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Deficit schizophrenia (DS), which is marked by stable negative symptoms, is regarded as a homogeneous subgroup of schizophrenia. While DS patients have structurally altered nucleus accumbens (NAcc) compared to non-deficit schizophrenia (NDS) patients and healthy individuals, the investigation of NAcc functional connectivity (FC) with negative symptoms and neurocognition could provide insights into the pathophysiology of schizophrenia. 58 DS, 93 NDS, and 113 healthy controls (HCs) underwent resting-state functional magnetic resonance (rsfMRI). The right and left NAcc were respectively used as seed points to construct the functional NAcc network in whole-brain FC analysis. ANCOVA compared the differences in NAcc network FC and partial correlation analysis explored the relationships between altered FC of NAcc, negative symptoms and neurocognition. Compared to HCs, both DS and NDS patients showed decreased FC between the left NAcc (LNAcc) and bilateral middle cingulate gyrus, and between the right NAcc (RNAcc) and right middle frontal gyrus (RMFG), as well as increased FC between bilateral NAcc and bilateral lingual gyrus. Moreover, the FC between the LNAcc and bilateral calcarine gyrus (CAL) was lower in the DS group compared to NDS patients. Correlation analysis indicated that FC value of LNAcc-CAL was negatively correlated to negative symptoms. Furthermore, aberrant FC values within the NAcc network were correlated with severity of clinical symptoms and neurocognitive impairments in DS and NDS patients. This study demonstrated abnormal patterns of FC in the NAcc network between DS and NDS. The presence of altered LNAcc-CAL FC might be involved in the pathogenesis of negative symptoms in schizophrenia.
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INTRODUCTION

The reward network is usually implicated in schizophrenia, especially in the regulation of negative symptoms (1–3). The nucleus accumbens (NAcc), which is a core node of the reward network, modulates information flow from the amygdaloid complex to the basal ganglia, mesolimbic dopaminergic regions, mediodorsal thalamus, and prefrontal cortex. NAcc also plays a prominent role in human cognitive, emotional, and psychomotor functions (4, 5).

Structural abnormalities of the NAcc were consistently demonstrated in schizophrenia. There were decreased right (6) and bilateral (7) NAcc volumes in first-episode psychosis subjects compared to healthy controls (HCs). Two meta-analyses with large sample size showed significant volume reductions of the NAcc in schizophrenia patients (8, 9). Another study indicated that there were lower NAcc volumes when antipsychotic medication therapy was discontinued in patients with schizophrenia (10). While previous neuroimaging studies of NAcc in schizophrenia were primarily focused on structural alterations, functional neuroimaging studies via functional magnetic resonance imaging (fMRI) analyses are scarce.

A fMRI study which utilized a word-image associative encoding task showed a signal change in the NAcc of patients with schizophrenia, which negatively correlated to the Physical Anhedonia Scale scores (11). Furthermore, altered functional connectivity (FC) between the NAcc and other brain regions, including the left temporal superior gyrus, cingulate gyri, and ventral tegmental area, was associated with the pathogenesis of hallucinations among patients with schizophrenia (12). Overall, the above-mentioned findings suggested the presence of aberrant changes in the NAcc of patients suffering from schizophrenia. However, whether the functional alterations of NAcc play a crucial role in negative symptoms in schizophrenia remain unclear.

Deficit schizophrenia (DS), which is characterized by primary and persistent negative symptoms during clinical stability periods, is regarded as a clinically homogeneous subgroup of schizophrenia (13–17). Previous studies have demonstrated that DS patients differed from non-deficit schizophrenia (NDS) patients in numerous clinical aspects, including risk factors, premorbid functioning, disease course, neurobiological correlates, and response to treatment (18–20). Neuroimaging studies have also revealed the presence of specific structural and functional alterations in brain regions and networks of DS patients compared to NDS patients (16, 21–23). Nevertheless, few studies focused on the NAcc network in DS patients. Only one structural neuroimaging study showed that DS patients had smaller left NAcc volumes compared to both NDS patients and HCs. Moreover, the lower left NAcc volumes significantly correlated with age and duration of illness (24). As a homogeneous subgroup of schizophrenia, studies on DS could provide better insight into the pathogenesis and development of schizophrenia, including the negative symptoms in schizophrenia. However, to date, no study has reported FC alterations of the NAcc network in DS patients via resting-state fMRI. Furthermore, the relationships between altered FC of the NAcc network and negative symptoms as well as neurocognition is still unclear.

