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Hemispheric lateralization of semantic processing before and
after aripiprazole treatment in first-episode psychosis or ultra-
high risk state
Tzung-Jeng Hwang 1,2,6✉, Chia-Ta Chan3,6, Cheng-Yu Hsieh 4,5, Chih-Min Liu 1, Chen-Chung Liu1, Yi-Ling Chien1, Ming H. Hsieh1,
Yi-Ting Lin1 and Tai-Li Chou2,4✉

Whether aberrant language-related lateralization can be improved after antipsychotic treatment in drug-free patients with first-
episode psychosis or ultra-high risk state is little known. We aimed to investigate the improvement in lateralization of semantic
processing after antipsychotic treatment and associated clinical and cognitive changes. Twenty-one drug-free patients with first-
episode psychosis or ultra-high risk state underwent functional magnetic resonance imaging with a semantic task,
neuropsychological testing, and clinical assessments with the Positive and Negative Syndrome Scale before and after 6 weeks of
aripiprazole treatment. A lateralization index of the region of interest, i.e., inferior frontal gyrus, was calculated and correlated with
the behavioral indices of the semantic task, Positive and Negative Syndrome Scale scores, and language-related neuropsychological
test scores. After treatment, the lateralization index of the inferior frontal gyrus was significantly increased, which was related to
reduced activation of the right inferior frontal gyrus. The increase in the lateralization index was significantly associated with the
increase in verbal fluency score. A higher baseline accuracy of the semantic task was associated with a higher post-treatment
lateralization index of the inferior frontal gyrus and greater improvement of the total score and positive subscore of the Positive
and Negative Syndrome Scale. Our findings indicated aripiprazole treatment significantly increased semantic processing-related
lateralization in the inferior frontal gyrus in drug-free patients with first-episode psychosis or ultra-high risk state. A higher baseline
accuracy might predict a higher post-treatment lateralization index and greater symptom improvement.

Schizophrenia           (2022) 8:108 ; https://doi.org/10.1038/s41537-022-00304-1

INTRODUCTION
Language disorder is a core symptom of schizophrenia1. It impairs
a patient’s communicative capacity and can lead to social
isolation2,3. Crow hypothesized that schizophrenia might result
from anomalous language functions related to the failure of
hemispheric dominance for language4. Language lateralization, or
the extent to which the brain is asymmetrical in language-related
areas, has been associated with hemispheric dominance. Many
anatomical studies using post-mortem autopsy, brain CT, or brain
MRI have revealed decreased asymmetry, and, thus lower indices
of language lateralization in patients with schizophrenia4–6.
Functional studies using dichotic listening tests7, event-related
potential tests8,9, and positron emission tomography (PET)10, have
corroborated this disturbed language-related lateralization. It has
been shown that, like PET11 and the Wada test12, functional MRI
with BOLD (blood oxygenation level-dependent) signals can
determine hemispheric language dominance with reliability and
validity. A few fMRI studies have examined abnormalities of
language pathways in patients with schizophrenia, and the most
consistent finding has been disturbance of left hemispheric
dominance, irrespective of language task13.
Reduced language-related lateralization has been identified in

fMRI in both male14 and female15 schizophrenia patients. It has
also been observed irrespective of illness duration in both chronic
patients14,16–19 and first-episode patients20,21. More specifically,

some studies have reported reduced language-related lateraliza-
tion in first-episode patients regardless of whether the patients
were treatment-naïve or undergoing initial antipsychotic treat-
ment20,21. Moreover, Razafimandimby et al. reported stable
reduced language-related lateralization for over 2 years in chronic
patients22. However, no prior study has investigated whether
disturbed language-related lateralization occurs in subjects with
first-episode psychosis (FEP) or ultra-high risk state (UHR) and
whether such disturbance can be improved after antipsychotic
treatment. In addition, although previous studies have used
various language cognitive tests to study improvements in the
language function of patients with schizophrenia after antipsy-
chotic treatment23–25, no studies have combined fMRI to do so in
antipsychotic-free patients.
This study aimed to investigate the improvement of language-

