
White Matter in Schizophrenia Treatment Resistance

Peter Kochunov, PhD*,1, Junchao Huang, M.D.2, Song Chen, M.D.2, Yanli Li, M.D.2, Shuping 
Tan, M.D., Ph.D.2, Fengmei Fan, Ph.D.2, Wei Feng, M.D.2, Yunhui Wang, B.S.2, Laura M. 
Rowland, PhD1, Anya Savransky, BS1, Xiaoming Du, PhD1, Joshua Chiappelli, MD1, Shuo 
Chen, PhD1, Neda Jahanshad, PhD3, Paul M. Thompson, PhD3, Meghann C. Ryan, MS1, 
Bhim Adhikari, PhD1, Hemalatha Sampath, MS1, Yimin Cui, M.D., Ph.D.4, Zhiren Wang, 
M.D., Ph.D.2, Fude Yang, M.D.2, Yunlong Tan, M.D., Ph.D.*,2, L. Elliot Hong, MD1

1.Maryland Psychiatric Research Center, Department of Psychiatry, University of Maryland School 
of Medicine, Baltimore, MD, USA

2.Beijing Huilongguan Hospital, Peking University Huilongguan Clinical Medical School, Beijing, P. 
R. China

3.Imaging Genetics Center, Stevens Institute for Neuroimaging & Informatics, Keck School of 
Medicine of USC, Marina del Rey, CA, USA

4.Department of Pharmacy, Peking University First Hospital, Beijing, P.R. China

Abstract

Objective: Failure of antipsychotic medications to resolve symptoms in schizophrenia patients 

creates a clinical challenge that is known as “treatment resistance”. Its causes are unknown, but it 

is associated with an earlier age of onset and more severe cognitive deficits. This study tested the 

hypothesis that white matter deficits, that are involved in both neurodevelopment and severity of 

cognitive deficits in schizophrenia, are associated with a higher risk for treatment resistance.

Method: The sample included schizophrenia patients (N=122, age=38.2±13.3, N=45/40/37 of 

treatment initiation, treatment-responsive, and treatment-resistant patients, respectively) and 

healthy controls (N=78, age=39.2±14.0). We tested white matter “regional vulnerability index” 

(RVI) as a predictor of treatment resistance and cognitive deficits. Higher RVI is indicative of a 

better agreement between diffusion tensor imaging (DTI) fractional anisotropy (FA) across the 

brain in an individual and the pattern identified by the largest-to-date meta-analysis of white 

matter deficits in schizophrenia.
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Results: Treatment-resistant patients showed the highest white matter RVI (0.38±0.2), which 

was significantly higher than the treatment-responsive patients (0.30±0.02, p=0.01). At the onset 

of treatment, patients showed significantly higher RVI than normal controls (0.18±0.03 and 

0.13±0.02, respectively, p=0.01). RVIs were significantly correlated with performance on 

processing speed and negative symptoms.

Conclusions: Schizophrenia affects white matter microstructure in specific regional patterns. 

Susceptibility to white matter regional deficits is associated with an increased likelihood of 

treatment resistance. Developments to overcome schizophrenia treatment resistance should 

consider white matter as one of the important targets.

Introduction

Modern antipsychotic pharmaceuticals fail to resolve clinical symptoms in approximately a 

third of people with schizophrenia, a condition known as “treatment resistance” (1). This 

clinical challenge has motivated attempts to develop more effective, next-generation 

antipsychotics for several decades (2-6). However, research has been hindered by 

insufficient understanding of the neurobiological mechanisms and by a lack of valid brain 

biomarkers for treatment resistance. Current antipsychotic drugs share their neurotransmitter 

targets in dopaminergic systems. Their ineffectiveness in treatment-resistant patients 

suggests other mechanisms and neurotransmitter systems although the evidence is still 

preliminary (7-10). Some structural neuroimaging studies suggest that treatment resistance is 

associated with reduced gray matter and cortical thickness (7, 11, 12). However, a recent 

meta-analysis found no replicated neuroimaging findings when comparing treatment-

resistant and treatment-responsive patients (13).

