle (left: t = 3.619, p < 0.001), inferior lateral ventricle (left: t = 5.196, P < 0.001; right: t = 3.880, p < 0.001), and third ventricle (t = 3.725, p < 0.001)]. No significant differences were found between the ES-S group and HCs (Figure 1; Supplementary Table S1). The CSA and CV did not differ significantly among the three groups at the uncorrected level.
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FIGURE 1. Comparison of subcortical volume among patients with treatment-resistant schizophrenia (TRS) and early-stage schizophrenia (ES-S), and healthy controls (HC). *p < 0.05; **p < 0.01 in post-hoc test.




Correlation Analysis

We found a significant positive relationship only between the CT of the left middle temporal gyrus and the composite language score in the ES-S group with an FDR-adjusted p-value threshold (r = 0.516, p = 0.001) (Figure 2). For the results with an uncorrected p-value threshold, significant positive correlations were observed between cognitive function and CT of the orbitofrontal cortex, and temporal sulcus or pole whereas significant negative correlations of cognitive function were shown with the CT of the pericalcarine and cingulate cortices in the TRS group. For the PANSS scores, negative correlations were noted with the CT of the superior temporal gyrus but positive correlation was seen between the positive subscore and the CT of the entorhinal cortex (Supplementary Table S2). In the ES-S group, positive correlations of cognitive function were shown with the CT of the orbitofrontal and parietal cortices, pars opercularis, fusiform, precentral and temporal gyri, and superior temporal sulcus whereas negative correlations with the CT of the cingulate cortex. For the PANSS scores, negative correlations were noted with the CT of the frontal and supramarginal gyri and orbitofrontal cortex, but positive correlation was observed between the positive subscore and the CT of the superior temporal gyrus (Supplementary Table S3).


[image: Figure 2]
FIGURE 2. Correlation between the cortical thickness of left middle temporal gyrus and composite score of language in patients with early-stage schizophrenia.


There were significant positive correlations between cognitive function and accumbens volume in the TRS group (Supplementary Table S4) whereas positive or negative correlations were observed between the PANSS scores and amygdala and hippocampus, and lateral ventricle, respectively in the ES-S group (Supplementary Table S5).



Subgroup Analysis

When the clozapine TRS group was compared against ES-S and HC groups, almost the same results were obtained except additional significant differences in CT in the temporal region and differences in SCV in the corpus callosum. In the post hoc analyses, the results were roughly similar (for details, see Supplementary Tables S7, S8). In the analysis of the no-clozapine group, a significant difference was found only in the inferior lateral ventricle (Supplementary Table S9).




DISCUSSION

To investigate neuroanatomical abnormalities in TRS, values for CSA and CT as well as for CV and SCV were compared to those in the ES-S and HC groups. We observed a significant reduction in CT in the TRS group compared to the ES-S and HC groups and in the ES-S group compared to the HC group. For SCV, a significant reduction was found in the TRS group compared to the ES-S and HC groups. However, there was no difference between the ES-S and HC groups. Interestingly, the thickness of the left middle temporal gyrus in the ES-S group was significantly and positively correlated with scores in the language domain.

With respect to CT values, compared to HCs, our findings indicate that patients with TRS exhibited a widespread reduction in most cortical areas, including the frontal, temporal, and parietal cortices and the cingulate cortex and insula, consistent with the results of a previous study (5). On the other hand, a more recent study reported reduction of CT in more restricted regions, superior and inferior temporal gyri (4). Compared to the ES-S group, reductions were only noted in the inferior frontal gyrus and insula. This is in contrast to the results of two previous studies, which showed decreases in the left dorsolateral prefrontal cortex (5) and the temporal, parietal, occipital, and cingulate cortices (4). However, it should be noted that in those two studies, the comparison group comprised subjects with NTRS. With respect to CV, although no differences were found among the groups at an FDR-corrected p-value threshold, several regions (left precentral gyrus, right fusiform gyrus, right lateral orbitofrontal gyrus, right paracentral gyrus, right pars opercularis, right pars triangularis, and right superior frontal gyrus) were found to be reduced in the TRS group compared to the ES-S and HC groups with an uncorrected p-value threshold (data not shown). Other studies comparing TRS and HC groups have reported significant decreases in cortical volume in the middle and inferior temporal and lateral occipital gyri, insula, and precuneus (4) as well as in the frontal structures (8) in the TRS group. Furthermore, compared to the NTRS group, the TRS group has been found to have decreased volume in the frontal and precentral regions (4) as well as the superior and middle frontal gyri (8). Those two studies did not adjust for multiple comparisons. Notably, one study controlling for multiple comparisons reported reduced gray matter in the inferior temporal gyrus and central operculum compared to HCs and in the frontal, temporal, occipital, post-central, and supramarginal gyri compared to first-line antipsychotic responders (7).

