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ABSTRACT

BACKGROUND: Inhibitory deficits in motor cortex in schizophrenia have been well demonstrated using short-interval

intracortical inhibition (SICI) by transcranial magnetic stimulation. However, it remains unknown whether these deficits

originate from dysfunction of motor cortex itself or reflect abnormal modulations of motor cortex by other

schizophrenia-related brain areas.

METHODS: The study was completed by 24 patients with schizophrenia spectrum disorders and 30 healthy control

subjects. SICI was obtained by delivering transcranial magnetic stimulation over the left motor cortex. Resting-state

functional magnetic resonance imaging and diffusion tensor imaging fractional anisotropy were used to measure

functional connectivity (FC) and white matter microstructures, respectively. Stimulation sites for SICI at motor

cortex were used as the seeds to obtain whole-brain FC maps. Clinical symptoms were assessed with the Brief

Psychiatric Rating Scale.

RESULTS: In schizophrenia, left prefrontal cortex–motor cortex FC was inversely associated with SICI but positively

associated with the underlying white matter microstructure at the left corona radiata and also associated with overall

symptoms (all corrected p , .05). Mediation analysis showed that the prefrontal-motor cortex FC significantly

mediated the corona radiata white matter effects on SICI (p = .007).

CONCLUSIONS: Higher resting-state left prefrontal-motor cortex FC, accompanied by a higher fractional anisotropy

of left corona radiata, predicted fewer inhibitory deficits, suggesting that the inhibitory deficits in motor cortex in

schizophrenia may in part be mediated by a top-down prefrontal influence. SICI may serve as a robust biomarker

indexing inhibitory dysfunction at anatomic as well as circuitry levels in schizophrenia.

Keywords: Connectivity, DTI, Motor inhibition, Resting, Schizophrenia, TMS

https://doi.org/10.1016/j.biopsych.2018.06.007

Disinhibited motor behaviors, ranging from subtle odd move-

ments and postures to gross automatisms and disorganized

behaviors, have been described in schizophrenia for as long as

the disorder has been characterized (1–3). Modern brain

stimulation research using transcranial magnetic stimulation

(TMS) can directly document motor cortical inhibition dys-

functions in schizophrenia by delivering TMS over the motor

cortex using various paradigms, such as short-interval intra-

cortical inhibition (SICI), long-interval intracortical inhibition,

cortical silent period, and others (4–7). Among these para-

digms, SICI is the strongest biomarker candidate for inhibition

dysfunction in schizophrenia because reduced SICI is the most

replicated in schizophrenia (6) and is present in patients with

first-episode schizophrenia (8,9) and chronic schizophrenia

(10–12) as well as individuals at high risk for developing

schizophrenia (13). Abnormal SICI is typically thought to reflect

a motor cortex or motor pathway dysfunction (14,15). How-

ever, the motor cortex is closely interconnected with prefrontal

cortex (PFC) and other brain regions (16), many of which show

abnormalities in schizophrenia (17,18). Our goal was to test a

novel hypothesis that SICI deficit in schizophrenia not only

indexes motor pathway dysfunctions, but also may reflect

motor cortex functional and structural connectivity abnormal-

ities associated with other brain regions impacted by

schizophrenia.

The corticomotor circuits, such as the medial prefrontal-

motor circuit, are related to psychomotor modulation (19). As

the medial PFC has been implicated in the pathophysiology of

schizophrenia (20), the top-down regulation to motor regions

may play a role in motor circuitry abnormalities in schizo-

phrenia. Besides the prefrontal-motor cortex circuitry, other

motor circuitries may also be relevant, such as the cerebello-

thalamo-motor circuit, as it controls motor learning and

postural control (21,22). Furthermore, altered sensorimotor and

basal ganglia circuit abnormalities and their related motor

behavioral problems have been shown in schizophrenia
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(23–27). The dopamine-sensitive basal ganglia circuit in

particular is known to be associated with both psychosis and

spontaneous dyskinesia, suggesting overlapping mechanisms

in psychosis and certain motor dysfunctions in schizophrenia

(28–31). Our goal was to understand whether motor inhibition

deficit as indexed by SICI is related to prefrontal and other

motor circuitries in schizophrenia.

In SICI, a subthreshold stimulation is followed by a supra-

threshold stimulation with short interstimulus intervals (32,33).

