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Supplementary Methods

Exclusion criteria for participants

Healthy controls received the MINI-International Neuropsychiatric Interview (M.I.N.I) (Sheehan et al., 1998) by qualified psychiatrists to confirm the absence of potential psychiatric disorders. Exclusion criteria included (1) history of head injury, (2) history of substance use, (3) having contraindications for MRI scanning, and (4) an estimated IQ below 70.

Clinical assessments 

The diagnosis of schizophrenia was ascertained using the Structural Clinical Interview for the DSM-IV (Frist, Gibbons, Sptizer, & Williams, 1996) by qualified psychiatrists. The symptoms were assessed using the Positive and Negative Syndrome Scale (PANSS) (Kay, Fiszbein, & Opler, 1987) by trained psychiatrists. 
Experimental procedure

All participants first underwent clinical and neuropsychological examination. Then, a T1-weighted structural MRI image was acquired for anatomical reference. Next, MRS data was acquired during rest to measure the glutamate levels in the bilateral ACC. Finally, an audiovisual sensory integration fMRI task was used. All participants were scanned by a 3T GE Discovery MR 750 scanner at the Centre for Neuroimaging of Peking University Sixth Hospital, Beijing, China. All imaging data were scanned in a single session on one day, together with the neuropsychological assessments. The clinical assessments were completed within one week after the scanning. 

Neuropsychological measures

We administered the Sensory Integration subscale of the abridged version of the Cambridge Neurological Inventory (CNI) (Chan et al., 2009; Chen et al., 1995) to assess the sensory integration at the behavioural level. Details of the items can be referred to Supplementary Material. Participants’ performance was rated on a dichotomized scale with “0” for absence and “1” for presence. The intraclass correlation coefficient for this subscale was 0.82 (Chan et al., 2009). The items for the Sensory Integration subscale included extinction, finger agnosia, stereognosia, graphesthesia, left-right disorientation (Chen et al., 1995).
Moreover, IQ was estimated with the use of the short form (information, arithmetic, similarities, and digit span) of the Chinese version of the Wechsler Adult Intelligence Scale- Revised (Gong, 1992).  

Calculation of the voxel tissue contents of MRS

To identify metabolites with poor quality, the following exclusion criteria were used: (1) glutamate levels with Cramer-Rao lower bounds (CRLBs) ( 20%, and (2) glutamate levels not falling within +/- 3 standard deviations from the group mean. The voxel tissue contents (including WM, GM, CSF) were determined by using the Gannet software (Edden, Puts, Harris, Barker, & Evans, 2014) to extract the location of the 1H-MRS voxels from the spectra file header, co-register the MRS data to the T1-weighted image, and create a mask of the voxel size and location on the segmented structural image. The Statistical Parameter Mapping (SPM) software package (SPM12; http://www.fil.ion.ucl.ac.uk/spm/ software/spm12) was used to segment the T1-weighted images into white matter (WM), grey matter (GM), cerebrospinal fluid (CSF). The fractions of WM, GM, and CSF were calculated in Gannet as to permit correction of the spectra results for partial volume CSF contamination. Correction for voxel tissue composition using the formula: corrected metabolite value = metabolite concentration ( (proportion WM + 1.28 ( proportion GM + 1.55 ( proportion CSF)/ (proportion WM + proportion GM) (Bossong et al., 2019). 
Correlations between glutamate levels and CNI scores

In order to examine whether the glutamate levels were specifically related with the CNI sensory integration subscale, partial correlations were performed, with Age and gender as covariates. The level of significance was set at p < 0.017 (adjusting for multiple comparisons of the 3 subscales).
fMRI data preprocessing

