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            Abstract
Mounting evidence suggests that function and connectivity of the striatum is disrupted in schizophrenia1,2,3,4,5. We have developed a new hypothesis-driven neuroimaging biomarker for schizophrenia identification, prognosis and subtyping based on functional striatal abnormalities (FSA). FSA scores provide a personalized index of striatal dysfunction, ranging from normal to highly pathological. Using inter-site cross-validation on functional magnetic resonance images acquired from seven independent scanners (nâ€‰=â€‰1,100), FSA distinguished individuals with schizophrenia from healthy controls with an accuracy exceeding 80% (sensitivity, 79.3%; specificity, 81.5%). In two longitudinal cohorts, inter-individual variation in baseline FSA scores was significantly associated with antipsychotic treatment response. FSA revealed a spectrum of severity in striatal dysfunction across neuropsychiatric disorders, where dysfunction was most severe in schizophrenia, milder in bipolar disorder, and indistinguishable from healthy individuals in depression, obsessive-compulsive disorder and attention-deficit hyperactivity disorder. Loci of striatal hyperactivity recapitulated the spatial distribution of dopaminergic function and the expression profiles of polygenic risk for schizophrenia. In conclusion, we have developed a new biomarker to index striatal dysfunction and established its utility in predicting antipsychotic treatment response, clinical stratification and elucidating striatal dysfunction in neuropsychiatric disorders.
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                    Fig. 1: Schema of development, testing and validation of the FSA biomarker.[image: ]


Fig. 2: Striatal dysfunction in schizophrenia assessed with resting-state fMRI acquired at multiple independent sites.[image: ]


Fig. 3: Striatal dysfunction in schizophrenia assessed with resting-state fMRI characterizes diagnostic heterogeneity and antipsychotic treatment outcome.[image: ]


Fig. 4: Spatial correspondence between gene expression and striatal hyper-activation in schizophrenia.[image: ]
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                Data availability

              
              The dataset of UCLA Consortium for Neuropsychiatric Phenomics is available at the OpenfMRI database (https://openfmri.org/dataset/ds000030/). The [11C]raclopride PET template can be found in a previous study56. [18F]FDOPA PET and [123I]FP-CIT SPECT templates are available at the NITRC website (http://www.nitrc.org/projects/spmtemplates/). Human gene expression data from the post-mortem tissues from six donors are available at http://human.brain-map.org. Requests for other raw and analyzed data will be promptly reviewed by the Institute of Automation, Chinese Academy of Sciences to verify whether the request is subject to any intellectual property or confidentiality obligations.

            

Code availability

              
              The SVM model (from all 1,100 subjects across the seven scanners) and code for calculating the personalized FSA score are available at https://github.com/BingLiu-Lab/FSA. A web-based research tool for the online calculation of personalized FSA score is available at https://www.szbiomarkers.net/fsa. Resting-state fMRI data preprocessing was implemented in an open MATLAB-based tool, BRANT version 3.3546 (http://brant.brainnetome.org/en/latest). Most data manipulation and machine learning on neuroimaging data were performed based on scikit-learn54 and nilearn (https://github.com/nilearn/nilearn), which are publicly available.
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Extended data

Extended Data Fig. 1 Elevated regional homogeneity (ReHo) in schizophrenia.
a, Map of t-statistic values for between-group difference in ReHo (schizophrenia group minus healthy comparison group; unpaired two-sided t-test). nâ€‰=â€‰560 subjects with schizophrenia and nâ€‰=â€‰540 controls. Top: Data pooled across all seven scanners. The largest t-statistic values were for areas within the striatum, indicating that the striatum is a focal point of significantly increased ReHo in schizophrenia. Bottom: Data analyzed independently for each of the seven scanners. Only t-statistic values within the striatum are shown. Each axial slice (zâ€‰=â€‰5) corresponds to data acquired from an independent scanner. Images ordered according to Panel b. b, Scatter-box chart of the mean fALFF in the striatum of normal controls (NC, shown in blue) and schizophrenia groups (SZ, shown in red) across different scanners. From left: Peking University Sixth Hospital (SIMENS scanner, Pâ€‰<â€‰.0003; nâ€‰=â€‰92 SZ, nâ€‰=â€‰98 NC), Beijing Huilongguan Hospital (SIMENS scanner, Pâ€‰<â€‰5â€‰Ã—â€‰10âˆ’6; nâ€‰=â€‰83 SZ, nâ€‰=â€‰59 NC), Xijing Hospital (SIMENS scanner, Pâ€‰<â€‰1â€‰Ã—â€‰10âˆ’4; nâ€‰=â€‰90 SZ, nâ€‰=â€‰54 NC), Henan Mental Hospital (SIMENS scanner, Pâ€‰<â€‰4â€‰Ã—â€‰10âˆ’8; nâ€‰=â€‰81 SZ, nâ€‰=â€‰102 NC), Henan Mental Hospital (GE scanner, Pâ€‰<â€‰6â€‰Ã—â€‰10âˆ’7; nâ€‰=â€‰49 SZ, nâ€‰=â€‰69 NC), Renmin Hospital of Wuhan University (GE scanner, Pâ€‰=â€‰.00025; nâ€‰=â€‰82 SZ, nâ€‰=â€‰89 NC), and Zhumadian Psychiatric Hospital (GE scanner, Pâ€‰<â€‰7â€‰Ã—â€‰10âˆ’10; nâ€‰=â€‰83 SZ, nâ€‰=â€‰69 NC). Striatal hyperactivity indicated by increased ReHo in the schizophrenia group is evident in samples from all sites despite having been acquired using different scanners. Significance was assessed by unpaired two-sided t-test and there was no adjustment for multiple testing. The sample size and definition of boxplot are consistent with those in Fig. 2b.