Previous studies suggested that SICI is a marker reflecting

motor cortex gamma-aminobutyric acid A (GABAA) receptor

function (34). Besides the neurochemical explanation of SICI,

our previous research hinted at another important mechanism:

by exploring the association between SICI and all major white

matter tracts, we found that the corticospinal tract, internal

capsule, and corona radiata (CR) were associated with SICI in

patients with schizophrenia (35). The CR in particular connects

the frontal and other cortical areas to motor cortex, implying a

possible cortico-cortical fronto-motor modulation in schizo-

phrenia. Therefore, we hypothesized that SICI might also be a

network function biomarker indexing motor-frontal cortico-

cortical circuitry functions. The limitation of our previous

finding was that CR also connects to many other cortical

areas, and it is not a functional measurement and thus lacks

the anatomic and functional specificity needed for confirming a

fronto-motor involvement for SICI.

Therefore, the present study used resting-state functional

connectivity (rsFC) to examine whether SICI was associated

with FC between motor and prefrontal (and other cortical and

subcortical) areas using motor cortex seed-based whole-brain

rsFC analysis. Our approach is to identify functional circuitry

that is related not only to SICI but also to symptoms of

schizophrenia, followed by evaluating whether such rsFC

mediates the previous finding of white matter contributions to

SICI. As SICI is emerging as one of the most robust and

replicable inhibitory biomarkers in schizophrenia (5), defining

its underlying mechanism is important for supporting its

development and implementation for future disease mecha-

nism and treatment research.

METHODS AND MATERIALS

Participants

All subjects gave their written informed consent, and the study

was approved by the local institutional review board. Patients

with schizophrenia spectrum disorders (n = 24) and healthy

control subjects (n = 30) participated in the study (Table 1).

Patients were recruited from the Maryland Psychiatric

Research Center and neighboring mental health clinics in the

Baltimore area. Control subjects were recruited from local

media advertisement. The Structured Clinical Interview for

DSM-IV was used to confirm diagnoses of schizophrenia or

schizoaffective disorder in patients and absence of current

DSM-IV Axis I diagnoses in control subjects. Exclusion criteria

were major medical and neurological illnesses, history of head

injury with loss of consciousness, substance abuse (except

nicotine), and taking clozapine more than 400 mg/day (36).

Four patients with schizophrenia were not taking antipsychotic

medications, 19 were taking atypical antipsychotic medica-

tions, and 2 were taking typical antipsychotic medications; 1

patient was taking both atypical and typical medications

(Table 1). No patients took benzodiazepines at the time of

scanning. The Brief Psychiatric Rating Scale (BPRS) (37) was

administered to patients to assess their overall clinical symp-

toms (BPRS total score). Motor retardation was represented by

item 13 on BPRS. All raters were master’s-level clinicians who

received training by a standing committee and were required to

Table 1. Demographic and Clinical Characteristics and Group Differences

Characteristic Schizophrenia Group (n = 24) Healthy Control Group (n = 30) Statistics (t, F, or c2) p Value

Age, Years, Mean (SD) 36.51 (13.51) 42.22 (13.59) 1.54 .13

Male/Female, n 17/7 16/14 1.72 .19

BPRS Total Score, Mean (SD) 41.13 (11.23) — — —

Illness Duration, Years, Mean (SD) 14.59 (14.75) — — —

Education, Years, Mean (SD) 12.38 (1.61) 13.83 (2.35) 2.59 .01a

Smoker/Nonsmoker, n 7/17 6/24 0.61 .43

Antipsychotic Medication, n

Typical 2b — — —

Atypical 19b — — —

Medication-free 4 — — —

CPZ Equivalent Dose, mg, Mean (SD) 568.06 (704.06) — — —

RMT, %, Mean (SD)c 47.52 (8.29) 47.68 (6.58) 0.08 .94

TS Alone MEP, mV, Mean (SD)d 0.84 (0.62) 1.13 (0.74) 1.53 .13

SICI, Mean (SD) 0.41 (0.31) 0.25 (0.16) 22.49 .02a

FA of left CR, Mean (SD)e 0.48 (0.03) 0.49 (0.02) 10.59 .002a

BPRS, Brief Psychiatric Rating Scale; CPZ, chlorpromazine; CR, corona radiata; FA, fractional anisotropy; MEP, motor evoked potential; RMT,

resting motor threshold; SICI, short-interval intracortical inhibition; TS, test stimulation.
aStatistically significant difference between patients with schizophrenia spectrum disorder and healthy control subjects.
bOne patient took both typical and atypical antipsychotic medications.
cRMT was reported as a percentage of the maximum stimulator output.
dTest stimulation evoked peak-to-peak amplitude of electromyography MEP amplitude when single test pulse was delivered at 120% of RMT.
eAge was used as a covariate owing to the large effect of age on white matter microstructure (102).
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achieve intraclass correlation 0.9 or above with the gold

standard.