Patients with treatment-resistant schizophrenia share two consistent features: earlier age of 

disease onset and more severe cognitive deficits (14-17); this suggests both 

neurodevelopmental and cognitive contributions to treatment resistance. Therefore, brain 

measures that track with neurodevelopment and cognitive dysfunctions in schizophrenia may 

help to identify treatment resistance biomarkers. White matter shows promise as a research 

focus in schizophrenia and the largest meta-analytic study of white matter deficits in 

schizophrenia conducted by the Enhancing Neuro Imaging Genetics Meta-Analysis 

(ENIGMA) consortium determined a region-specific pattern of white matter deficits (18). 

The ENIGMA pattern of regional differences confirmed findings from previous DTI 

imaging studies that demonstrated significant deficits in the frontal associative white matter 

regions, including the anterior corona radiate and the genu and body of the corpus callosum 

(19-23), as well as with histological findings of reduced glial cell density and myelination in 

the frontal lobe of schizophrenia patients (24-26). This ENIGMA regional white matter 

deficit pattern contributes to core cognitive dysfunctions, especially in processing speed 

deficits in schizophrenia (27-30). Interestingly, among all the cognitive abnormalities 

associated with treatment-resistance, processing speed shows the largest deficit (16). Both 

white matter and processing speed development follow an inverse-U neurodevelopmental 

trajectory and the peak of myelination for associative white matter overlaps with the peak of 

processing speed abilities (31, 32). The origin of the white matter deficit pattern in 

schizophrenia is not fully understood, but the disorder by development interaction that 
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prevents normal development of the late-myelinating areas likely prevents the establishment 

of the normal pattern of inter-neuronal communication (33). This may lead to the observed 

contrast in regional deficits between late and early myelinating white matter regions in this 

disorder, as observed by ENIGMA and other studies (18, 34, 35). Therefore, we 

hypothesized that the regional white matter deficit pattern may represent a neurobiological 

mechanism leading to treatment resistance in schizophrenia patients. We tested this 

hypothesis by assessing if white matter regional deficits index treatment resistance by 

comparing treatment-resistant and treatment-responsive patients. In parallel, we compared 

regional deficits in patients who were imaged within two weeks of the initiation of 

antipsychotic treatment with controls. We used this comparison to control for potential 

chronic antipsychotic medication effects on white matter deficits and to determine whether 

the identified white matter deficits were also associated with schizophrenia, independent of 

chronic disease and treatment courses. Evidence supporting this hypothesis would imply 

white matter as a contributing factor of treatment resistance.

Methods

Clinical characteristics

The study was performed in 200 participants that included 122 patients (57M/65F, average 

age=38.2±13.3) and 78 healthy controls (37M/41F, average age=39.2±14.0) (Table 1). 

Patients included treatment-resistant schizophrenia (N=17M/20F, average age=47.8±8.9) 

and the primary comparison group of treatment-responsive schizophrenia (N=18M/22F, 

average age=46.3±11.5) groups, who were frequency-matched on age and sex (all p>0.2). A 

group of schizophrenia patients within the first two weeks of treatment initiation (N=22M/

23F, average age=28.6±10.1) was recruited to determine whether any identified white matter 

deficits were also associated with schizophrenia independent of chronic disease and 

treatment courses. This group was necessarily younger, however, the combined patients and 

controls were frequency-matched for age and sex distribution (all p>0.2). Data were 

collected between 2017-2018. The patients were recruited from Beijing Huilongguan 

Hospital. Controls were recruited through local advertisement. All patients met DSM-IV 

criteria for schizophrenia. Participants had a homogeneous Chinese background, which is 

considered advantageous for identifying treatment resistance biomarkers because different 

ethnicities may have significant effects on treatment resistance(36). All participants provided 

written informed consent according to the Helsinki Declaration. The research protocol was 

approved by local Ethics Committees.