Extended Data Fig. 2 Impacts of intra-scan head motion confound on FSA.
a, Boxplot of mean framewise distance (FD) for schizophrenia (red) and healthy comparison (blue) groups. As indicated by the asterisk, the mean FD of FSA was significantly higher in the schizophrenia group in PKU6 hospital (Pâ€‰<â€‰.05, unpaired two-sided t-test). No significant difference in FD between schizophrenia group and healthy controls in other cohorts (P values are shown in the figure; unpaired two-sided t-test). The sample size and definition of boxplot are consistent with those in Fig. 2b. b, Scatter plots showing the absence of a significant correlation between percentage change in PANSS symptom severity and mean FD (PKU6 hospital: Pâ€‰=â€‰.57, nâ€‰=â€‰37; ZMD hospital: Pâ€‰=â€‰.72, nâ€‰=â€‰58). c, Scatter plots showing the partial correlation between percentage change in PANSS symptom severity and the FSA score, controlling for the effect of mean FD (PKU6 hospital: Pâ€‰=â€‰.000034, nâ€‰=â€‰37; ZMD hospital: Pâ€‰=â€‰.0012, nâ€‰=â€‰58). d, Relationship between the FSA score and mean FD. eâ€“g, Relationship between mean FD and the FSA score based on fALFF, intra-striatal FC and extra-striatal FC. Pearson correlation were used to assess significance in Panels b-g.


Extended Data Fig. 3 Impacts of baseline symptom on FSA and percentage symptom reduction.
a, b, No significant correlation between the FSA score and PANSS at baseline in longitudinal cohorts from either PKU6 hospital or ZMD hospital. c, d, No significant correlation between the FSA at baseline and the percentage reduction in PANSS in longitudinal cohorts from either PKU6 hospital or ZMD hospital. For Panels a-d: Psâ€‰>â€‰.05; Pearson correlation; nâ€‰=â€‰37â€‰in PKU6 hospital and ZMD hospital nâ€‰=â€‰58â€‰in ZMD hospital.


Extended Data Fig. 4 Prognostic utility of FSA stratified according to antipsychotic categories.
The relationship between percentage reduction in PANSS and the FSA score stratified according to antipsychotic category. All the antipsychotic categories with more than (or equal to) 5 patients were analyzed and Pearsonâ€™s r was represented. a, subjects with schizophrenia in PKU6 hospital, nâ€‰=â€‰10 Risperidone, nâ€‰=â€‰12 Olanzapine, nâ€‰=â€‰5 Amisulpride. b, subjects with schizophrenia in ZMD hospital, nâ€‰=â€‰19 Clozapine, nâ€‰=â€‰29 Risperidone, nâ€‰=â€‰6 Olanzapine. The single asterisk (*) and double asterisks (**) indicate Pâ€‰<â€‰.1 and Pâ€‰<â€‰.05, respectively. c, The linear relationship between the 5-TH2A / D2 affinity ratio and the negative of effect size (the natural logarithm of Pearsonâ€™s r) of FSA correlated with the antipsychotic response in specific medication group (nâ€‰=â€‰6, Pearson correlation).


Extended Data Fig. 5 Regional specificity of FSA by control brain regions.
a, The classification accuracy from inter-site validation across all regions of interest, using 1100 cross-section subjects described in Methods section. b, Pearsonâ€™s correlation coefficients between the PANSS percentage reduction and the FSA score in PKU6 (nâ€‰=â€‰37). c, Pearsonâ€™s correlation coefficients between the PANSS percentage reduction and the FSA score in ZMD (nâ€‰=â€‰58). All significant correlations (FDR adjusted, Pâ€‰<â€‰.05; Pearson correlation) are represented in red color. The results were that the striatum yielded the highest classification accuracy among all the control regions that we evaluated and that the striatum was the only region that enabled a reliable prediction of the antipsychotic response.