related lateralization after 6 weeks of aripiprazole treatment by
using fMRI in antipsychotic-free subjects with FEP or UHR. A
semantic judgment task with concurrent fMRI has been proposed
to be an ideal tool to assess language-related lateralization26.
Previous fMRI studies using this task have reported greater
activation in semantic networks, particularly in the left inferior
frontal gyrus (IFG, BA45) in normal adults27,28, normal children29,
and patients with schizophrenia30,31. An age-related increase in
left IFG activation has consistently been reported during semantic
processing32–34. In contrast, a deficit in semantic processing has
been associated with greater activation in the right IFG in patients
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with schizophrenia35. We thus chose IFG as the region of interest
and hypothesized that, before treatment with aripiprazole,
antipsychotic-free subjects with FEP or UHR may exhibit greater
activation in the right IFG, and that after treatment, the aberrant
language-related lateralization may be improved, as reflected by
an increase in lateralization index (LI). We also hypothesized that
these treatment-related fMRI changes might be correlated with
improvements in behavioral performance in the semantic judg-
ment task, clinical symptoms, and language-related neuropsycho-
logical measures.

RESULTS
Subjects
Twenty-one antipsychotic-free patients (FEP n= 15, and UHR
n= 6) and 21 normal controls were enrolled in this study. All
patients had varying degrees of psychotic symptoms. Among the
patients, nine were drug-naïve and 12 had a short exposure to
antipsychotics. The mean average interval between the two fMRI
tests was 6 weeks in both the patient and control groups. The final
average dosage of aripiprazole was 7.25 mg/day. After 2 to 5 years
(mean: 2.9 years) of follow-up, 16 patients were diagnosed as
having schizophrenia, three with schizophreniform disorder, one
with delusional disorder, and one with UHR (because of loss of
follow-up), indicating 95% (20/21) of this sample belonged to the
early stage of the schizophrenia-spectrum disorder.
The demographic and clinical characteristics are shown in Table

1. There were significant differences in years of education and IQ
between the patient and control groups (p < 0.01). There were
significant improvements in the PANSS-total score, three sub-
scores, and the dimension score of delusion/hallucination after
aripiprazole treatment in the patient group (all p values <0.001),
but not in verbal IQ or verbal fluency score (Table 2).

Behavioral results
Regarding the semantic judgment task, there was no significant
post- versus pretreatment change in reaction times in the patient
group (t(20)= 0.37, p= 0.714) (Table 3). There was a significant
post- versus pretreatment improvement in accuracy in the patient
group (t(20)= 2.15, p= 0.044) (Table 3).

Imaging results
Table 4 presents a direct comparison of the pre- versus post-
treatment in the patient group at a whole-brain analysis.
Furthermore, the ROI analysis showed significant activation in
the right IFG (BA45, peak MNI coordinates= [60, 23, 10], cluster
size= 1, z value= 3.48, p < 0.05 FWE-corrected). Additional ROI

analysis in which age, sex, education, status (FEP/UHR), and
aripiprazole dosage were controlled also showed significant
activation in the right IFG (BA45, peak MNI coordinates= [57,
26, 10], cluster size= 18, z value= 3.80, p < 0.05 FWE-corrected;
Fig. 1a). This finding revealed that the reduction in right IFG after
treatment was still robust after adjusting for related demographic
and clinical variables.
In addition, Table 4 presents a comparison between the patient

and control group with whole-brain analysis at baseline. In
particular, the ROI analysis showed significant activation in the
right IFG (BA45, peak MNI coordinates= [54, 8, 10], cluster
size= 2, z value= 3.12, p < 0.05 FWE-corrected). To avoid potential
confounding from significant group differences in education and
full-scale IQ, we conducted an additional ROI analysis with an
adjustment of education due to a high correlation between the
two variables (r= 0.57, p= 0.006). Significant activation in the
right IFG was also revealed (BA45, peak MNI coordinates= [54, 8,
10], cluster size= 5, z value= 3.17, p < 0.05 FWE-corrected; Fig.
1b). In contrast, there was no significant activation in the right IFG
for the first versus second-time comparison in the controls (n= 6)
who received repeated fMRI examinations (Supplementary Table
S1).
The pretreatment LI of the IFG was 0.54 in the patient group,

and the post-treatment LI increased to 0.72. The paired-sample t-
test showed a significant difference between the two time points
(t(20)=−2.36, p= 0.029). In addition, the LI value for the control
group at the baseline (n= 21) was 0.68. No significant group
differences were found when we compared the control group
with the patient group either at pretreatment (t(40) = 0.87,
p= 0.388), or at post-treatment (t(40)=−0.29, p= 0.770).
To clarify whether the increase of LI was related to changes in

activation in the left IFG, right IFG, or both, the change in LI was
correlated with the changes in voxel values for the right or left IFG.
A significant correlation was found for the right IFG (Spearman’s
rho=−0.67, p= 0.001), but not for the left IFG (Spearman’s
rho=−0.05, p= 0.841), implying that the increase of LI was
related to the reduced activation of the right IFG after treatment.