The treatment-resistant and treatment-responsive groups were defined based on consensus 

guidelines(1). Treatment-resistant patients met criteria of little response to treatment with at 

least 2 different antipsychotic medications with a dose equivalence of chlorpromazine (CPZ) 

≥600 mg/day for ≥12 weeks; the Brief Psychiatric Rating Scale (BPRS) score ≥45; and the 

Clinical Global Impression-severity of illness (CGI-SI) scale score ≥4 during the current 

assessment. The treatment-responsive group was defined by periods of good clinical 

response to antipsychotics as measured by CGI-SI score <3 over the duration ≥12 weeks. 

The two groups were frequency-matched on age, sex, years of education, and duration of 

treatment. Patients who did not meet either criterion were excluded.
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The treatment initiation group had no prior antipsychotic medication exposure until 

enrollment and were included to identify whether treatment resistance biomarkers, if found, 

were present at the onset of the disorder with minimal antipsychotics exposure. Patients 

were treated without delay upon admission; and treatment helped to stabilize patients for 

undergoing the MRI. Imaging data were collected within two-weeks of treatment initiation. 

All participants had no current or past neurological conditions, unstable major medical 

conditions, or current or previous substance (except nicotine) dependence. Demographic 

information is presented in Table 1.

Six patients were medication-free (n=4/2/0 for treatment-initiation, treatment-responsive, 

and treatment-resistant groups, respectively; same below). Seven (4/3/0) patients were on 

first generation antipsychotics. The remaining patients were on the following second-

generation antipsychotics: risperidone (35: 17/11/7); clozapine (31: 0/9/22); olanzapine (27: 

9/11/7); aripiprazole (15: 8/5/2); paliperidone (5: 2/0/3); amisulpride, iloperisone, 

lurazidone, or quetiapine (9: 1/4/4); and 45 (4, 7, 34) of them were also on more than one 

antipsychotic medications. CPZ was calculated(37) and treatment-resistant patients had 

nearly twice the CPZ of treatment-responsive patients (p<0.001) (Table 1). Treatment-

initiation patients were on a much smaller dose and were medicated for an average of 

4.2±2.3 days (range: 0 to 12 days).

Symptom and neurocognitive evaluations

Patients were evaluated using the Positive and Negative Syndrome Scale (PANSS), BPRS 

and CGI-SI by one of three attending psychiatrists who maintained inter-rater reliability 

above 0.80. BPRS and CGI-SI were used for group-definition only; PANSS was used for 

symptoms assessment. Cognitive function was assessed with the MATRICS Consensus 

Cognitive Battery (MCCB) covering 7 cognitive domains and a composite score(38-40). The 

eight raw scores were converted to Chinese normative T-scores(40).

Diffusion tensor imaging and data processing

Imaging data was collected using a 3 T Prisma MRI scanner (Erlangen, Germany) at the 

Imaging Research Center of the Beijing Huilongguan Hospital, equipped with a 64-channel 

RF head coil. DTI data was collected using a spin-echo, EPI sequence with a spatial 

resolution of 17×1.7×1.7mm. The sequence parameters were: TE/TR=87/8000 ms, 

FOV=200 mm, axial slice orientation with 82 slices and no gaps, 98 isotropically distributed 

diffusion-weighted directions, two diffusion weighting values (b=0 and 1000 s/mm2) and 

five b=0 images. Subjects’ head movement was minimized with restraining padding. DTI 

data was processed using the ENIGMA-DTI analysis pipeline (https://www.nitrc.org/

projects/enigma_dti (41). All data included in the analysis passed the ENIGMA-DTI 

QA/QC. Regional white matter fractional anisotropy (FA) were generated for twenty-one 

major regions based on ENIGMA-DTI atlas, averaged across hemispheres. These regions 

are listed in Figure 1 legends.

This cohort is independent from the samples used in ENIGMA and our prior study (18, 27). 