TMS and Electromyography Procedure

A figure-of-eight coil with Magstim stimulators (The Magstim

Company Ltd., Whitland, United Kingdom) was utilized to

deliver the stimulations. The subject’s structural images were

used for precise positioning of the coil through Brainsight

(Rogue Research Inc., Montreal, Quebec, Canada). The stim-

ulus target was left primary motor cortex (M1), where TMS

induced the maximum response from the right first dorsal

interosseous muscle. Peak-to-peak amplitude of motor

evoked potentials (MEPs) was measured.

Resting motor threshold (RMT) was defined as the minimum

intensity needed to elicit a MEP of .50 mV in at least 5 of 10

consecutive stimuli (38). Paired-pulse TMS with 1-ms and

3-ms interstimulus intervals (35,39) was used to induce SICI.

For each SICI trial, a subthreshold conditioning stimulus (80%

RMT) was followed by a suprathreshold stimulation (120%

RMT). A single pulse at 120% RMT was the test stimulation

(TS) that served as a control. SICI was defined as the ratio

between responses of paired-pulse TMS and TS alone. Ratios

less than 1 indicated inhibition, and the smaller the ratio, the

stronger the cortical inhibition. There were 24 trials for SICI and

24 trials for TS. Previous research demonstrated that SICI, but

usually not RMT or MEP of TS alone, can robustly separate

patients with schizophrenia from healthy control subjects,

supporting that the SICI deficit was likely inhibitory, rather than

deficit in motor responses (6).

Imaging Data Acquisition

Before the SICI session, we assessed structural resting-state

functional magnetic resonance imaging (fMRI) and diffusion

tensor imaging (DTI) in a separate session. All imaging was

performed using a Siemens 3T MAGNETOM Trio MRI system

(Siemens Healthcare, Erlangen, Germany) equipped with a 32-

channel head coil. Structural images were acquired using a

fast spoiled gradient recalled sequence (repetition time/echo

time = 11.08 ms/4.3 ms, flip angle = 45�, field of view = 256 mm,

256 3 256 matrix, 172 slices, 1-mm3 spatial resolution). Resting-

state functional T2*-weighted images were obtained using a

single-shot gradient recalled echo-planar pulse sequence

(repetition time/echo time = 2 s/27 ms, flip angle = 90�, field of

view = 220 mm, 64 3 64 matrix, 1.7-mm2 in-plane resolution,

4-mm slice thickness, 37 axial slices, 15-minute scan for 450

volumes). Participants were asked to keep their eyes closed, to

relax, and not to think about anything in particular. Questions

after scanning confirmed that participants did not fall asleep

during the scan. DTI data were collected using a single-shot

echo-planar single refocusing spin echo T2-weighted

sequence at 1.7 3 1.7 3 3.0 mm, echo time/repetition

time = 87 ms/8000 ms, field of view = 200 mm, 50 slices and

no gaps, five b = 0 images, and 64 isotropically distributed

diffusion-weighted directions with b = 700 s/mm2.

Imaging Data Preprocessing

Standard resting-state fMRI data processing was carried out

using Analysis of Functional NeuroImages Version 16.3.17 (40).

After discarding the first two repetition times, the preprocessed

data were spatially smoothed to full width at half maximum of 4

mm. The linear trend, six motion parameters (three rotational

and three translational directions), their six temporal de-

rivatives (rate of change in rotational and translational motion),

and time courses from the white matter and cerebrospinal fluid

were removed as regressors of no interest. Time points with

excessive motion (.0.2 mm) and their neighboring time points

were censored from statistical analysis (details in Supplement).

Finally, for group analysis, images were spatially normalized to

the Talairach space (41).

Individual statistical maps were calculated using a seed-

based correlation analysis to infer the FC of the seed with

the rest of the brain. The seed region of interest was left M1

defined based on TMS site of SICI for each subject. A

10-mm-radius sphere was placed on each subject’s

structural images with individual SICI site as the center.