As for SCV, we observed significant reductions in the amygdala, accumbens, putamen, thalamus, and hippocampus in the TRS group compared to the ES-S and HC groups, whereas significant increases were found in the lateral, third, and inferior lateral ventricles in the TRS group compared to the ES-S and HC groups. Previous studies also demonstrated that an ultra-resistant schizophrenia group exhibited a significantly smaller thalamic volume compared to HCs and smaller striatal and globus pallidus volumes compared to first-line antipsychotic responders (11). A smaller hippocampal volume was also found in TRS patients compared to HCs (10). However, conflicting results have been reported, ranging from no difference in SCV (13) to a larger corpus callosum in TRS subjects compared to controls (12). Two meta-analyses of longitudinal MRI studies concluded that in schizophrenia, there is progressive ventricular enlargement after illness onset greater than that seen in controls (35, 36). Importantly, our result showing greater ventricular enlargement in patients with TRS is the first such finding adopting modern criteria. Furthermore, the very large change, ranging from 40 to 137%, was surprising given that an average 16% enlargement of the lateral ventricle was previously reported in schizophrenia (37). This finding needs to be replicated in future studies.

What could be the underlying mechanisms for reduced CT and SCV in TRS in the present study? First, the reductions may be associated with the underlying neurobiology of TRS or the severity of illness. TRS, a more severe form of schizophrenia, is hypothesized to represent a separate and qualitatively different form of illness underpinned by a different neuropathological mechanism. The most prominent hypothesis is that TRS may reflect glutamate dysfunction despite normal dopamine regulation or even hypodopaminergic activity (38). Three magnetic resonance spectroscopy (MRS) studies have consistently demonstrated that glutamate levels in the anterior cingulate cortex (39, 40) or dorsolateral prefrontal cortex and putamen (41) were higher in patients with TRS compared with HCs or patients with schizophrenia who were treatment responsive. As elevations of glutamate have been associated with excitotoxicity and structural brain changes (42), glutamate increases in resistant patients could account for the relative gray matter reductions. To verify this hypothesis, longitudinal multimodal neuroimaging studies, i.e., MRI plus MRS and/or positron emission tomography, should be pursued. With regard to the effect of symptom severity on structural brain parameters, it can be speculated that more severe symptoms are associated with more severe pathophysiology in the brain, especially at the neurotransmitter level (glutamate, dopamine, or both), resulting in neuronal apoptosis and subsequent brain changes. However, evidence supporting this speculation is scarce. Instead, in a large longitudinal MRI study of patients with schizophrenia, disease severity had minimal or no effect on brain volume (43). Furthermore, as symptom severity measured by the PANSS did not differ between the two patient groups in the present study, this hypothesis seems unlikely.

Second, the reductions in CT and SCV may be associated with the potential neurotoxicity of antipsychotics. Two meta-analyses reported that patients with schizophrenia consistently exhibited a significantly greater loss of total cortical gray matter volume over time, and this was related to cumulative antipsychotic intake during the interval between scans (32, 44). Moreover, long-term administration of antipsychotics in monkeys (45) and rats (46) also resulted in significant decreases in brain volume. Antipsychotic-associated neuronal changes in the brain are altered expression levels of proteins affecting cell survival, impairment of the mitochondrial respiratory chain, increases in DNA fragmentation, injury to dendritic microtubules, increases in dopamine-generated reactive oxygen species, changes in cell morphology, and rapid induction of apoptosis (47). This explanation may be supported by the greater difference in the CPZ-equivalent dose between the two patient groups and weaker or no differences in CT/SCV between the ES-S and HC groups relative to those between the TRS and HC groups. As 26 subjects in the TRS group were taking clozapine, it is worth considering the effects of clozapine with regard to the current findings. The relationship between clozapine treatment in TRS and changes in brain functioning is as yet unclear, and the results have been inconsistent. A review of 23 relevant articles revealed that the use of clozapine was associated with volume reduction in the basal ganglia, especially the caudate nucleus, where functional neuroimaging studies also found decreased perfusion. In the frontal lobe, clozapine treatment was associated with increased or decreased gray matter volume and perfusion (48). To delineate separate effects of clozapine, we conducted the entire set of analyses again with clozapine and no-clozapine groups. The results for the clozapine group were similar to those for the whole group, whereas in the no-clozapine group, we found a significant difference only in the inferior lateral ventricle. This may indicate that the clozapine group was the primary contributor to findings for the whole TRS group. A possible explanation might be that psychopathology in the clozapine group was more severe before switching to clozapine. These severe symptoms before clozapine may have caused structural abnormalities. However, symptom severity was decreased and became no different than no-clozapine group because of therapeutic effects of clozapine. Or it may be related to detrimental effects of clozapine given that increased cortical thinning was associated with clozapine (43, 49) and increased pro-apoptotic caspase-3 was observed in rat frontal cortex following treatment with clozapine (50). Nevertheless, it should be pointed out that only few regions (CT of the cuneus, CV of the banks of superior temporal sulcus, SCV of the corpus callosum) were significantly different between clozapine and no-clozapine groups (Supplementary Tables S10–S14) suggesting that degree of structural abnormalities in the no-clozapine group is between clozapine and ES-S groups. Regardless of underlying mechanisms for reduced CT and SCV in the TRS, an important implication of the findings may be that inferior frontal gyrus and insula are crucial brain regions in terms of preventing disease progression from early-stage to chronic resistant stage. The functions of inferior frontal gyrus are related to efficiency of semantic processing (51), controlled retrieval of lexical representations (52), semantic fluency (53), and integrating meanings of word to sentence-level (54). The insula is involved in sensorimotor processing, empathy, social cognition and salience processing (55). Interestingly, one study found that the left anterior insular gray matter volume was greater in first episode psychosis group compared to chronic psychosis (56). Therefore, it may be inferred that therapeutic interventions minimizing or recovering pathological changes in these regions are helpful.