As such, an ancillary aim was to use the sample to replicate the association between the 

ENIGMA regional deficit pattern and cognitive deficits in schizophrenia(27).
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Statistics

The ENIGMA study provided the meta-analysis based ranks of the severity of impairment 

associated with schizophrenia in 21 major white matter regions as measured by region-

specific effect sizes in Cohen’s d statistics (Supplemental Table 1). We developed an index 

of regional impairment at the individual level, the regional vulnerability index (RVI) as a 

simple measure of agreement between an individual’s pattern of FA in these 21 regions and 

the expected pattern of schizophrenia across these 21 regions as shown in ENIGMA. FA for 

each of the white matter regions was converted to z values by (1) calculating the residual 

values following the regression of effects of age and sex and (2) for each individual, we 

subtracted the average value for a region and divided it by the standard deviation calculated 

from the healthy controls. This produced a vector of normalized z-values (one for each 

region) for every individual in the sample. The RVI was then calculated as the correlation 

coefficient (normalized dot product) between the vector of region-wise z values for the 

subject and the vector of regional schizophrenia-controls effect sizes in ENIGMA. We used 

the term “vulnerability” here to imply a narrow definition: whether the regional white matter 

deficit pattern identified by ENIGMA is associated with an increased likelihood for 

treatment resistance. Higher RVI values imply that the pattern of white matter regional 

values followed the regional vulnerability pattern for schizophrenia as determined by the 

ENIGMA meta-analysis. All group comparisons of imaging and cognitive measures were 

performed using the general linear model while controlling for age and sex. Bonferroni 

corrections were applied to correct for the number of regions examined. Associations of RVI 

and clinical measures were examined by bivariate correlation analyses while controlling for 

age and sex, and Bonferroni corrections were applied.

Results

Specific white matter region and treatment-resistance

Patients had significantly lower whole-brain average FA than controls (Cohen’s d=0.69, 

t=5.1, p=10−6), and the regional effect sizes were significant in 4 of 21 regions after 

correcting for multiple (n=21) comparisons (Supplementary Table 1). The average effect size 

in this sample was not significantly different from ENIGMA (t=1.2, p=0.2). The effect sizes 

of the regional patient-control differences were correlated with those in ENIGMA (r=0.85, 

p=10−5) (Figure 1A). This pattern was also observed when comparing the three patient 

groups individually to controls (Figure 1B-1D), with the strongest effect in the treatment-

resistant group (r=0.92, p=10−8) (Figure 1B). Frontal associative tracts such as the anterior 
corona radiata and genu of the corpus callosum showed the largest schizophrenia-control 

effect sizes in ENIGMA, and they were also the regions that showed the largest FA 

reduction in the treatment-resistant group compared to controls (Figure 1B). However, there 

were no significant differences in the whole-brain average or regional FA measurements 

between treatment-resistant and treatment-responsive groups (Table 2) or between the 

treatment-initiation group and controls (Table 2).

White matter regional vulnerability index (RVI) and treatment resistance

Average RVI was significantly higher in the combined patient group compared to the 

controls (0.29±0.01 vs 0.13±0.02, t=6.4, df=198, p=10’9). Treatment-resistant group showed 
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the highest RVI (0.38±0.02), followed by treatment-responsive (0.30±0.03) and treatment-

initiation patients (0.18±0.02), where all patient subgroups showed significant differences 

compared to the controls (0.13±0.02; all t>2.7, p ≤0.01) (Figure 2A).

The treatment-resistant group showed significantly higher RVI than the treatment-responsive 

group (t=2.7, df=75, p=0.01), suggesting that higher RVI was associated with treatment 

resistance. Treatment-initiation patients showed significantly higher RVI than controls 

(t=2.8, df=121, p=0.007), suggesting that higher RVI was unlikely to be primarily due to 

chronic disease or chronic antipsychotic medication exposure. Chronic patients (combined 

treatment-resistant and responsive groups) also showed significant higher RVI compared 

with the treatment-initiation group (t=4.2, df=153, p=4. 10−5), suggesting perhaps additional 

disease progression and/or chronic medication effect (Figure 2).

These relationships can be further illustrated by examining the ordinal trend of group RVI in 

the order of control, treatment initiation, treatment responsive, and treatment-resistant. We 

applied mid-ranks scoring to assign scores for the group variable and performed general 

linear regression analysis of the ordinal trend (42), and found that the trend was significant 

(F(1,198)=57.2, p<0.001) (Figure 2B).