White matter and cerebrospinal fluid were removed from

the seed region of interest using the masks obtained from

FreeSurfer (42). The mean time series within seed region of

interest was then correlated with the time course of each

voxel in the brain for each subject. Pearson’s correlation

coefficients were converted to z values using Fisher’s r-to-z

transform.

The details of DTI data preprocessing are described in the

Supplement and our previous studies (35,43). Based on a

tract-based spatial statistics method (44), fractional anisot-

ropy (FA) images were obtained, spatially normalized to the

JHU atlas (45), which separated white matter into different

tracts. The white matter directly under the left motor cortex

and connecting motor cortex to the frontal area is the left CR.

In our previous research, by exploring SICI-related white

matter tracts (25 tracts), we found left CR was also the only

tract whose association with SICI in schizophrenia survived

Bonferroni correction (35). Therefore, we included only left

CR in the study. Some of the SICI and DTI data were re-

ported in our previous work (35,38). None of the resting-state

fMRI data were previously reported.

Statistical Analysis

The demographic data were compared using independent-

sample t tests for continuous values and c
2 test for categori-

cal values. Although many demographic characters did not

significantly differ between groups, their potential effects on

the results were evaluated. Group-level brain-behavioral cor-

relations were evaluated using Pearson’s correlation with age

as a covariate. Results were also evaluated by adding gender,

education level, and chlorpromazine (CPZ) equivalent dose as

extra covariates; only significant findings were reported. The

primary analysis was to test whether there is M1-seeded rsFC

associated with both motor inhibition (i.e., SICI) and overall

symptoms of schizophrenia (i.e., BPRS total score). Brain-SICI

correlation maps were calculated by correlating behavioral

variables with z values in rsFC maps. We first identified regions

showing significant M1 rsFC related to SICI in patients and

control subjects separately and schizophrenia symptoms in

patients. The significant clusters were determined by esti-

mating the cluster-size threshold (cluster size .202 voxels)

using the updated 3dClustSim with spatial autocorrelation

function (46–48) to obtain corrected p , .017 (0.05/3;
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Bonferroni correction for three comparisons). We further

used leave-one-out cross-validation to evaluate the validities

of clusters identified above (details in Supplement) (49).

Clusters with validity of 80% or higher were considered valid

clusters. The same procedures were repeated for BPRS total

score. The overlapping regions of significant rsFC-SICI

clusters and significant rsFC-BPRS clusters were extracted

to represent M1 rsFCs that were significantly related to both

SICI and clinical symptoms of schizophrenia. The relation-

ship between these clusters and motor retardation was

examined to confirm their role in motor abnormality. The

group difference of rsFC was also assessed. rsFC from

those clusters was then used to examine for their mediation

relationship with FA of left CR with age as a covariate using

PROCESS (50,51) in IBM SPSS version 23.0 (IBM Corp.,

Armonk, NY).

RESULTS

The demographic and clinical information of participants is

presented in Table 1. Patients showed reduced SICI

(t52 = 22.49, p = .02) compared with healthy control subjects.

There was no significant difference in age (t52 = 1.54, p = .13),

gender (c2 = 1.72, p = .19), or smoking status (c2 = 0.61, p =

.43), but patients had less education (t52 = 2.59, p = .01). RMT

(t52 = 0.08, p = .94) and TS alone MEP (t52 = 1.53, p = .13) were

not significantly different between the two groups, suggesting

no significant motor response impairment in patients. No as-

sociation was found between smoking status and SICI in either

group (patients with schizophrenia: t22 = 20.63, p = .54;

healthy control subjects: t28 = 0.48, p = .63).