We observed significant cognitive impairment in both the TRS and ES-S groups compared to the HC group. In the comparison of TRS and ES-S subjects, only verbal memory was significantly worse in the TRS group, similar to another study (17). However, most previous studies reported overall cognitive dysfunction in TRS compared to NTRS (20, 57, 58). This may be due to the mild level of symptoms in our TRS group (mean PANSS total score, 61.96 ± 19.10), whereas other studies recruited TRS patients with mean PANSS total scores ranging from 71 to 91. To understand the relationship between cognitive impairment and altered brain structure in TRS, correlation analysis was performed. Unexpectedly, no significant results were found with an FDR-adjusted p-value threshold. However, it should be noted that at the uncorrected p-value, we observed significant positive or negative correlations of the CT and SCV of multiple brain areas with cognitive function in the TRS and ES-S groups (Supplementary Tables S2–S5). Furthermore, a significant positive correlation between language and the thickness of the middle temporal gyrus at the FDR corrected threshold was found in the ES-S group. This suggests that a structural abnormality in the middle temporal gyrus may contribute to the deficit in language function in the ES-S group. Taken together, these findings imply that association of cognitive dysfunction with structural changes is relatively evident in the early-stage of schizophrenia but may disappear over deteriorating progression to TRS. It may be that different mechanisms other than altered brain structures such as long DI, chronic exposure to antipsychotics and social deprivation, are contributing to cognitive dysfunction in TRS. For correlation results between the CT and PANSS scores, it was of interest to see a positive correlation of the CT in the superior temporal gyrus with the positive subscore in the ES-S group but a negative correlation of the CT in the same region with positive, general and total scores in the TRS group. It may be interpreted that initial hyperdopaminergic state and subsequent brain atrophy due to neuroinflammation or antioxidant damages are responsible for these changes.

Our study's limitations are as follows. First, we did not recruit more specific subtypes of TRS as recommended by the Treatment Response and Resistance in Psychosis Working Group (2). The proportions of the positive, negative, and positive and negative subtypes were 21.7%, 8.7%, and 41.3%, respectively. The remaining 28.3% did not meet the criteria for the positive or negative domain because we applied a rating of moderate severity on just one symptom item. This issue should be considered in designing future studies. Second, 19.2% of the clozapine group did not meet the criteria for positive or negative specifiers. Therefore, those patients could be classified as clozapine responsive. The heterogeneity of our TRS patients limits the interpretation of the results, especially with regard to the role of clozapine. Third, because of limited sample size, the results of subgroup analysis with clozapine/no-clozapine groups should be interpreted cautiously. Fourth, the CPZ-equivalent dose and DI in the ES-S group differed from those in the TRS group. To disentangle the confounding effects of the dosage and exposure duration of antipsychotics and DI, the selection of comparator groups that are carefully matched regarding these factors is necessary. Lastly, the time difference between MRI scan and cognitive tests may have masked possible correlations between structural changes and cognitive dysfunction. The strengths of our study are that a) we measured four structural brain parameters (CSA, CT, CV, and SCV) as well as cognitive function in patients with TRS and b) we used two age-, sex-, and education-matched comparator groups, i.e., the ES-S and HC groups.



CONCLUSION

In the current study, our findings indicate that structural changes and cognitive impairment were greater in the TRS group compared to the ES-S and HC groups. The association of structural abnormalities with cognitive dysfunction was evident in the early-stage but absent in the resistant stage. To prevent disease progression, inferior frontal gyrus and insula may be important target areas.



DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding author.



ETHICS STATEMENT

All patients were recruited at Jeonbuk National University Hospital and volunteered to participate in the study; all provided written informed consent. This study has been approved by the Ethics Committee of Jeonbuk National University Hospital (approval number: CUH 2012-08-001). The patients/participants provided their written informed consent to participate in this study.



AUTHOR CONTRIBUTIONS

Y-CC conceptualized the study. W-SK, JS, UT, and N-IK performed the study and acquired data. CL and W-SK conducted statistical analysis. CL drafted the manuscript. N-IK, K-HL, JS, and W-SK critically reviewed the manuscript and Y-CC finalized it. All authors approved the final manuscript.