Correlation results
After excluding potential outliers based on Mahalanobis distance
(corresponding p value <0.001) and Cook’s distance (<1)36, scatter
plots for the following correlations are presented in Supplemen-
tary Fig. S1. In the patient group, the improvement in the
categorical verbal fluency score (pre- versus post-treatment) was
positively correlated with the change in LI (pre- versus post-
treatment) of the IFG (Spearman’s rho= 0.45, p= 0.043)(Fig. S1a).
The accuracy of the semantic judgment task at the baseline was
positively correlated with the post-treatment LI of the IFG
(Spearman’s rho= 0.47, p= 0.030) after excluding one outlier
(Fig. S1b1), and negatively correlated with the reduction (pre-
versus post-treatment) in the PANSS-total score (Spearman’s
rho=−0.49, p= 0.023), positive subscore (Spearman’s rho=
−0.58, p= 0.006), and delusion/hallucination dimensional sub-
score (Spearman’s rho=−0.60, p= 0.004)(Fig. S1b2–b4). Further-
more, the change in accuracy of the semantic judgment task (pre-
versus post-treatment) was negatively correlated with the
reduction (pre- versus post-treatment) in the PANSS-total score
(Spearman’s rho=−0.53, p= 0.013), positive subscore (Spear-
man’s rho=−0.50, p= 0.022), and general psychopathology
subscore (Spearman’s rho=−0.61, p= 0.003)(Fig. S1c1–c3).

DISCUSSION
To the best of our knowledge, this is the first study to use an fMRI
examination with a semantic judgment task to investigate the
effect of 6-week aripiprazole treatment on language-related
lateralization in patients with FEP or UHR. Longitudinal evaluations

Table 1. Comparisons of demographic characteristics between the
patients (FEP or UHR) and controls.

Patients
(n= 21)

Controls
(n= 21)

p valuea

Gender (M/F) 11/10 11/10 1.000

Age (years), mean (SD) 27.6 (7.4) 27.3 (4.3) 0.880

Education (years),
mean (SD)

14.0 (2.6) 16.0 (1.4) 0.003

Handedness (L/R)c 1/20 0/21 0.311

Full IQ, mean (SD) 92.7 (16.9)b 112.7 (8.8) <0.001

FEP first-episode psychosis, UHR ultra-high risk state, SD standard deviation.
aComparison between patients and controls with chi-square test or two-
sample t-test.
bPost-treatment Full IQ for only 20 patients.
cMeasured with the Edinburgh Handedness Inventory.
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with the PANSS and language-related NPT further strengthened
the study. There are three main findings. First, the aberrant
language-related lateralization in the IFG could be increased after
treatment with aripiprazole. Second, the post-treatment increase
in LI was positively correlated with an improvement in categorical
verbal fluency scores. Third, the accuracy of the semantic
judgment task at baseline was positively correlated with the
post-treatment LI of the IFG and reductions in total score, positive
subscore, and delusion/hallucination dimensional score of the
PANSS. In addition, the post-treatment increase in accuracy was
positively correlated with decreases in the total score, positive
subscore, and general psychopathology subscore of the PANSS.
Deficits in language-related pathways are clinically important

because a language disorder itself is one of the core symptoms of
schizophrenia, and the deficits are related to delusions/hallucina-
tions13,37. Decreased language lateralization has been reported in
patients with schizophrenia, with no differences in the reduction
in leftward lateralization over 2 years in chronically medicated
patients13,22. Only one study has examined language-related
lateralization in drug-naive first-episode patients with schizophre-
nia, and the results showed reduced lateralization21. Another
study in first-episode medicated patients also showed decreased
language-related lateralization after treatment with antipsychotics
for 1 to 4 weeks20. Because both studies were cross-sectional,
whether the aberrant language lateralization could be improved
after antipsychotic treatment was still unknown. The novel finding
of our study is that this functional aberrancy of the IFG could be

significantly improved after a 6-week aripiprazole treatment in
drug-free patients with FEP or UHR.
Many previous studies concerning the language-related path-

way in schizophrenia have reported impaired functional and
anatomical connectivity of the IFG, the primary region of interest
of the current study13,35,38–41. A significant association between
auditory verbal hallucinations and right middle/inferior frontal
activation has also been reported42,43. We found that the
significant increase in LI after 6 weeks of treatment was correlated