SICI-Related M1-Seeded rsFC in Schizophrenia

In patients with schizophrenia, there were four brain areas

whose rsFC with left M1 was significantly associated with SICI

(corrected p , .05) (see Table 2 for coordinates, cluster size,

and statistics and Figure 1 for anatomic locations): left middle

prefrontal gyrus, right middle prefrontal gyrus, right insula, and

left cerebellum (lobule VIII area). Higher rsFCs between those

areas and left M1 predicted smaller SICI ratio (stronger cortical

inhibition). All clusters except left cerebellum had high cluster

validities (.80%). Similar results were obtained when adding

medication dosage (converted to CPZ equivalent dose), edu-

cation, and gender as additional covariates. In addition,

comparing M1-seeded rsFC between healthy control subjects

and patients with schizophrenia, two of these four SICI-related

rsFCs, i.e., left M1–left middle prefrontal gyrus (reduced

threshold) and left M1–right insula rsFC (significant), were

reduced in patients compared with control subjects (details in

Supplement and Supplemental Figure S4). We also reversed

the analysis by selecting the left middle PFC seed and found

that its rsFC with M1 remained significantly correlated with

SICI (Supplemental Figure S5). Finally, to test for anatomic

specificity, we selected a left occipital seed and repeated the

analyses, and we found no significant rsFC that was associ-

ated with SICI, suggesting that the correlation M1–middle PFC

was unlikely due to a diffuse global rsFC effect (details in

Supplement).

BPRS-Related M1-Seeded rsFC in Schizophrenia

In patients with schizophrenia, 13 brain clusters showed signifi-

cant BPRS-related rsFC with left M1 (corrected p , .05) (Table 2

Table 2. Coordinates of Significant Brain Areas Where Resting-State Functional Connectivity With Left Motor Cortex Was
Significantly Related to Cortical Inhibition and Overall Symptoms in Patients With Schizophrenia Spectrum Disorder

Talairach (x, y, z), mm Brodmann Area Cluster Size r a

SICI-Related rsFC in Schizophrenia

Left middle prefrontal gyrus (225, 47, 22) 10/11 206 2.81b

Left cerebellum (lobule VIII) (215, 266, 234) N/A 222 2.75b

Right middle prefrontal gyrus (39, 39, 26) 10/11 427 2.87b

Right insula (46, 9, 25) 13 219 2.77b

BPRS Total Score–Related rsFC in Schizophrenia

Left superior occipital gyrus (217, 285, 41) 19 656 .79b

Left postcentral gyrus (235, 229, 47) 3/4 601 .83b

Left middle prefrontal gyrus (220, 54, 24) 10/11 546 2.84b

Left precentral gyrus (230, 214, 60) 4/6 256 .73b

Left middle occipital gyrus (218, 297, 9) 18 246 .78b

Left inferior frontal gyrus (250, 6, 24) 9/44 210 .73b

Left cerebellum (lobule VI) (230, 243, 227) N/A 204 2.81b

Right superior occipital gyrus (19, 286, 33) 7/19 808 .74b

Right superior parietal lobule (28, 265, 52) 7 754 .81b

Right postcentral gyrus (33, 230, 48) 3/4 535 .86b

Right anterior cingulate (10, 36, 25) 32 358 2.83b

Right cerebellum (lobule VI) (22, 276, 212) N/A 328 .75b

Right precentral gyrus (40, 218, 60) 4/6 251 .81b

Data for healthy control subjects are presented in Supplemental Table S1.

BPRS, Brief Psychiatric Rating Scale; N/A, not available; rsFC, resting-state functional connectivity; SICI, short-interval intracortical inhibition.
aCorrelation coefficients between behavioral, i.e., BPRS total score and SICI, and mean rsFCs between primary motor cortex and each cluster.
bCorrected p , .05.
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and Figure 2A). Among them, three were negatively associated

with BPRS total score, including left M1 rsFC with left middle

prefrontal gyrus (Figure 2B), left cerebellum (lobule VI area), and

right anterior cingulate (Figure 2A), suggesting that high rsFC

predicted fewer clinical symptoms in patients. In addition, left M1

rsFC with another 12 brain regions showed positive correlation

with BPRS total score (Table 2). All those clusters except left

postcentral gyrus had high cluster validities (.80%). Similar re-

sults were obtained when adding CPZ equivalent dose, educa-

tion, and gender as additional covariates.

Overlapping SICI- and BPRS-Related rsFC

When overlapping SICI-related rsFCwith BPRS-related rsFC, only

the rsFCbetween leftM1 and leftmiddle prefrontal gyrus remained

in the patient group (x =233, y = 43, z =26; overlapped voxels: 73)

(Figure 3A). The left PFC-M1 rsFC was negatively associated with

SICI (Figure 3B) and BPRS: higher left PFC-M1 rsFC predicted

both stronger cortical inhibition and fewer clinical symptoms in

patients. The association between left PFC-M1 rsFC and motor

retardation was also significant (r = 2.47, p = .02) (Supplemental

Figure S3). Although the SICI-related rsFC map and BPRS-

related rsFC map did not overlap in cerebellum, two adjacent

cerebellar subregions (VIII and VI) were significantly associated

with SICI and BPRS, respectively (Supplemental Figure S1).