In the present study, we conducted resting-state fMRI scans, clinical assessments and neurocognitive tests in order to investigate the functional characteristics of NAcc in DS patients. We set the right and left NAcc as two individual seed points to construct and compare the whole brain FC network of the two patient groups. Moreover, we investigated the relationship between altered FC with clinical and cognitive characteristics. We hypothesized that DS and NDS patients would exhibit convergent and divergent abnormal FC within the NAcc network. We also hypothesized that altered FC of the NAcc network would be associated with clinical symptoms, especially with negative symptoms, and neurocognitive deficits in DS and NDS patients.



METHODS AND MATERIALS


Subjects

A total of 264 male participants, including 151 clinically stable schizophrenia patients (58 DS and 93 NDS) and 113 HCs, were enrolled in this study. All patients were enlisted at the inpatient department of the psychiatric rehabilitation unit of Yangzhou Wutaishan Hospital in Jiangsu Province, China while HCs were recruited via advertisements in the local community.

The eligibility criteria for patients included in the study are as follows: (1) a diagnosis of schizophrenia according to the Diagnostic and Statistical Manual of Mental Disorders (DSM)-IV and confirmed by a psychiatrist using the Chinese version of Structured Clinical Interview for DSM-IV (SCID-I) (25); (2) right-handed Han Chinese patients aged between 20 and 65 years; and (3) stabilized psychiatric symptoms with antipsychotic medications for at least 12 months prior to participation in the study. Patients with any of the following criteria were excluded: (1) severe comorbid conditions (i.e., head trauma, intellectual disability); (2) a history of substance abuse (e.g., alcohol and/or drugs); (3) previous physical therapies such as electroconvulsive therapy; and (4) contraindications for MRI.

Patients were diagnosed as either DS or NDS according to the Chinese version of Schedule for the Deficit Syndrome (SDS) (26). SDS evaluates the presence of deficit syndrome based on two criteria. The first criterion assesses the presence of any two of the following symptoms: restricted affect, diminished emotional range, poor speech, loss of interest, diminished sense of purpose, and reduced social drive. For the second criterion to be met, the symptoms should be at least moderately severe, persistent over 12 months, and not caused by a secondary condition (i.e., medication side effects, depression, paranoia, or anxiety).

The 113 male HCs included in this study were also right-handed, and matched for age. They were assessed via unstructured clinical interviews in order to exclude: (1) a history of organic brain disorders, intellectual disability, or severe head trauma; (2) a history of neurological or psychiatric illnesses; (3) a family history of psychiatric disorders in first degree relatives; (4) any serious physical disease; and (5) contraindications for MRI.

This study was approved by the Institutional Ethical Committee for Clinical Research of ZhongDa Hospital Affiliated to Southeast University. All participants provided written informed consent.



Assessments of Clinical Symptoms and Neurocognition

Brief Psychiatric Rating Scale (BPRS), Scale for the Assessment of Negative Symptoms (SANS) and Scale for the Assessment of Positive Symptoms (SAPS) were utilized so as to evaluate the severity of negative and positive symptoms. The BPRS scale was divided into positive, negative, disorganized, and affect-syndromes, according to the results of the most comprehensive factor analysis of the 18-item BPRS (27).

Each subject completed eight standard neurocognitive tests, including the Digit Vigilance Test (DVT), the Animal Naming Test, the Controlled Oral Word Association Test (COWAT), a Block Design [Wechsler adult intelligence scale-Chinese Revision (WAIS-RC)], the Trail Making Test-A, -B (TMT-A, -B), the Stroop ColorWord Test, and the Spatial Processing Test. The raw scores obtained from each of these tests were transformed into z-scores. However, if the raw scores of any of the abovementioned test were inconsistent with the observed behavioral performance on the respective test, as with TMT-A/B, the scores were adjusted as reciprocal of the test value before transformation to z-scores so as to allow for uniformity in subsequent statistical analyses.