Table 2. Comparisons of clinical and neuropsychological measurements in patients with FEP or UHR before and after aripiprazole treatment.

Pretreatment (n= 21) Mean (SD) Post-treatment (n= 21) Mean (SD) t valuea p valuea

PANSS-total score 71.8 (16.3) 46.5 (10.5) t(20)=−7.81 <0.001

PANSS-positive score 19.8 (4.8) 10.9 (2.8) t(20)=−7.02 <0.001

PANSS-negative score 14.8 (6.1) 11.1 (3.3) t(20)=−4.84 <0.001

PANSS-general psychopathology score 37.2 (8.5) 24.4 (7.3) t(20)=−7.94 <0.001

Delusion/hallucination dimension scoreb 16.0 (3.9) 8.1 (3.1) t(20)=−8.39 <0.001

Verbal IQc 36.0 (12.4) 37.6 (12.5) t(20)= 0.27 0.792

Categorical verbal fluency score 31.9 (7.9) 32.2 (6.4) t(20)= 1.57 0.132

FEP first-episode psychosis, UHR ultra-high risk state, SD standard deviation, PANSS positive and negative syndrome Scale.
aComparing the difference between post- versus pretreatment using paired t-test.
bComposed of “Hallucinatory behaviors” (P3), “Unusual thought content” (G9), “Delusions” (P1), and “Suspiciousness/persecution” (P6).
cSum of scale scores of four verbal IQ items (information, arithmetic, similarity, digit span).

Table 3. Comparisons of behavioral performances on the semantic
judgment task in patients with FEP or UHR before and after
aripiprazole treatment.

Pretreatment patients
(n= 21) Mean (SD)

Post-treatment
patients (n= 21)
Mean (SD)

Accuracy (%)a Related 79.3 (20.4) 87.0 (12.4)

Unrelated 89.5 (16.6) 96.0 (6.7)

Simple 95.5 (12.6) 98.0 (4.3)

Control 92.9 (16.6) 97.6 (5.7)

Reaction
times (ms)

Related 1033 (175) 1052 (188)

Unrelated 1027 (191) 1011 (192)

Simple 721 (110) 738 (137)

Control 704 (143) 714 (167)

FEP first-episode psychosis, UHR ultra-high risk state, SD standard deviation.
ap= 0.044, t(20)= 2.15, post- versus pretreatment.

Table 4. Between-interval whole-brain analysis (pretreatment vs. post-
treatment) for patients and between-group whole-brain analysis
(patients vs. normal control at baseline) of brain activation during the
semantic task (related condition vs. perceptual control).

Cortical Regions H BA Voxels z-test MNI
Coordinates

x y z

Between-interval analysis for patients with FEP or UHR (n= 21)

pretreatment > post-treatment

Caudate R NA 11587 4.92 6 14 4

Caudate L NA 4.72 −18 14 −8

Superior Temporal Gyrus R 22 4.28 48 −13 −5

Inferior Frontal Gyrus R 44/45 26 3.48 60 23 10

Superior Frontal Gyrus R 6 66 3.18 12 −1 61

Superior Temporal Gyrus R 22 33 2.82 −6 −76 19

post-treatment > pretreatment

None

Between-group analysis (n= 21 for each group) at baseline
patients with FEP or UHR at pretreatment > normal controls