Correlation With CR

Patients with schizophrenia had reduced FA at the left CR

(Table 1). SICI-derived left PFC-M1 rsFC showed a significant

positive correlation with FA of left CR in patients (r = .54, p =

.006) (Figure 3B). By comparison, no such correlation was

observed in healthy control subjects (SICI: r = .02, p = .90; left

CR: r = .13, p = .50).

Mediation by Left PFC-M1 rsFC in Schizophrenia

Mediation analysis was conducted with left CR as the inde-

pendent variable, SICI as the outcome variable, left PFC-M1

rsFC as the potential mediator, and age as a covariate. As

shown in Figure 3C, the total effect of left CR on SICI was

significant (path C; t = 24.86, p = .0001). Adding left PFC-M1

rsFC as the mediator, the direct effect from left CR to SICI was

no longer significant (path C0; t = 21.89, p = .07), whereas the

indirect path via left PFC-M1 rsFC was significant (Sobel test,

p = .007). Therefore, the left CR effect on SICI was largely

mediated by left PFC-M1 rsFC.

SICI-Related rsFC in Healthy Control Subjects

In healthy control subjects, there were three brain regions

whose rsFC with left M1 was significantly correlated with SICI

(corrected p , .05) (Supplemental Figure S2 and Supplemental

Table S1). Negative associations were found between SICI and

M1 rsFC with left inferior parietal lobule and right middle oc-

cipital gyrus, whereas a positive association was observed

between SICI and M1 rsFC with right middle frontal gyrus.

DISCUSSION

Motor-related dysfunctions are important clinical features in

schizophrenia (52). We hypothesized that the motor inhibition

deficit in schizophrenia may reflect abnormal connectivity be-

tween motor cortex and other brain regions impacted by

schizophrenia. We examined this hypothesis by using SICI as

the motor inhibition marker and explored its associations with

M1 seeded rsFC. The results showed that left middle prefrontal

gyrus–motor cortex rsFC was significantly associated with

both cortical inhibition and symptoms of schizophrenia: the

stronger the rsFC, the stronger the motor cortical inhibition

(indicated by smaller SICI values) and fewer symptoms. This

left PFC-M1 rsFC largely mediated the effects of left CR

structural connectivity on SICI in patients.

Left PFC-M1 rsFC was associated with the overall symp-

toms of schizophrenia (Figure 2B). Defective PFC in schizo-

phrenia has been well demonstrated in neuroimaging studies

(53–55) and used as a therapeutic target (56,57). Aberrant

Figure 1. Locations showed significant associations between left motor cortex–seeded resting-state functional connectivity with short-interval intracortical

inhibition in the patients. Significant negative correlations with short-interval intracortical inhibition were found in four areas: bilateral middle prefrontal gyrus

(cluster 1 and 2), right insula (cluster 3), and cerebellum lobule VIII (cluster 4). Higher resting-state functional connectivity between these four areas and motor

cortex predicted smaller short-interval intracortical inhibition, i.e., stronger cortical inhibition. Color bar indicates correlation coefficient (r). L, left hemisphere.
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top-down effects from PFC on motor-related cortical and

subcortical regions have been suggested to contribute to

symptoms of schizophrenia (19,27). For example, catatonic

patients not only exhibited prefrontal hypoactivation and

frontal gray matter loss (17,58), but also had altered connec-

tions between PFC and premotor-motor cortex (59). In a recent

study by Walther et al. (60), catatonia was associated with

higher perfusion in supplementary motor area and prominent

gray matter loss in frontal and insular cortices, which resemble

the SICI-related PFC and insula clusters observed in our study.