FUNDING

This study was supported by a grant from the Korean Mental Health Technology R&D Project, Ministry of Health and Welfare, Republic of Korea (HL19C0015) and a grant from the Korea Health Technology R&D Project through the Korea Health Industry Development Institute (KHIDI) funded by the Ministry of Health and Welfare, Republic of Korea (HI18C2383).



ACKNOWLEDGMENTS

The corresponding author would like to thank all participants in the study, and father for guidance and support.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpsyt.2022.802025/full#supplementary-material



REFERENCES

 1. Elkis H, Buckley PF. Treatment-resistant schizophrenia. Psychiatr Clin North Am. (2016) 39:239–65. doi: 10.1016/j.psc.2016.01.006

 2. Howes OD, McCutcheon R, Agid O, De Bartolomeis A, Van Beveren NJ, Birnbaum ML, et al. Treatment-resistant schizophrenia: treatment response and resistance in psychosis (TRRIP) working group consensus guidelines on diagnosis and terminology. Am J Psychiatry. (2017) 174:216–29. doi: 10.1176/appi.ajp.2016.16050503

 3. Kennedy JL, Altar CA, Taylor DL, Degtiar I, Hornberger JC. The social and economic burden of treatment-resistant schizophrenia: a systematic literature review. Int Clin Psychopharmacol. (2014) 29:63–76. doi: 10.1097/YIC.0b013e32836508e6

 4. Barry EF, Vanes LD, Andrews DS, Patel K, Horne CM, Mouchlianitis E, et al. Mapping cortical surface features in treatment resistant schizophrenia with in vivo structural MRI. Psychiatry Res. (2019) 274:335–44. doi: 10.1016/j.psychres.2019.02.028

 5. Zugman A, Gadelha A, Assunção I, Sato J, Ota VK, Rocha DL, et al. Reduced dorso-lateral prefrontal cortex in treatment resistant schizophrenia. Schizophr Res. (2013) 148:81–6. doi: 10.1016/j.schres.2013.05.002

 6. Ahmed M, Cannon DM, Scanlon C, Holleran L, Schmidt H, McFarland J, et al. Progressive brain atrophy and cortical thinning in schizophrenia after commencing clozapine treatment. Neuropsychopharmacology. (2015) 40:2409–17. doi: 10.1038/npp.2015.90

 7. Anderson VM, Goldstein ME, Kydd RR, Russell BR. Extensive gray matter volume reduction in treatment-resistant schizophrenia. Int J Neuropsychopharmacol. (2015) 18: pyv016. doi: 10.1093/ijnp/pyv016

 8. Quarantelli M, Palladino O, Prinster A, Schiavone V, Carotenuto B, Brunetti A, et al. Patients with poor response to antipsychotics have a more severe pattern of frontal atrophy: a voxel-based morphometry study of treatment resistance in schizophrenia. Biomed Res Int. (2014) 2014. doi: 10.1155/2014/325052

 9. Mouchlianitis E, McCutcheon R, Howes OD. Brain-imaging studies of treatment-resistant schizophrenia: a systematic review. Lancet Psychiat. (2016) 3:451–63. doi: 10.1016/S2215-0366(15)00540-4

 10. Huang J, Zhu Y, Fan F, Chen S, Hong Y, Cui Y, et al. Hippocampus and cognitive domain deficits in treatment-resistant schizophrenia: a comparison with matched treatment-responsive patients and healthy controls. Psychiatry Res Neuroimaging. (2020) 297:111043. doi: 10.1016/j.pscychresns.2020.111043

 11. Kim J, Plitman E, Iwata Y, Nakajima S, Mar W, Patel R, et al. Neuroanatomical profiles of treatment-resistance in patients with schizophrenia spectrum disorders. Prog Neuropsychopharmacol Biol Psychiatry. (2020) 99:109839. doi: 10.1016/j.pnpbp.2019.109839

 12. Sun J, Maller JJ, Daskalakis ZJ, Furtado C, Fitzgerald PB. Morphology of the corpus callosum in treatment-resistant schizophrenia and major depression. Acta Psychiatr Scand. (2009) 120:265–73. doi: 10.1111/j.1600-0447.2009.01389.x

 13. Tronchin G, Akudjedu TN, Ahmed M, Holleran L, Hallahan B, Cannon DM, et al. Progressive subcortical volume loss in treatment-resistant schizophrenia patients after commencing clozapine treatment. Neuropsychopharmacology. 2020:1–9. doi: 10.1093/schbul/sbaa031.236

 14. Green MF. Impact of cognitive and social cognitive impairment on functional outcomes in patients with schizophrenia. J Clin Psychiatry. (2016) 77:8–11. doi: 10.4088/JCP.14074su1c.02

 15. Keefe RS, Fenton WS. How should DSM-V criteria for schizophrenia include cognitive impairment? Schizophr Bull. (2007) 33:912–20. doi: 10.1093/schbul/sbm046

 16. Suzuki T, Remington G, Mulsant BH, Uchida H, Rajji TK, Graff-Guerrero A, et al. Defining treatment-resistant schizophrenia and response to antipsychotics: A review and recommendation. Psychiatry Res. (2012) 197:1–6. doi: 10.1016/j.psychres.2012.02.013