MRI Data Acquisition

All subjects were scanned using a 3T magnetic resonance (MR) system (GE HDx, Chicago, IL) using an 8-channel phased array head coil at Subei Hospital of Jiangsu Province, China. Images were obtained through the use of a gradient recalled echo-echo planar imaging (GRE-EPI) sequence with the following parameters: repetition time (TR) = 2,000 ms, echo time (TE) = 25 ms, flip angle = 90°, slice number = 35, field of view (FOV) = 240 × 240 mm2, slice thickness = 4 mm (without a gap), matrix size = 64 × 64, voxel size = 4 × 4 × 4 mm3, and volume number = 240. During the MRI scan, all participants were asked to lie in the scanner with their eyes closed and their head firmly positioned inside the coil in order to minimize head motion. The resting functional MRI scan recording lasted 8 min.



Imaging Pre-processing

The fMRI data was pre-processed using the Statistical Parametric Mapping 8 (SPM8) software in MATLAB (http://www.fil.ion.ucl.ac.uk/spm/software/SPM), released in 2016a (http://www.mathworks.com/products/matlab/). The first 10 images were excluded due to saturation effects and/or equilibrium magnetization. Echo planar images from each participant were then corrected for acquisition time delay among different slices and were realigned to the first volume for correction of head-motion. The resulting functional images were spatially normalized to the standard Montreal Neurological Institute (MNI) space through the use of a T1 image unified segmentation, and resampled into 3 mm isotropic voxels. For quality control, organic abnormality was examined and excluded using T1 weighted MRI. The images were then temporally band-pass filtered (0.01–0.10 Hz) after eliminating the linear trends of time courses in order to reduce the effect that emerged from low-frequency drifts and high-frequency noise. The nuisance signals, including six head motion parameters, cerebrospinal fluid signals, white matter signals, and global mean signals, were regressed from the data as corrected values. Finally, the images were smoothed using an 8-mm full width at half maximum Gaussian kernel. A scrubbing procedure was performed so as to reduce bias on the resting state (R)-fMRI signals induced by head motion artifacts. In brief, the root mean square deviation (dRMS) of the framewise displacement was calculated (28) between neighboring functional volumes within each subject. Next, the volume values were scrubbed using a dRMS over 0.5 mm along with the adjacent volume values (one back and two forward) for R-fMRI results of each subject.



Network Construction

In the present study, the left and right NAcc were set as regions of interest (ROIs), as defined by the Wake Forest University Pick Atlas (29), and were used as seed points to construct the left and right functional connectivity maps of the NAcc network, respectively. Pearson correlation analysis was employed in order to obtain the correlation coefficient (r-value) of mean time series between the seed point and whole brain voxel for each participant. Fisher Z transformation was then conducted to convert the r value to a normally distributed Z-value. The numerical values obtained from altered FC regions were then extracted with the Resting-State fMRI Data Analysis Toolkit (REST) (http://resting-fmri.sourceforge.net/), using the altered regions as masks. Thereafter, FC values were converted to Z-values via Fisher Z transformation and subsequently used for the further correlation analysis.



Statistical Analyses

Statistical analyses were carried out using the Statistical Package for the Social Sciences (SPSS) software version 19.0 (IBM, Armonk, NY). Chi-squared test, two-sample t-tests, and analysis of variance (ANOVA) were performed in order to compare demographic, clinical, and neurocognitive variables. Bonferroni test was utilized for post-hoc comparisons. Analysis of covariance (ANCOVA) was conducted using DPABI (a toolbox for Data Processing and Analysis for Brain Imaging, http://rfmri.org/dpabi) so as to determine FC alterations in the NAcc network among DS, NDS, and HC groups with age and education as covariates. In addition, when there was a significant group effect, post-hoc multiple comparisons with t-test were performed in order to detect the differences between each pair of groups. The 3dClustSim correction was performed for post-hoc multiple comparisons at voxel level (https://afni.nimh.nih.gov/pub/dist/doc/program_help/3dClustSim.html). The statistical threshold was set at p < 0.05 after correction. Partial correlation analysis was conducted using age, education, chlorpromazine equivalent, and illness duration as covariates in order to determine the relationship between aberrant FC, clinical features and neurocognitive assessments in both the DS and NDS groups. The statistically significant p-value was set as ≤ 0.05.