All fMRI data were preprocessed by the Statistical Parameter Mapping 12 Software (http://www.fil. ion.ucl.ac.uk/spm), the BrainWavelet toolbox (http://www.brainwavelet.org) (Patel & Bullmore, 2016), and a plugin-in for SPM named Temporal Filter (http://www.brain-fmri. com/tempfilter) (Madsen, Krohne, Cai, Wang, & Chan, 2018) in MATLAB R2017b (MathWorks, Inc.). First, slice timing correction was performed for the functional images with the middle slice as the reference slice. Second, head motion correction was performed to obtain head motion parameters using 6-parameter rigid body transformation. Third, the structural imaging data were manually co-registered and realigned with the anterior commissure-posterior commissure line. Then, the functional images were co-registered to the structural images. Subsequently, the structural images were segmented into gray matter, white matter, and cerebrospinal fluid (Ashburner & Friston, 2005). The DARTEL toolbox in the SPM12 was applied to build a study-specific template (Ashburner, 2007). In order to reduce the nonstationary signals and artifacts of head motion, wavelet despiking which was implemented in the BrainWavelet toolbox was applied to the functional images (Patel & Bullmore, 2016). Additionally, the nuisance regressors were estimated in the Temporal Filter toolbox and included in the general linear models (GLM) as covariates of no interest to further account for residual motion and physiological noise. These nuisance regressors included: nuisance variable regressors (NVRs) and explicit modeling of specific time frames exceeding a threshold of 1 mm relative movement and 1% DVARS (Friston, Williams, Howard, Frackowiak, & Turner, 1996; Power, Barnes, Snyder, Schlaggar, & Petersen, 2012). The percentage of time points exceeding DVARS threshold was lower than 10% for each participant. The NVRs were consisted of head motion estimated by a 24-parameter autoregressive model and physiological noise estimated from white matter and cerebrospinal fluid. Finally, the functional images were normalized to the standard Montreal Neurological Institute space in 2 ( 2 ( 2 mm3 voxel size with DARTEL and smoothed with a 4 mm full-width at half maximum. 

Supplementary Results

The correlation of glutamate levels with sensory integration and clinical variables
After including the GM fraction and the CSF fraction as covariates, the correlational patterns remained unchanged for the entire sample (patients with schizophrenia: r = 0.414, p = 0.004, healthy controls: r = 0.128, p = 0.437) and the subsample (patients with schizophrenia: r = 0.735, p = 0.001, healthy controls: r = 0.096, p = 0.724). Moreover, a subsequent analysis using Spearman’s correlation for clarifying whether our results were affected by the potential outliers showed similar results for the entire sample (patients with schizophrenia: r = 0.305, p = 0.035, healthy controls: r = 0.153, p = 0.338) and the subsample (patients with schizophrenia: r = 0.451, p = 0.061, healthy controls: r = 0.181, p = 0.472). Exploratory analysis did not find significant correlation between the glutamate levels and the illness duration and the PANSSS scores. 
Clarification the directionality of the interaction effects
To clarify the directionality of the interaction effects between glutamate levels and BOLD activation, the beta parameter estimates from the significant clusters in the interaction analysis were extracted. The results showed significant positive correlations between the ACC glutamate levels and the beta parameter estimates from the right thalamus (r = 0.629, p = .007), the right medial frontal gyrus (r = 0.685, p = .002), the left caudate (r = 0.548, p = .023), the left precuneus (r = 0.600, p = .011), and a region covering from the right ACC extending to the right caudate (r = 0.637, p = .006) (see Figure 3), indicating higher levels of ACC glutamate with stronger BOLD activation in schizophrenia patients. On the other hand, the results showed significant negative correlations between the ACC glutamate levels and the beta parameter estimates in the right thalamus (r = -0.821, p < .001), the right medial frontal gyrus (r = -0.660, p = .004), the left caudate (r = -0.815, p < .001), the left precuneus (r = -0.761, p < .001), and a region covering the right ACC extending to the right caudate (r = -0.785, p < .001) in controls (see Figure 3). 

We extracted beta parameter estimates from the significant clusters to further clarify the directionality of the interaction effect between glutamate and FC. The results showed significantly positive correlations between the ACC glutamate levels and the magnitude of FC of the ACC with the right insula (r = 0.702, p = .002) as well as the region from bilateral precuneus extending to bilateral middle cingulate gyrus (r = 0.638, p = .006) in schizophrenia patients (see Figure 3). On the other hand, the results showed significant negative correlations between the ACC glutamate levels and the magnitude of FC with the ACC and the respective regions (the right insula: r = -0.668, p = .003, bilateral precuneus and middle cingulate gyrus: r = -0.698, p = .002; see Figure 3) in controls. 
Supplementary Tables

Supplementary Table 1. Glutamatergic neurometabolite levels, 1H-MRS quality parameters, and voxel tissue composition

	
	Healthy controls

Mean (S.D.)
	Patients with schizophrenia

Mean (S.D.)
	t test

	
	
	
	t/χ2
	p
	Cohen’s d

	                      Whole sample
	
	
	

	
	n = 43
	n = 50
	
	
	

	Glutamatergic neurometabolite levels
	
	
	

	Glutamate
	17.74 (2.17)
	17.94 (2.23)
	t91 = -0.451
	0.653
	0.091

	Spectra quality parameters
	
	
	
	