 17. de Bartolomeis A, Balletta R, Giordano S, Buonaguro EF, Latte G, Iasevoli F. Differential cognitive performances between schizophrenic responders and non-responders to antipsychotics: correlation with course of the illness, psychopathology, attitude to the treatment and antipsychotics doses. Psychiatry Res. (2013) 210:387–95. doi: 10.1016/j.psychres.2013.06.042

 18. Joober R, Rouleau GA, Lal S, Dixon M, O'Driscoll G, Palmour R, et al. Neuropsychological impairments in neuroleptic-responder vs. -nonresponder schizophrenic patients and healthy volunteers. Schizophr Res. (2002) 53:229–38. doi: 10.1016/S0920-9964(01)00279-1

 19. Sánchez P, Ojeda N, Elizagárate E, Peña J, Ballesteros J, Yoller AB, et al. Attention deficits and response to drug therapy in patients with treatment-resistant schizophrenia: results through confirmatory factorial analysis. Revista de Psiquiatría y Salud Mental. (2010) 3:40–9. doi: 10.1016/S2173-5050(10)70008-X 

 20. Frydecka D, Beszłej JA, Gościmski P, Kiejna A, Misiak B. Profiling cognitive impairment in treatment-resistant schizophrenia patients. Psychiatry Res. (2016) 235:133–8. doi: 10.1016/j.psychres.2015.11.028

 21. Koshiyama D, Fukunaga M, Okada N, Yamashita F, Yamamori H, Yasuda Y, et al. Role of subcortical structures on cognitive and social function in schizophrenia. Sci Rep. (2018) 8:1–9. doi: 10.1038/s41598-017-18950-2

 22. Czepielewski LS, Wang L, Gama CS, Barch DM. The relationship of intellectual functioning and cognitive performance to brain structure in schizophrenia. Schizophr Bull. (2017) 43:355–64.

 23. Vanes, et al. White matter changes in treatment refractory schizophrenia: Does cognitive control and myelination matter? Neuroimage Clin. (2018) 18:186–191 doi: 10.1016/j.nicl.2018.01.010

 24. Association AP. Diagnostic and statistical manual of mental disorders (DSM-5®): American Psychiatric Pub (2013). 

 25. Kay SR, Fiszbein A, Opler LA. The positive and negative syndrome scale (PANSS) for schizophrenia. Schizophr Bull. (1987) 13:261. doi: 10.1093/schbul/13.2.261

 26. Molina V, Reig S, Sanz J, Palomo T, Benito C, Sarramea F, et al. Differential clinical, structural and P300 parameters in schizophrenia patients resistant to conventional neuroleptics. Prog Neuropsychopharmacol Biol Psychiatry. (2008) 32:257–66. doi: 10.1016/j.pnpbp.2007.08.017

 27. Stahl SM, Morrissette DA, Citrome L, Saklad SR, Cummings MA, Meyer JM, et al. “Meta-guidelines” for the management of patients with schizophrenia. CNS Spectr. (2013) 18:150–62. doi: 10.1017/S109285291300014X

 28. Anderson VM, McIlwain ME, Kydd RR, Russell BR. Does cognitive impairment in treatment-resistant and ultra-treatment-resistant schizophrenia differ from that in treatment responders? Psychiatry Res. (2015) 230:811–8. doi: 10.1016/j.psychres.2015.10.036

 29. Nosè M, Tansella M, Thornicroft G, Schene A, Becker T, Veronese A, et al. Is the Defined Daily Dose system a reliable tool for standardizing antipsychotic dosages? Int Clin Psychopharmacol. (2008) 23:287–90. doi: 10.1097/YIC.0b013e328303ac75

 30. Han O, Hong J. Structured clinical interview for DSM-IV axis I disorders, research version. Seoul: Korea Hana Medical Publishing (2000).

 31. Fischl B, Salat DH, Busa E, Albert M, Dieterich M, Haselgrove C, et al. Whole brain segmentation: automated labeling of neuroanatomical structures in the human brain. Neuron. (2002) 33:341–55. doi: 10.1016/S0896-6273(02)00569-X

 32. Navari S, Dazzan P. Do antipsychotic drugs affect brain structure? A systematic and critical review of MRI findings. Psychol Med. (2009) 39:1763–77. doi: 10.1017/S0033291709005315

 33. Smieskova R, Fusar-Poli P, Allen P, Bendfeldt K, Stieglitz RD, Drewe J, et al. The effects of antipsychotics on the brain: what have we learnt from structural imaging of schizophrenia?–a systematic review. Curr Pharm Des. (2009) 15:2535–49. doi: 10.2174/138161209788957456

 34. McNabb CB, Tait RJ, McIlwain ME, Anderson VM, Suckling J, Kydd RR, et al. Functional network dysconnectivity as a biomarker of treatment resistance in schizophrenia. Schizophr Res. (2018) 195:160–7. doi: 10.1016/j.schres.2017.10.015