Patients with schizophrenia with severe gesture deficits showed

poor frontal lobe function (61,62). A middle prefrontal-motor

corticocortical circuit that links high-order functions and

movements allowing for psychomotor modulation has been

proposed by Northoff et al. (27,59) to be the core circuitry for

motor dysfunction in schizophrenia. This circuit is highly

consistent with PFC-M1 rsFC found to be associated with

both the cortical inhibition biomarker and overall clinical

symptoms in the present study. Previous studies have also

demonstrated top-down regulation of motor cortex by ipsi-

lateral PFC and the importance of connectivity between these

areas in guiding actions (63,64).

rsFC did not provide directional information; therefore, we

cannot determine whether the influences of PFC on M1 were

Figure 2. Significant associations between left motor cortex–seeded resting-state functional connectivity (rsFC) with overall symptoms as measured by the

Brief Psychiatric Rating Scale (BPRS) in patients with schizophrenia. The significant cluster at the left middle prefrontal gyrus is highlighted in the circle (A), and

its rsFC with left motor cortex was negatively associated with BPRS in patients with schizophrenia (B). Color bar indicates correlation coefficient (r). *Corrected

p , .05. L, left hemisphere.
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top-down or interactive regulations. However, the correlation

between SICI and PFC-M1 rsFC may represent a modulation

from PFC to M1, instead of M1 to PFC, because SICI mea-

surement depended on directly probing M1. As we used the

actual M1 site as the seed for rsFC calculation, the relationship

with non-M1 networks was not directly assessed. For example,

dopamine-related substantia nigra–thalamo-sensorimotor

functional hyperconnectivity was significantly associated with

psychopathological symptoms of schizophrenia (65), sug-

gesting that additional motor circuitries are also likely involved

in motor dysfunctions and overall symptoms of schizophrenia.

Overall, our data suggest that cortical motor inhibition deficit in

schizophrenia was likely driven in part by the aberrant modu-

lation between the ipsilateral motor cortex and PFC, and SICI

over the motor cortex may have efficiently indexed this

circuitry dysfunction.

It is important to understand the neural underpinnings of

SICI deficits in schizophrenia from both functional and struc-

tural perspectives. The CR provides the majority of the ipsi-

lateral fiber connections between frontal and motor cortical

areas (66). This white matter structure has shown the largest

effect size of white matter microstructural deficits in schizo-

phrenia (67) and is also highly heritable (68). It is not clear why

this SICI and white matter relationship was strongly mediated

by the connections between ipsilateral PFC and motor cortex

(Figure 3C). The underlying mechanisms are difficult to fully

explain, as our current knowledge of the underlying mecha-

nisms of both rsFC from fMRI and FA from DTI are limited.

Considering that FC usually reflects the corresponding struc-

tural connectivity (69,70), one plausible interpretation is that

the left CR is the infrastructure for a prefrontal-to-motor

interaction, and the strong mediating effect of the rsFC is

indexing the functional interaction of PFC with the motor cor-

tex inhibition functions carried by this infrastructure (71,72).

Therefore, these findings further supported the notion that the

motor inhibition biomarker in schizophrenia originates from a

circuitry-level deficit.

On the neurochemical level, SICI has been viewed as pri-

marily a GABAA receptor function based on gamma-

aminobutyric acidergic (GABAergic) drug challenge studies

Figure 3. Associations and mediation analyses

between prefrontal cortex (PFC)–primary motor cor-

tex (M1) resting-state functional connectivity (rsFC),

short-interval intracortical inhibition (SICI), and white

matter microstructure of left corona radiata (CR). (A)

The anatomic relationships of left prefrontal gyrus

(red cluster), left CR (cyan; extract from Johns Hop-

kins University white matter atlas), and individualized

left M1 region of interest. The color spectrum scale

indicates the number of overlaps on the transcranial

magnetic stimulation site with the 10-mm sphere

among the 54 subjects. (B) (Left panel) Significant

association between PFC-M1 rsFC and SICI in pa-

tients with schizophrenia (SZ), but not healthy control

subjects (HC). (Right panel) Significant correlations

between PFC-M1 rsFC and fractional anisotropy (FA)

of left CR in SZ, but not HC. (C)Mediation analysis in

the patient group suggested that the impacts of left

CR microstructure on SICI in patients were strongly

mediated by left PFC-M1 rsFC. The t value for each

path is presented. *p , .05. R, right hemisphere.
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(34). In parallel, the middle prefrontal-motor cortico-cortical

circuit has also been shown to be modulated by GABAergic

drugs (19,73). The GABAergic dysfunction hypothesis in

schizophrenia also has extensive support from clinical, ge-

netic, and postmortem studies (74–77). Therefore, the finding

that PFC-M1 rsFC played a fundamental role in SICI in

schizophrenia may also index a common underlying GABAer-

gic mechanism leading to the strong correlation and mediation

effects. It is noteworthy that the critical role of left PFC-M1

rsFC on SICI was observed only in patients and not in con-

trol subjects. As healthy control subjects do not have deficits in

these structural, functional, or GABAergic mechanisms, the

relationship may be difficult to extract using only a modest

sample size. The relationships between imaging and behav-

ioral biomarkers may have become apparent only in patients

with deficits in many of these measures and the putatively

shared underlying mechanisms.