	FWHM
	0.04 (0.01)
	0.05 (0.01)
	t91 = -1.508
	0.135
	1.000

	SNR
	23.79 (5.59)
	24.58 (5.19)
	t91 = -0.705
	0.482
	0.146

	Glutamate % CRLB
	5.30 (1.60)
	4.86 (1.20)
	t91 = 1.525
	0.131
	0.311

	Voxel tissue composition
	
	
	
	

	GM fraction**
	0.64 (0.04)
	0.59 (0.05)
	t91 = 4.304
	< 0.001
	1.104

	WM fraction
	0.09 (0.03)
	0.10 (0.05)
	t91 = -0.996
	0.322
	0.243

	CSF fraction*
	0.27 (0.04)
	0.31 (0.06)
	t91 = -3.488
	0.001
	0.784

	
	Subsample for MRS ( fMRI
	
	
	

	
	n = 20
	n = 20
	
	
	

	Glutamatergic neurometabolite levels
	
	
	
	

	Glutamate
	17.72 (2.17)
	18.67 (2.47)
	t38 = -1.300
	0.202
	0.408

	Spectra quality parameters
	
	
	
	

	FWHM
	0.04 (0.01)
	0.05 (0.01)
	t38 = -1.171
	0.249
	1.000

	SNR
	23.15 (6.00)
	23.10 (6.33)
	t38 = 0.026
	0.980
	0.008

	Glutamate % CRLB
	5.65 (1.93)
	5.10 (1.68)
	t38 = 0.961
	0.342
	0.304

	Voxel tissue composition
	
	
	
	
	

	GM fraction**
	0.65 (0.04)
	0.60 (0.06)
	t38 = 3.132
	0.003
	0.980

	WM fraction
	0.08 (0.03)
	0.09 (0.05)
	t38 = -1.103
	0.277
	0.243

	CSF fraction*
	0.27 (0.04)
	0.31 (0.05)
	t38 = -2.644
	0.012
	0.883


Notes: FWHM, full width at half-maximum; SNR, signal-to-noise ratio; CRLB, Cramer-Rao Lower Bounds; GM, gray matter; WM, white matter; CSF, cerebrospinal fluid. * p < 0.05, ** p < 0.001.

Supplementary Table 2. Signiﬁcant audiovisual activations across groups during the audiovisual sensory integration task (Matching condition > Control condition contrast)
	Brain region
	k
	t
	MNI Coordinates

	
	
	
	x
	y
	z

	L precentral gyrus, L& R inferior frontal gyrus, L middle frontal gyrus, L superior frontal gyrus
	856
	11.03
	-46
	0
	36

	L inferior parietal lobule, L middle occipital gyrus, L superior occipital gyrus, L superior parietal lobule, L angular gyrus
	1090
	10.87
	-28
	-76
	26

	R inferior parietal lobule, R middle occipital gyrus, R superior occipital gyrus, R angular gyrus, R superior parietal lobule
	1391
	10.7
	30
	-58
	40

	R precentral gyrus, R inferior frontal gyrus, R middle frontal gyrus, R superior frontal gyrus
	993
	10.57
	36
	0
	44

	R thalamus, R caudate
	356
	9.63
	10
	-14
	12

	L thalamus, L caudate
	271
	9.5
	-12
	-10
	6

	L& R supplementary motor area, R middle cingulate gyrus, L& R superior frontal gyrus
	467
	9.21
	4
	14
	50

	L cerebellum
	17
	8.37
	-22
	-62
	-32

	R thalamus
	50
	8.29
	8
	-24
	-4

	L inferior occipital gyrus, L inferior temporal gyrus
	54
	8.21
	-42
	-66
	-4

	L cerebellum
	17
	8.37
	-22
	-62
	-32

	L cerebellum
	27
	8.13
	-30
	-74
	-16

	Vermis_4_5, vermis_6
	55
	7.84
	-2
	-64
	-16

	R precuneus
	21
	7.71
	12
	-60
	52

	R cerebellum
	44
	7.65
	12
	-76
	-10

	L superior temporal gyrus
	85
	7.32
	-54
	-42
	20

	R cingulate Gyrus
	64
	6.97
	6
	-4
	22

	R claustrum
	12
	6.65
	28
	22
	-2

	R cerebellum
	11
	6.27
	24
	-62
	-30

	R claustrum
	13
	6.2
	30
	24
	6


Notes: L, left; R, right. The threshold was voxel-level FWE correction p < .05 and cluster size > 10.