 35. Fusar-Poli P, Smieskova R, Kempton M, Ho B, Andreasen N, Borgwardt S. Progressive brain changes in schizophrenia related to antipsychotic treatment? A meta-analysis of longitudinal MRI studies .Neurosci Biobehav Rev. (2013) 37:1680–91. doi: 10.1016/j.neubiorev.2013.06.001

 36. Kempton MJ, Stahl D, Williams SC, DeLisi LE. Progressive lateral ventricular enlargement in schizophrenia: a meta-analysis of longitudinal MRI studies. Schizophr Res. (2010) 120:54–62. doi: 10.1016/j.schres.2010.03.036

 37. Shenton ME, Dickey CC, Frumin M, McCarley RW, A. review of MRI findings in schizophrenia. Schizophr Res. (2001) 49:1–52. doi: 10.1016/S0920-9964(01)00163-3

 38. Potkin SG, Kane JM, Correll CU, Lindenmayer J-P, Agid O, Marder SR, et al. The neurobiology of treatment-resistant schizophrenia: paths to antipsychotic resistance and a roadmap for future research. NPJ schizophrenia. (2020) 6:1–10. doi: 10.1038/s41537-019-0090-z

 39. Demjaha A, Egerton A, Murray RM, Kapur S, Howes OD, Stone JM, et al. Antipsychotic treatment resistance in schizophrenia associated with elevated glutamate levels but normal dopamine function. Biol Psychiatry. (2014) 75:e11–e3. doi: 10.1016/j.biopsych.2013.06.011

 40. Mouchlianitis E, Bloomfield MA, Law V, Beck K, Selvaraj S, Rasquinha N, et al. Treatment-resistant schizophrenia patients show elevated anterior cingulate cortex glutamate compared to treatment-responsive. Schizophr Bull. (2016) 42:744–52. doi: 10.1093/schbul/sbv151

 41. Goldstein ME, Anderson VM, Pillai A, Kydd RR, Russell BR. Glutamatergic neurometabolites in clozapine-responsive and-resistant schizophrenia. Int J Neuropsychopharmacol. (2015) 18:pyu117. doi: 10.1093/ijnp/pyu117

 42. Olney JW, Farber NB. Glutamate receptor dysfunction and schizophrenia. Arch Gen Psychiatry. (1995) 52:998–1007. doi: 10.1001/archpsyc.1995.03950240016004

 43. Ho B-C, Andreasen NC, Ziebell S, Pierson R, Magnotta V. Long-term antipsychotic treatment and brain volumes: a longitudinal study of first-episode schizophrenia. Arch Gen Psychiatry. (2011) 68:128–37. doi: 10.1001/archgenpsychiatry.2010.199

 44. Vita A, De Peri L, Deste G, Barlati S, Sacchetti E. The effect of antipsychotic treatment on cortical gray matter changes in schizophrenia: does the class matter? A meta-analysis and meta-regression of longitudinal magnetic resonance imaging studies. Biol Psychiatry. (2015) 78:403–12. doi: 10.1016/j.biopsych.2015.02.008

 45. Dorph-Petersen K-A, Pierri JN, Perel JM, Sun Z, Sampson AR, Lewis DA. The influence of chronic exposure to antipsychotic medications on brain size before and after tissue fixation: a comparison of haloperidol and olanzapine in macaque monkeys. Neuropsychopharmacology. (2005) 30:1649–61. doi: 10.1038/sj.npp.1300710

 46. Vernon AC, Crum WR, Lerch JP, Chege W, Natesan S, Modo M, et al. Reduced cortical volume and elevated astrocyte density in rats chronically treated with antipsychotic drugs—linking magnetic resonance imaging findings to cellular pathology. Biol Psychiatry. (2014) 75:982–90. doi: 10.1016/j.biopsych.2013.09.012

 47. Dean CE. Antipsychotic-associated neuronal changes in the brain: toxic, therapeutic, or irrelevant to the long-term outcome of schizophrenia? Prog Neuropsychopharmacol Biol Psychiatry. (2006) 30:174–89. doi: 10.1016/j.pnpbp.2005.08.019

 48. Garcia GJ, Chagas MH, Silva CH, Machado-de-Sousa JP, Crippa JA, Hallak JE. Structural and functional neuroimaging findings associated with the use of clozapine in schizophrenia: a systematic review. Brazilian Journal of Psychiatry. (2015) 37:71–9. doi: 10.1590/1516-4446-2014-1387

 49. van Haren NE, Schnack HG, Cahn W, van den Heuvel MP, Lepage C, Collins L, et al. Changes in cortical thickness during the course of illness in schizophrenia. Arch Gen Psychiatry. (2011) 68:871–80. doi: 10.1001/archgenpsychiatry.2011.88

 50. Jarskog LF, Gilmore JH, Glantz LA, Gable KL, German TT, Tong RI, et al. Caspase-3 activation in rat frontal cortex following treatment with typical and atypical antipsychotics. Neuropsychopharmacology. (2007) 32:95–102. doi: 10.1038/sj.npp.1301074