RESULTS


Demographic and Clinical and Neurocognitive Features

The demographic characteristics of all participants are displayed in Table 1. Education level (ANOVA; p < 0.001) was significantly different among the three groups. Post-hoc comparisons indicated that both DS (p < 0.05) and NDS (p < 0.05) patients had lower education compared to HCs. There were no significant differences for age and tobacco usage among the three groups (ANOVA; p = 0.856; χ2 = 1.89, p = 0.388). Additionally, duration of illness, age of onset, and antipsychotic medicine dosage did not differ significantly between the two patient subgroups (p > 0.05).


Table 1. Demographic characteristics of DS, NDS, and HC.
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The clinical and neurocognitive features of the two patient subgroups are presented in Table 2. In contrast to NDS patients, DS patients had significantly higher scores on the negative syndrome section of BPRS, total BPRS and total SANS (p < 0.001). However, there were no significant differences in positive, affect, and disorganized syndromes parts of BPRS or SAPS between the DS and NDS groups (p > 0.05). With regards to the neurocognitive characteristics (Table 2), post-hoc comparisons indicated that HCs performed better than both patient subgroups on all cognitive tests (p < 0.05). Furthermore, DS patients had poorer performance on DVT, TMT-A, Stroop color-only test, Stroop word-only test, ANT, and WAIS-RC (block design; p < 0.05) compared to NDS patients.


Table 2. Clinical and cognitive features of DS, NDS, and HC.
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Altered FC of NAcc Network Between DS, NDS, and HCs

The analysis of altered FC in the NAcc network among DS patients, NDS patients, and HCs are shown in Figures 1, 2 and Tables 3, 4. Within the LNAcc network, both DS and NDS patients demonstrated lower FC between the LNAcc and bilateral middle cingulate gyrus (MCG) and higher FC between the LNAcc and bilateral lingual gyrus (LING), compared to HCs (Figures 1C,D). In addition, within the DS group, the FC of LNAcc with the right superior temporal gyrus (RSTG) and right middle frontal gyrus (RMFG) were lower, in contrast to the HC group (Figure 1C). Compared to NDS patients, the FC between the LNAcc and bilateral calcarine gyrus (CAL) in DS patients was significantly reduced (Figure 1B). In the RNAcc network, both the DS and NDS groups had decreased FC between RNAcc and RMFG, as well as increased FC between RNAcc and LING, in comparison with HCs (Figures 2B,C).


[image: Figure 1]
FIGURE 1. (A) Group comparisons of FC in left NAcc network among DS, NDS, and HC. The red regions represent significantly different regions. (B) Group analyses of the FC in left NAcc network between DS and NDS. The blue areas denote the regions where DS had lower FC compared to NDS. (C,D) Group analyses of the FC in left NAcc network between patients and HC groups. The blue areas indicate the regions where patients had lower FC compared to HC; the red areas signify the regions where patients had greater FC compared to HC. The significant threshold was set at p ≤ 0.05 after 3dClustSim corrected (voxel p ≤ 0.05, cluster size ≥ 200). FC, Functional Connectivity; NAcc, Nucleus accumbens; DS, Deficit Schizophrenia; NDS, Non-deficit Schizophrenia; HC, Healthy Controls.
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FIGURE 2. (A) Group comparisons of FC in right NAcc network among DS, NDS, and HC. The red areas denote significant different regions. (B,C) Group analyses of the FC in right NAcc network between patients and HC groups. The blue regions indicate the regions where patients had lower FC compared to HC; the red areas show the regions where patients had greater FC compared to HC. The significant threshold was set at p ≤ 0.05 after 3dClustSim corrected (voxel p ≤ 0.05, cluster size ≥ 200). FC, Functional Connectivity; NAcc, Nucleus accumbens; DS, Deficit Schizophrenia; NDS, Non-Deficit Schizophrenia; HC, Healthy Controls.



Table 3. Altered regions of FC in the left NAcc network based on ROI analysis.