Supplementary Table 3. Signiﬁcant ACC-based functional connectivity across groups during the audiovisual sensory integration task (Matching condition > Control condition contrast)

	Brain region
	k
	t
	MNI Coordinates

	
	
	
	x
	y
	z

	L inferior frontal gyrus
	100
	9.04
	-50
	14
	8

	R insula
	63
	8.52
	44
	10
	-4

	L anterior cingulate cortex
	114
	8.35
	-48
	16
	28

	L inferior frontal gyrus
	24
	7.94
	-44
	38
	12

	L insula
	85
	7.84
	-40
	20
	4

	R inferior parietal lobule
	46
	7.49
	46
	-40
	48

	L supramarginal gyrus
	12
	7.44
	-56
	-44
	26

	L superior temporal gyrus
	21
	7.41
	-54
	-24
	10

	L medial frontal gyrus
	91
	7.39
	0
	22
	42

	L calcarine sulcus
	30
	7.32
	-2
	-70
	10

	L superior temporal gyrus
	13
	6.75
	-50
	8
	-6

	L medial frontal gyrus
	19
	6.63
	-6
	32
	36

	L precentral gyrus
	11
	6.6
	-60
	-4
	8

	L inferior parietal lobule
	11
	6.46
	-40
	-48
	38


Notes: L, left; R, right. The threshold was voxel-level FWE correction p < .05 and cluster size > 10.

Supplementary Table 4. ACC glutamate effects on fMRI BOLD activation and functional connectivity during audiovisual sensory integration with age, gender, head motion, GM fraction and CSF fraction as covariates (audiovisual integration condition > control condition contrast)

	Brain region
	Cluster size
	T
	Peak MNI coordinate

	
	
	
	X
	Y
	Z

	BOLD activation
	
	
	
	

	Group ( ACC glutamate levels interaction
	
	
	
	

	R thalamus
	109
	5.14
	14
	-32
	8

	L caudate
	104
	5.01
	-26
	-16
	34

	R caudate
	200
	4.9
	24
	20
	20

	R superior frontal gyrus 
	73
	4.75
	16
	0
	50

	L precuneus
	75
	4.64
	-30
	-36
	32

	 Negative correlation in healthy controls
	
	
	
	

	L& R middle cingulate gyrus
	101
	5.47
	2
	16
	34

	L inferior frontal gyrus, L insula
	99
	5.17
	-36
	16
	16

	L fusiform gyrus
	136
	4.97
	-36
	-72
	-12

	R fusiform gyrus
	107
	4.95
	34
	-68
	-22

	R cerebellum_4_5
	104
	4.73
	16
	-46
	-16

	R calcarine sulcus
	67
	4.63
	6
	-82
	12

	L inferior parietal lobule
	74
	4.39
	-54
	-40
	36

	R insula
	70
	4.15
	34
	-18
	14

	Positive correlation in schizophrenia patients
	
	
	
	

	R cingulate gyrus
	97
	4.74
	20
	16
	30

	
	
	
	
	
	

	Functional connectivity
	
	
	
	
	

	Group ( ACC glutamate levels interaction
	
	
	
	

	L& R middle cingulate gyrus, L& R precuneus
	136
	5.63
	0
	-38
	56

	L supplementary motor area
	82
	5.23
	0
	2
	46

	R insula
	56
	4.89
	40
	-8
	16


Notes: ACC, anterior cingulate cortex; fMRI, functional magnetic resonance imaging; R, right; L, left. The threshold was voxel-level p < .001 and cluster-level FWE correction p < .05. MNI, Montreal Neurological Institute space.

Supplementary Table 5. Correlations between ACC glutamate levels and neurological soft signs deficits
	
	CNI subscales
	r
	p

	Patients with schizophrenia (entire sample)

	Glutamate levels
	Sensory integration
	0.419
	0.003

	
	Motor coordination
	0.219
	0.047

	
	Disinhibition
	0.115
	0.443

	Patients with schizophrenia (subsample)

	Glutamate levels
	Sensory integration
	0.592
	0.010

	
	Motor coordination
	0.179
	0.492

	
	Disinhibition
	-0.153
	0.559

	

	Healthy controls (entire sample)

	Glutamate levels
	Sensory integration
	0.104
	0.519

	
	Motor coordination
	-0.033
	0.836

	
	Disinhibition
	0.048
	0.764

	Healthy controls (subsample)

	Glutamate levels
	Sensory integration
	0.082
	0.747

	
	Motor coordination
	0.299
	0.229

	
	Disinhibition
	0.106
	0.675


Notes: ACC, anterior cingulate cortex; CNI, the Cambridge Neurological Inventory.
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