Cognition and white matter regional vulnerability

The MCCB total score was most severely reduced in treatment-resistant (t=11.6, df=113, 

p=3.10−17), followed by treatment-responsive (t=8.4, df=116, p=7.10−13) and treatment 

initiation (t=8.2, df=121, p=2.10−12) patients compared to controls (Table 2A). Treatment-

resistant patients showed no significant impairment compared to treatment-responsive 

patients in MCCB total or domain scores after Bonferroni correction; however, working 

memory was nominally significantly different between the two groups (Table 2A). There 

were significant differences in cognitive measures between treatment-initiation patients and 

controls (Table 2A). RVI was significantly associated with processing speed only for the 

treatment-responsive group (r=−0.53, p=7.10−4) after correcting for multiple comparisons 

(Table 1B). We also explored MCCB correlations with the whole brain average FA and 21 

regional values. However, there were no significant regional FA – MCCB correlations in 

combined or individual patient groups after the correction for multiple comparisons, with the 

exception of significant correlations between whole brain average FA and the processing 

speed scores (r=0.31, r=5.10−4) in the combined patient sample after correcting for multiple 

comparisons.

Clinical correlates

There were no significant associations between RVIs and PANSS total, positive or general 

symptoms scores (all r<0.1, all p>0.2), but there was a significant correlation with negative 

symptom in the combined patient group (r=0.26, p=0.002). However, none of the regional 

FA values were significantly correlated with negative symptoms after Bonferroni correction 

(all r<0.27, all p>0.003). None was significant within each patient subgroup (all p>0.1). 

RVIs were not significantly correlated with illness duration (all p>0.20), CPZ (all p>0.41) or 

smoking status (all p>0.15) in any combined or individual patient groups. Over half of the 
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treatment-resistant patients were on clozapine (n=22 vs. n=15 who were not), but RVI values 

were not different between patients on or not on clozapine (t=0.2, df=35, p=0.8).

Replications for the association between regional deficit pattern and processing speed

ENIGMA regional FA effect sizes were significantly correlated with regional FA-processing 

speed correlation coefficients (r=0.90, p<0.001) (Figure 3A) and regional FA-working 

memory (r=0.84, p<0.001) correlation coefficients (Figure 3C), replicating findings from 

another sample(27). When controlling for working memory the ENIGMA-based regional 

effect sizes remained significant in explaining regional FA-processing speed correlation 

coefficients (partial r=0.88, p<0.001) (Figure 3B) but the opposite was not significant 

(partial r=0.25, p=0.4; Figure 3D). Permutation analysis showed that the difference in the 

partial correlation coefficients was significant (p=0.01), suggesting the relationships between 

cognitions and white matter were driven primarily by processing speed rather than working 

memory. Similar trends were observed in patients (Figure 3E-H) and controls (Figure 3I-L), 

separately. The findings in this Chinese sample (Figure 3) largely replicate those found in 

the U.S. sample (Supplementary Figure 1).

Discussion

The white matter regional deficit pattern in schizophrenia was found to be significantly 

associated with treatment resistance. The white matter regional vulnerability index (RVI) 

significantly separated treatment-resistant from treatment-responsive patients, even with 

matched treatment duration and in the absence of global FA differences. The RVI measure 

further significantly separated patients at treatment initiation from controls. These results 

suggest that the extent of regional white matter vulnerability, as defined by RVI, can be 

observed in schizophrenia at initial diagnosis and treatment, and may mark the liability for 

treatment resistance to the currently available antipsychotic medications. Follow up 

longitudinal studies will be required to test if higher RVI at the onset would track with the 

development of treatment resistance.

Treatment resistance has been linked to cognitive deficits, especially in processing speed 

(15, 16) and negative symptoms(14), although the underlying mechanism remain 

unknown(28-30). Data from this study suggests that white matter may represent a shared 

underlying neurobiology, as the regional vulnerability pattern appears associated with 

treatment resistance and with more severe negative symptoms. We also replicated a prior 

study where the ENIGMA schizophrenia pattern predicted the association between FA and 

processing speed and working memory(27) (Figure 3 vs. Supplementary Figure 1). That 

study employed only two cognitive tasks, which was considered a limitation(27). This study 

used the MCCB cognitive battery to replicate these findings, and the similar pattern across 

two diverse (U.S. and Chinese) samples further validates white matter regional vulnerability 

in indexing core cognitive deficits in schizophrenia.