 51. Binder JR, Desai RH, Graves WW, Conant LL. Where is the semantic system? A critical review and meta-analysis of 120 functional neuroimaging studies. Cereb Cortex. (2009) 19:2767–96. doi: 10.1093/cercor/bhp055

 52. Lau EF, Phillips C, Poeppel D. A cortical network for semantics: (de)constructing the N400. Nat Rev Neurosci. (2008) 9:920–33. doi: 10.1038/nrn2532

 53. Hirshorn EA, Thompson-Schill SL. Role of the left inferior frontal gyrus in covert word retrieval: neural correlates of switching during verbal fluency. Neuropsychologia. (2006) 44:2547–57. doi: 10.1016/j.neuropsychologia.2006.03.035

 54. Zhu Z, Zhang JX, Wang S, Xiao Z, Huang J, Chen HC. Involvement of left inferior frontal gyrus in sentence-level semantic integration. Neuroimage. (2009) 47(2):756–63. doi: 10.1016/j.neuroimage.2009.04.086

 55. Uddin, et al. Structure and function of the human insula. J Clin Neurophysiol. (2017) 34:300–6. doi: 10.1097/WNP.0000000000000377

 56. Pigoni A, Delvecchio G, Dusi N, Schiena G, Andreella A, Finos L, et al. Insula volumes in first-episode and chronic psychosis: a longitudinal MRI study. Schizophr Res. (2022) 241:14–23. doi: 10.1016/j.schres.2021.12.048

 57. Nakata Y, Kanahara N, Kimura A, Niitsu T, Komatsu H, Oda Y, et al. Autistic traits and cognitive profiles of treatment-resistant schizophrenia. Schizophrenia Research: Cognition. (2020) 22:100186. doi: 10.1016/j.scog.2020.100186

 58. Sosin D, Ivashchenko D, Sozaeva Z, Ryzhikova K, Fadeeva V, Chomskaya V, et al. Cognitive impairment in patients with treatment resistant schizophrenia: Associations with DRD2, DRD3, HTR2A, BDNF and CYP2D6 genetic polymorphisms. Neurology, Psychiatry and Brain Research. (2019) 33:48–55. doi: 10.1016/j.npbr.2019.06.003 

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher's Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Liu, Kim, Shen, Tsogt, Kang, Lee and Chung. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/images/fpsyt-13-802025-t001.jpg
Age (years)

Sex (M/F)

Education (years)

Age of onset (years)
Duration of ilness (years)
CPZ equivalent dose (mg/d)

SOFAS
PANSS

Positive subscore
Negative subscore
General subscore
Total score
Attention

Correct response

Comission error
Composite score
Verbal memory

Total recall (A1~AS)
Leaming slope (AS-A1)
Delayed recall (20 min)
Composite score
Executive function
Category completed
Perseverative error
Composite score
Language

Animals

Stationery

Composite score
Global cognitive function

For cognitive tests, unless otherwise speciied, the sample sizes were 46, 44, and 61 for TRS and ES-S and HC, respectively. *Bonferroni post-hoc test: 1, treatment-resistant

TRS
(n=46)

42,61 £9.90
30/16
13.73 £2.36
2417 £7.49
18.43 £9.30
825.56 + 398.45

49.57 +£9.36

16.76 + 5.34
16.41+£7.08
28.78 +£8.20
61.96 % 19.10

114.76 +£21.84

18.38 £ 12.02 (1 = 45)
-1.56+1.14

34.46 + 12.38
4.07 £2.53
5.48 +3.61
-1.62+£0.82

332201 (1= 44)
26,35 % 15.28 (1 = 43)
~1.20+034

14.00 £ 4.81
1220+ 5.15
8.49 % 3.99 (0 = 45)
7.96 % 4.00 (0 = 46)
8644 4.30 (1 = 45)
~1.18+0382
—1.87 £0.25

ES-S
(n=45)

38.04 +8.57
22/23

12.93 +3.03
35.89 +£9.20
172 +£1.64

234.62 % 143.84
n=29
54.93 +17.31

16.89 + 8.07
1822 +£7.17
28.91£9.51
59.02 +21.43

115.08 % 18.35 (1 =
41)

1847 £ 11.80 (1= 42)
—1.62:£1.26

40.64 +12.89
443£2.12
7.66 +4.07
-097 £0.39

3.98+2.40 (0= 42)
15.86 £ 12.16 (0 = 37)
~052 067

13.82 £3.84
13.30 £ 5.07
893 +4.11
8.67 + 4.52
839 +4.28
-1.07 £0.25
—1.06 £0.45

schizophrenia; 2, early-stage schizophreni; 3, healthy controls.

CPZ, Chlorpromazine; PANSS, Positive and Negative Syndrome Scale; SOFAS, Social and Occupational Functioning Assessment Scale; TRS, Treatment-Resistant Schizophrenia; ES-S,

Early-Stage Schizophrenia; HC, Healthy Controls.