Cerebellum lobules VI and VIII are motor-related cerebellar

areas (78,79). Moreover, cerebellum lobule VI was also shown

to be engaged along with prefrontal and parietal cortices in

cognitively demanding tasks (80). In the present study, we

found M1 rsFCs with cerebellum lobules VIII and VI were

associated with SICI and BPRS, respectively (Table 2,

Figures 1 and 2, and Supplemental Figure S1). One parsimo-

nious explanation would be that BPRS and SICI are not

strongly related, and these findings may reflect the functional

differentiations in these two cerebellar regions: the cerebellar

lobule VIII area and its connectivity with M1 are more related to

aspects of the symptoms (BPRS), but the cerebellar lobule VI

area and its connectivity with M1 are more related to motor

inhibition function (SICI). This is consistent with the literature.

The cerebellar-motor circuit is linked to deficit of sensorimotor

control in schizophrenia (17,60,81), and stimulation of cere-

bellum altered the size of SICI at motor cortex (82); the

involvement of cerebellum in the neuropathology of schizo-

phrenia is well supported (81,83). However, it should be noted

that the association between SICI and cerebellum did not pass

leave-one-out cross-validation testing, and this finding needs

to be confirmed by future studies.

M1 rsFC with right insula was also associated with cortical

inhibition in schizophrenia (Figure 1). Reduced right insula

activation has been linked to slower performance in a stop-

signal reaction time task, suggesting that failed engagement

of the right insula may be associated with poorer inhibition in

patients with schizophrenia (84). Insula dysfunction has also

been implicated in defective gesture performance in schizo-

phrenia (85). The finding that M1-insula rsFC was associated

with SICI in schizophrenia adds to this line of literature and

supports the hypothesis that the right insula influences motor

abnormality in schizophrenia through this M1-insula circuit.

Owing to the close relationship between SICI and inhibitory

control (86,87), SICI has been proposed as reflecting an

inhibitory network for minimizing unwanted movements

(88,89). Reduced SICI has been documented in movement

disorders (90), such as Parkinson’s disease (88), dystonia (91),

myoclonus (92), and Tourette syndrome (93). The SICI deficit in

schizophrenia may reflect similar but much more subtle motor

abnormalities driven more by the altered left PFC-M1 con-

nections in schizophrenia. Walther et al. (17) also demon-

strated the close relationship between motor abnormalities

and motor-related networks. Our current findings could be an

important complement to the current understanding of neural

networks underlying motor abnormalities in schizophrenia.

There are limitations in the present study. As the majority of

patients were currently being treated with antipsychotics, we

cannot rule out possible effects of medication because anti-

psychotic drugs may alter FC (94–97) and motor abnormalities

(98). The 4 medication-free patients in the study were too few

to conduct meaningful subanalysis. However, similar results

were obtained after adding CPZ equivalent dose, education,

and gender as additional covariates, suggesting at least that

the current medication dosage, education level, and gender

may not be the main factors driving the results. It should be

noted that we excluded patients with substance abuse, so

generalizing the current findings to patients with schizophrenia

and substance abuse should be done cautiously. The mod-

erate sample size limited the ability to fully examine effects

from covariates such as gender and comorbidity. Only SICI

was used as the cortical inhibition index in the study; whether

our findings can be replicated in analogous TMS measures

(e.g., long-interval intracortical inhibition, cortical silent period)

(6) should be determined. Therefore, another important direc-

tion of future research is to assess various behavioral markers

of motor inhibition in schizophrenia and explore their associ-

ations with SICI and/or related brain regions or circuits.

In summary, this study provides integrated structural and

functional brain imaging evidence to identify the left middle

prefrontal-motor cortex circuitry as an underlying circuitry

mechanism for SICI deficit in schizophrenia. Schizophrenia has

been associated with several inhibition deficits measured at

brain stimulation, brain imaging, electrophysiological, and

behavioral levels (7,99–101). Identifying reliable functional

biomarkers with sufficiently delineated underlying mechanisms

is critical for supporting future efforts that utilize these

inhibition-related biomarkers for etiology and intervention

research aiming to remediate these deficits.
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