A white matter association with treatment resistance was initially suggested by white matter 

volume reduction findings(43), but opposite results were reported(11). Several DTI studies 

further suggested a white matter effect in treatment-resistant patients(44, 45). However, 

without a direct comparison with age-, sex-, and treatment duration-matched treatment-
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responsive patients using sufficient sample sizes, it is difficult to interpret whether these 

previous findings were related to schizophrenia in general or specific to treatment-resistant 

schizophrenia. We showed that multiple white matter regions had robust and significant 

reduction in FA in patients compared with controls (Supplementary Table 1), consistent with 

many previous studies (19-23, 27, 46, 47). No individual white matter region could 

consistently separate the treatment–resistant and treatment–responsive patients after 

correction for multiple comparisons. Why RVI, but not individual regional measures, capture 

treatment resistance (by comparing with treatment response) is not immediately clear. RVI is 

a readily obtainable index that correlates normalized regional FA of each person to the 

ENIGMA schizophrenia effect sizes and is assumed to reflect the contrast between the high 

vulnerability of late-developing, associative white matter regions and the lower vulnerability 

of early-developing regions to schizophrenia(34, 48, 49). We speculate that by taking into 

account white matter across the whole brain, RVI may have reduced nonspecific effects that 

impact all white matter regions and further accentuates the regional effects specific to 

schizophrenia (Figure 1A-1C) and treatment resistance (Figure 1D). Therefore, higher RVI 

in patients may have identified individuals with more severe patterns of neurodevelopmental 

white matter impairment, who, in turn, may be more vulnerable to treatment resistance.

Treatment-resistant patients are invariably given higher doses of medications, including 

multiple medications, and are more likely to be prescribed clozapine, compared to 

treatment-responsive patients. These factors could confound the discovery of the 

neurobiology of treatment resistance by hindering the isolation of biomarkers for treatment 

resistance from the medication effects. We analyzed a group of patients who were assessed 

within two weeks of initiating antipsychotic treatment to mitigate this concern. We observed 

a significant heterogeneity in the RVI values within this group. However, the candidate 

treatment-resistant biomarker was present in patients with minimal antipsychotic medication 

exposure, ruling out that higher RVI is a chronic disease effect but is associated with 

schizophrenia even at the onset of treatment. However, the current study is limited by its 

cross-sectional nature, and follow-up studies are required to test whether RVI observed at 

this stage would predict treatment-resistant vs. treatment-response in this group of patients.

The white matter pathways most strongly associated with treatment resistance, for example, 

the fornix (FX, the main white matter bundle of axonal fibers in and out the hippocampus), 

and the anterior corona radiate (ACR, the main white matter connecting ipsilateral prefrontal 

cortices) (effect sizes 1.0 range, Figure 1D), are well-known associative pathways for 

supporting cognitive functions (50, 51). In treatment responsive patients, the effect sizes of 

the same tracts were weaker (e.g., 0.5-0.6 range for FX and ACR, Figure 1C), suggesting 

that impairments in associative tracts that support cognition may play a larger role in 

treatment resistance. The agreement between white matter FA regional effect sizes in 

treatment-resistant patients and ENIGMA patients (r=0.92) also provides a novel perspective 

on the ENIGMA findings. Currently available antipsychotic medications have failed to treat 

symptoms in treatment-resistant schizophrenia, having only limited effects on cognitive 

deficits (52, 53). The ENIGMA DTI sample was worldwide, and the meta-analytical 

aggregation likely removed specific local medication and environmental, yielding 

schizophrenia-related neurobiology that is untreated and shared across the sites. The 

remarkable alignment between ENIGMA and the treatment-resistant patients in the current 
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study indicates that the ENIGMA white matter regional effect size pattern may underlie the 

critical unmet treatment targets, i.e., treatment resistance, in addition to cognitive 

deficits(27) in schizophrenia. Meanwhile, it may also suggest that the ENIGMA white 

matter regional effect size pattern has its limitation, as it is less strongly associated with 

schizophrenia during treatment initiation (r=0.58) and more strongly associated with the 

treatment resistant aspect of schizophrenia.