Extended Data Fig. 6 FSA in previously unused datasets characterized by different MR parameters, ethnicities or disease categories.
Density plots show FSA scores computed in five independent datasets (Validation datasets 1-5) comprising individuals with schizophrenia, bipolar disorder, depression, OCD, and ADHD. Groups comprising healthy comparison individuals are shown in blue. To aid visualization, FSA was normalized separately for each dataset. Specifically, we first standardized the FSA scores in individuals with schizophrenia and healthy controls, and then aligned the standardized model for FSA score in other diagnostic groups. Comparisons were made by unpaired two-sided t-test in Panels a-f. a, Dataset 1: FSA scores for individuals with schizophrenia (nâ€‰=â€‰30), but not bipolar disorders (BP, nâ€‰=â€‰25), OCD (nâ€‰=â€‰30) or depression (DEP, nâ€‰=â€‰27), significantly differed from those of healthy controls (nâ€‰=â€‰29). b, Dataset 2: FSA generalizes to a 1.5-T MRI scanner. The FSA scores for individuals with schizophrenia (nâ€‰=â€‰30) were significantly different from those of healthy controls (nâ€‰=â€‰29); Furthermore, individuals with bipolar disorder (nâ€‰=â€‰30) a trend toward significantly lower FSA scores compared to controls (Pâ€‰=â€‰.080). c, Dataset 3: Both individuals with schizophrenia (nâ€‰=â€‰81) and bipolar disorder (nâ€‰=â€‰41) showed significantly lower FSA scores compared to healthy controls (nâ€‰=â€‰102), and FSA scores did not differ significantly between the schizophrenia and bipolar groups. d, Dataset 4: FSA generalizes to non-Han Chinese ethnicities. Both individuals with bipolar disorder (nâ€‰=â€‰45) and schizophrenia (nâ€‰=â€‰47) showed significantly lower FSA scores compared to healthy controls (nâ€‰=â€‰115), whereas individuals with ADHD (nâ€‰=â€‰39) did not differ from controls. e, Dataset 5: FSA scores for individuals with schizophrenia (nâ€‰=â€‰92), but not OCD (nâ€‰=â€‰20), significantly differed from those of healthy controls (nâ€‰=â€‰98). f, Forest plots for FSA score of individuals with bipolar disorder compared with individuals with schizophrenia or healthy controls. The sample sizes in Datasets 1-4 were described above. SMDâ€‰=â€‰standardized mean difference. The relative effect sizes were calculated as standardized mean differences (Hedgesâ€™ g) and reported with their 95% confidence interval (CI). An overall treatment effect is calculated as a weighted average of the individual effect sizes (95% CI shown). Based in the four validation datasets, SMD of FSA scores between individuals with bipolar disorders and healthy controls were significantly negative (overall effect sizeâ€‰=â€‰6.45, Pâ€‰<â€‰2â€‰Ã—â€‰10âˆ’10); SMD of FSA scores between individuals with bipolar disorders and schizophrenia were significantly positive (overall effect sizeâ€‰=â€‰3.83, Pâ€‰<â€‰.0002). Overall the result suggests that bipolar disorder is positioned between schizophrenia and healthy controls on the FSA spectrum. Moreover, we found that FSA scores for individuals with OCD, ADHD and depression did not significantly differ from healthy comparison individuals, indicating that there is less overlap between the three neuropsychiatric disorders and schizophrenia in striatal dysfunction.


Extended Data Fig. 7 Spatial correlation between [11C] Raclopride PET imaging and fALFF t-statistic maps within the striatum and its subregions.
[11C] Raclopride PET image (left) and fALFF t-statistic map (right) are represented on the top. Scatter plots show the association between the t-statistic map and the marker of D2/3 receptor density within distinct striatal subregions (Pearsonâ€™s r was represented below, in 1.5â€‰mm resampled resolution): ventral caudate (orange red; left hemisphere râ€‰=â€‰.78, nâ€‰=â€‰1094 voxels; right hemisphere râ€‰=â€‰.83, nâ€‰=â€‰764 voxels), globus pallidus (burnt yellow; left râ€‰=â€‰.85 nâ€‰=â€‰758 voxels; right râ€‰=â€‰.72, nâ€‰=â€‰773 voxels), nucleus accumbens (leafy green; left râ€‰=â€‰.51, nâ€‰=â€‰776 voxels; right râ€‰=â€‰.79, nâ€‰=â€‰958 voxels), ventromedial putamen (lightish blue; left râ€‰=â€‰.82, nâ€‰=â€‰793 voxels; right râ€‰=â€‰.49, nâ€‰=â€‰607 voxels), dorsal caudate (bright lilac; left râ€‰=â€‰.81, nâ€‰=â€‰1178 voxels; right râ€‰=â€‰.84, nâ€‰=â€‰1588 voxels) and dorsolateral putamen (lightish red; left râ€‰=â€‰.57 nâ€‰=â€‰1079 voxels; right râ€‰=â€‰.25, nâ€‰=â€‰1111 voxels). The bottommost scatter plot is for the whole striatum.
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