[image: Table 3]


Table 4. Altered regions of FC in the right NAcc network based on ROI analysis.
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Correlation Between FC of NAcc Network With Clinical and Neurocognitive Features

Partial correlation analysis is described in Figures 3, 4. Among all patients, the FC value of LNAcc-CAL was significantly and negatively correlated to the negative syndrome subscale score of BPRS and total score of SANS (r = −0.219, p = 0.008, uncorrected; r = −0.215, p = 0.01, uncorrected; respectively). For the DS group, FC values of LNAcc-RSTG and RNAcc-LING were negatively and positively correlated to the total score of BPRS, respectively (r = −0.286, p = 0.040, uncorrected; r = 0.306, p = 0.027, uncorrected; respectively). In addition, the FC value of LNAcc-RMFG in DS patients was significantly and positively correlated to DVT score (r = 0.484, p = 0.011, uncorrected). Within the NDS group, the FC value of LNAcc-MCG was negatively correlated to the total score of BPRS, and positively correlated to COWAT score (r = −0.231, p = 0.029, uncorrected; r = 0.424, p = 0.01, uncorrected; respectively). Furthermore, the FC value of RNAcc-LING in NDS patients was negatively correlated to spatial processing test score, and positively correlated to Stroop words test score (r = −0.331, p = 0.049, uncorrected; r = 0.332, p = 0.048, uncorrected; respectively).


[image: Figure 3]
Figure 3. (A–C) Significant correlations between the altered FC of left NAcc network with clinical features and neurocognitive assessments in total patient group, DS group and NDS group. The significant threshold was set at p < 0.05 (uncorrected). FC, Functional Connectivity; T-SCH, Total Schizophrenia Patients; DS, Deficit Schizophrenia Patients; NDS, Non-Deficit Schizophrenia Patients; CAL, Calcarine; R-MFG, Right Middle Frontal Gyrus; R-STG, Right Superior Temporal Gyrus; MCG, Middle Cingulate Gyrus; DVT, Digit Vigilance Test; COWAT, Controlled Oral Word Association Test; SANS-T, Scale for the Assessment of Negative Symptoms; BPRS-T, Brief Psychiatric Rating Scale.
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Figure 4. (A,B) Correlations between the altered FC of right NAcc network with clinical features and neurocognitive assessments in DS and NDS patients. The significant threshold was set at p < 0.05 (uncorrected). DS, Deficit Schizophrenia; NDS, Non-deficit Schizophrenia; BPRS-T, Brief Psychiatric Rating Scale; SP, Spatial processing; SW, Stroop words only.





DISCUSSION

Our findings demonstrated that there were altered FC of the NAcc network in both DS and NDS patients. In addition, negative symptoms and neurocognition were significantly correlated. The main results of the present study include convergent altered FC of BNAcc with MCG, RMFG, and LING in both DS and NDS patients as well as lower divergent FC of LNAcc with CAL in DS patients. The relationship between FC of LNAcc-CAL and scale score of negative symptoms might indicate the potential pathogenesis of negative symptoms in schizophrenia. To our best knowledge, this is the first study to report altered patterns of FC within the NAcc network and their relationships with negative symptoms and neurocognition in patients with DS and NDS.

Our results indicated that the individual FC of BNAcc with MCG and RMFG were lower in DS and NDS patients compared to HCs. The MCG, comprising the anterior and posterior area, plays a role in both the salience network (SN) and sensorimotor network (SMN). MCG was involved in cognitive control functioning, sensorimotor integration and motor control (30). Previous studies have reported that a reduction in the gray matter volumes of MCG in schizophrenia patients (31) might be involved in an impaired functional role within the network. Consequently, the decreased FC between LNAcc and MCG observed in the present study might represent a functional disconnection between the reward network, SN and SMN in schizophrenia. MFG is comprised of a part of the dorsal lateral pre-frontal cortex (DLPFC) which is involved in working memory and executive cognitive functions (32, 33). In this study, the decreased FC between RNAcc and RMFG might potentially be the cause of emotional and cognitive dysregulations in schizophrenia patients (34). Furthermore, the reduced FC of the left and right NAcc network with extensive regions might indicate increased symptoms severity of schizophrenia. In the current study, the FC between BNAcc and LING was higher in both DS and NDS patients. The LING, which is located in the medial occipital lobe, is involved in visual processing and several cognitive functions (35, 36). A previous longitudinal study reported a significant increase of gray matter volumes within the bilateral lingual gyrus in schizophrenia. The authors also found that the increased volume of the left lingual gyrus was inversely related to functional outcomes (37). Therefore, it can be speculated that the structural alteration of the lingual gyrus observed in the present study might be involved in the hyperactive FC between BNAcc and LING and could contribute to the poor functional outcomes of schizophrenia patients. However, the aberrant increase in FC of BNAcc-LING in both DS and NDS needs to be further researched and elucidated.