Another potential limitation is that treatment-resistant patients are prescribed clozapine as 

the treatment of choice. Post hoc analyses did not show an association between RVI and 

clozapine, and elevated RVI was already present in the treatment-initiation. This study 

focused on differences between treatment resistant and treatment responsive groups that 

were also age and sex matched. The treatment initiation group had a significantly lower 

average age than treatment resistant and responsive groups, which is a potential limitation. 

However, the RVI was developed to be independent of age and sex and all analyses were 

performed while controlling for age and sex. Finally, only FA was used to index white 

matter abnormalities and other diffusion parameters (axial, radial, and mean diffusivities) 

were not explored. We chose FA as it showed higher sensitivity to schizophrenia deficits 

compared to these other parameters(18). Future studies should re-examine the findings using 

more advanced diffusion weighted imaging parameters(54).

Conclusion

Treatment resistance in schizophrenia may have part of its etiopathological origins in white 

matter deficits. Patients showing the pattern of regional white matter impairment in the late-

developing, frontal associative fibers and no or limited impairment in the early developing 

sensory and motor fibers, were more likely to show resistance to contemporary antipsychotic 

medications. Development of new treatments and therapies to overcome schizophrenia 

treatment resistance should more strongly consider strategies that target white matter related 

mechanisms.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
The mean effect size of group (Cohen’s d) of the twenty-one white matter regions were 

plotted against the effects sizes of the ENIGMA region for all patients (A) and three 

subgroups (B-D). The significant correlations indicate that the pattern of FA deficits in the 

Chinese sample were consistent with the ENIGMA pattern. The data (mean and s.d.) of all 

the effect sizes are in Supplementary Table 1. Abbreviations: Anterior Corona Radiata 

(ACR), Anterior Limb of Internal Capsule (ALIC), Body of Corpus Callosum (BCC), 

Cingulum (CGC), Corona Radiata (CR), Cortico-Spinal Tract (CST), External Capsule 

(EC), Fornix (FX), Genu of Corpus Callosum (GCC), Internal Capsule (IC), Inferior Frontal 

Occipital fasciculus (IFO), Posterior Corona Radiata (PCR), Posterior Limb of Internal 

Capsule (PLIC), Posterior Thalamic Radiation (PTR), Retrolenticular Limb of the Internal 

Capsule (RLIC), Splenium of Corpus Callosum (SCC), Superior Corona Radiata (SCR), 

Superior Fronto-Occipital Fasciculus (SFO), Superior Longitudinal Fasciculus (SLF), 

Sagittal Striatum (SS), Uncinate Fasciculus (UNC).
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Figure 2. 
A: Average coefficients of regional vulnerability index (RVI) plotted by group. B: There was 

a significance ordinal trend of elevation of RVI with respect to group assignment (p<0.001).
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Figure 3. 
Replication of the relationship between cognition and white matter vulnerability to 

schizophrenia that were reported in Kochunov et al 2017 (for convenience to the readers, the 

figure of original findings in the U.S. sample is reproduced in Supplementary Figure 1). X-

axis: Effect sizes of the 21 major white matter regions in ENIGMA, higher values indicate 

more severe impairment in schizophrenia compared with controls in the ENIGMA meta-

analysis. Y-axis: The correlation coefficients between FA of each region and cognitive 

measures in processing speed (PS) or working memory (WM) in the current Chinese 

sample. Full sample: all participants combined. Patients: all patients combined. A: 

Relationship between correlation coefficients for regional FA - processing speed (PS) (y-

axis) and regional FA effect sizes of schizophrenia from ENIGMA-Schizophrenia (x-axis, 

Cohen’s d). B: partial correlation coefficients of A after corrected for working memory 

(WM). C: Relationship between correlation coefficients for regional FA values and working 

memory (y-axis) and regional FA effect sizes of schizophrenia (x-axis). D: partial correlation 

coefficients of C after corrected for PS. This was tested in the full sample (A to D) and then 

patients (E to H) and controls (I to L) separately.
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