HC
(n=61)

39.80 £9.52
29/32
13.33 +2.43

129.64 + 6.31

503 +11.18
0.00 + 1.56

49.69 +7.70
5.70 £ 2.42
10.34 +2.22
0.00 £0.29

531+£1.38
15.28 + 11.51
0.00 £ 0.56

19.57 £56.33
22.84 4 6.40
13.49 £ 5.17
12.70 + 4.07
12.38 + 4.56
0.00 +£0.33
0.00 £0.72

Statistics
(F/x2)

F=2745
X2 =3.789

t=0.690

F=16.151

F=9.261
F=15.590

F =26.406
F=7.147
F=20315
F=20.785

F=16.151
F=10537
F=13314

F=26.152
F=58226
F=20.190
F=20.645
F=13.9042
F=45.285
F=46522

Significance
(p-value)

0.068
0.150
0.297
<0.001
<0.001
<0.001

0.071

0.929
0046
0.946
0.492

<0.001

<0.001
<0.001

<0.001
<0.001
<0.001
<0.001

<0.001
<0.001
<0.001

<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001

post-hoc®

3>1,2

12>3
3>1,2

3>2>1

3>1,2
3>2>1
3>2>1

3>1,2
1>2,3
3>1,2

3>1,2
3>1,2
3>1,2
3>1,2
3>1,2
3>1,2
3>1,2





OPS/images/fpsyt-13-802025-t002.jpg
Structure Hemisphere  TRS vs. ES-S vs.HC TRS vs. ES-S
F p % Difference P
Caudal middile frontal gyrus Left 4.467 0.049 -1.99 0.401
Rostral middle frontal gyrus Right 9.260 <0.001 —-1.67 0.723
Lateral orbitofrontal cortex Left 5214 0.027 -872 0.183
Pars opercularis Right 13.141 <0.001 -337 <0.001
Pars orbitalis Right 4610 0,044 —451 0295
Pars triangularis Left 7.838 0.010 -3.18 0.034
Right 7.840 0,010 —4.16 0068
Banks of superior temporal Right 6594 0012 ~8.40 0.130
sulcus
Inferior temporal gyrus Right 7.736 0010 —1.13 0.468
Middle temporal gyrus Left 6.057 0.016 -1.91 0.330
Right 5423 0.024 —251 0313
Superior temporal gyrus Left 7314 0,010 —422 0.147
Right 9780 <0001 -3.88 0091
Inferior parietal cortex Right 6410 0012 —2.08 0313
Supramarginal gyrus Right 6247 0012 -261 0.484
Posterior cingulate cortex Right 6720 0012 —4.16 0051
Insula Left 5912 0016 —a57 0045
Right 4975 0.034 —4.40 0.091

TRS, Treatment-Resistant Schizophrenia; ES-S, Early-stage Schizophrenia; HC, Healthy Controls.

CPZ equivalent as covariate; p-value is a false discovery rate (FDR) corrected one.

TRS vs.HC

% Difference

—-4.15
-5.10
-5.64
-5.56
—7.40
-4.20
—-6.08
-5.70

—4.02
—421
-470
-673
—6.52
—437
-5.44
-554
-539
-551

P

0.031
0020
0.011
<0.001
0.020
<0.001
<0.001
0.009

0.011
0016
0.019
<0.001
<0.001
0.011
0.020
<0.001
0.009
0011

ES-S vs. HC

% Difference

—221
—3.48
-1.99
—2.25
-3.03
-1.05
—2.00
-238

-2.92
234
—225
—262
—2.75
—2.34
-291
—-1.44
-0.86
-1.16

P

0.105
<0.001
0.149
0.045
0.140
0229
0.121
0.112

0.034
0.051
0.082
0.076
0.034
0.049
0.034
0.229
0.480
0.376





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Altered Neuroanatomical Signatures of Patients With Treatment-Resistant Schizophrenia Compared to Patients With Early-Stage Schizophrenia and Healthy Controls



		Introduction



		Materials and Methods



		Participants



		Cognitive Test



		MRI Scan Acquisition and Preprocessing



		Statistical Analyses



		Whole-Brain Analysis



		Correlation Analysis



		Subgroup Analysis







		Results



		Demographic and Clinical Characteristics and Cognitive Measures



		Whole-Brain Analysis



		Correlation Analysis



		Subgroup Analysis







		Discussion



		Conclusion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		Acknowledgments



		Supplementary Material



		References

















OPS/images/cover.jpg
@ frontiers | Frontiers in Psychiatry

Altered Neuroanatomical Signatures

of Patients With Treatment-Resistant

Schizophrenia Compared to Patients

With Early-Stage Schizophrenia and
Healthy Controls





OPS/images/fpsyt-13-802025-g001.gif
. 3 @

il
il
[+

YL I T






OPS/images/fpsyt-13-802025-g002.gif
Language

0s

05

s

265 275 285 295 305 315

Left middle temporal gyrus









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
& frontiers | Frontiers in Psychiatry