Our findings additionally demonstrated that all the divergent altered regions in DS patients, such as the RSTG and RMFG, showed decreased FC with LNAcc. These results are consistent with a previous study which reported a decreased gray matter volume of LNAcc in DS patients (24). The divergent altered regions (i.e., RSTG and RMFG) observed in our study might result in the specific characteristics exhibited by DS patients. The STG is located in the primary auditory cortex and processes incoming auditory information (38). Most studies have reported reduced STG volumes in schizophrenia, compared to healthy subjects (39, 40). The STG has been shown to participate in the pathogenesis of both auditory and language processing dysfunctions, including auditory hallucinations and delusion (41, 42). The lower FC between LNAcc and RSTG might possibly reduce the strength or sensitivity of inputted auditory information, and further affects the development of clinical symptoms in DS patients. Notably, our study demonstrated differential FC of LNAcc-CAL between the two patient subgroups, which might represent a core region of altered FC within the LNAcc network. The CAL, located in the middle occipital gyrus, is involved in the primary visual cortex. Prior studies have reported the presence of reduced gray matter volume and structural connections of CAL in schizophrenia compared to HCs (43, 44). While there is currently no anatomical evidence which supports a connection between the NAcc and CAL, it was previously demonstrated that CAL had a lower functional stability in schizophrenia (45). In the present study, the abnormality of CAL might contribute to the altered FC of CAL with LNAcc in DS patients. Subsequently, both the structural and functional connections between NAcc and CAL need to be further investigated.

The current study revealed that the FC value of LNAcc-CAL was significantly negatively correlated with negative symptoms in all patients with schizophrenia. Moreover, the relationship between negative symptoms and altered FC within the NAcc network indicated specific and distinct clinical and neuroimaging features in DS patients compared to NDS patients. It was previously reported that aberrant structural alterations of NAcc were involved in the pathogenesis of negative symptoms in schizophrenia (11, 46). Our study showed that altered FC of NAcc correlated with negative symptoms on the aspect of functional integration. Furthermore, our findings described the relationships between severity of symptoms, cognitive impairments and the FC of NAcc network, which provides novel perspectives in the pathogenesis of DS and NDS. Interestingly, in this study, altered FC of LNAcc-MCG and RNAcc-Ling within the NAcc network was associated with severity of symptoms and neurocognitive deficits in both DS and NDS patients. These results suggest a common mechanism which relate to symptoms or cognitive impairments in schizophrenia (47). However, given that correlation analyses have limited statistical power and there is a possibility of false positive findings, our results should be corroborated by future studies.

There are several limitations in the present study that should be considered. Firstly, patients enrolled in this study were all chronic male inpatients since the purpose was to increase the homogeneity of participants. Future studies should consider collecting larger datasets that also include female subjects so as to explore gender differences and to improve the statistical power. Secondly, the recruited patients were under stable and long-term antipsychotic medication treatment. The impact of antipsychotic medication on FC in the NAcc network and/or in cognitive functions should be considered and excluded (10). In our study, we found no significant association between antipsychotic dosage and neuroimaging/cognition metrics. Finally, the current study should be considered as an exploratory analysis where the p < 0.05 (after correction) level was used for statistical validity. Subsequent studies could further increase the sample size and perform stricter statistical correction in order to explore alterations in the structure or function of the brain in DS and NDS patients.

In summary, our findings revealed the convergent and divergent altered FC of NAcc network in DS and NDS patients. The aberrant FC of BNAcc with RMFG, MCG, and LING regions might represent a commonality between the two subgroups of patients. The divergent altered FC of LNAcc-CAL could potentially be used as a characteristic feature for distinguishing DS from NDS patients. Furthermore, the correlation between altered FC of LNAcc-CAL might indicate the functional alteration of NAcc related to negative symptoms in schizophrenia.
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