Insula R 31 149 3.60 36 17 4

Inferior Frontal Gyrus R 44/45 3.12 54 8 10

Postcentral Gyrus L 2 35 3.55 −48 −31 43

Middle Frontal Gyrus R 10 30 3.14 42 44 25

Precuneus R 7 69 3.09 24 −70 22

Superior Frontal Gyrus R 10 35 3.08 30 50 19

Caudate R NA 30 3.00 9 11 −2

Insula L 13 15 2.92 −39 −10 13

FEP first-episode psychosis, UHR ultra-high risk state, H hemisphere, L left, R
right, BA Brodmann’s area. Coordinates of activation peak(s) within a region
based on a z-test are given in the MNI stereotactic space (x, y, z); Voxels:
number of voxels in a cluster at p < 0.005 (uncorrected) with a cluster size
greater than or equal to 10 voxels at a whole-brain analysis.
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with the decrease in right IFG activation and improvement in
categorical verbal fluency scores. These correlations suggest that
the increase in lateralization was mainly due to enhanced right IFG
activation after treatment, and that such changes in lateralization
may underpin the improvement in performance on verbal fluency.
Previous studies have shown that patients with schizophrenia
have impaired verbal fluency, and that this is related to aberrant
rightward lateralization in the frontal cortex44,45. Abnormal
semantic memory (such as impaired verbal fluency) can be
improved by atypical antipsychotic treatment (especially those
with 5-HT1A agonist activity such as aripiprazole)23. Our findings
support that the underlying mechanism of this semantic memory
improvement after atypical antipsychotic treatment may be
through the increase of IFG lateralization.
Many previous studies have shown a significant LI difference

between schizophrenia patients (acute or chronic) and normal
controls during a language or semantic processing task10,13–21,44.
The current study showed no significant difference in LI between
the patient group (either pre- or post-treatment) and the control
group (at baseline). These inconsistencies could be related to
several factors, including different disease stages (very early stage
of the illness), potential selection bias (for example, those patients
with more severe psychotic symptoms might refuse to join),
different semantic tasks, or patients’ motivation to perform the
task, etc. Nevertheless, as shown in Table 4, there was a significant
difference in right IFG activation between the patient and control
group at baseline, and within the patient group before and after
treatment. This significant decrease in right IFG activation led to a
significant LI increase after treatment. The post-treatment change
in LI was correlated with the change in verbal fluency score,
suggesting LI of IFG might be linked to frontal cognitive function.
This finding is compatible with a previous study showing that
verbal fluency performance was related to the activation of IFG46.
The study showed that baseline accuracy of the semantic

judgment task was associated with the post-treatment LI and
reduced severity of positive symptoms. The increase in accuracy of
the semantic judgment task was also correlated with decreased
severity of positive and general psychopathology symptoms. Since
the right middle/inferior frontal gyrus activity has been reported
to be positively related to the severity of auditory verbal
hallucinations42,43, our findings imply that excessive right IFG
activation can be improved with aripiprazole, and this

improvement is coupled with improved severity of positive
symptoms after treatment. In addition, the baseline accuracy of
the semantic judgment task could be a potential predictor of
clinical symptom improvement and post-treatment lateralization
in patients with FEP or UHR. If this finding can be replicated in
future studies with a larger sample size, then the baseline accuracy
can be a predictor for treatment response. It implies that patients
with better cognitive function respond better to antipsychotic
treatment through the increase of brain lateralization.
Normal controls performed the same semantic task twice in the

6-week study period, and more cognitive resources were recruited
the first time, as reflected by the before-versus-after analysis
(Supplementary Table S1). These timing-related changes may be
due to general priming effects on attention or memory proces-
sing. Similar topographic activation in the patient group was also
observed, including more activation in the right cingulate and
superior temporal gyrus at baseline. But the significant between-
interval difference in right IFG activation of the patient group
could not be attributed entirely to the repetition effect since no
such difference was observed in the control group.
The clinical response to antipsychotic treatment has been

related to dopamine D2 receptor occupancy in the bilateral
striatum in schizophrenia47. In our study, all patients showed a
satisfactory response to aripiprazole treatment, suggesting that
their striatal dopamine activity might have been inhibited. These
findings are compatible with our fMRI results showing decreased
bilateral caudate activation after 6 weeks of aripiprazole treatment
(Table 4).
There are several limitations to this study. First, the sample size

was not large, limiting the statistical power for analyses of
language-related function and generalizability. Only 6 controls
received two fMRI examinations, so there might be limited power
to show the between-interval difference. Second, although the
two groups were not significantly different in sex, age, and
handedness, the years of education and full IQ scores in the
control group were superior to those of the patient group. Thus,
they may have recruited fewer brain resources to perform the
semantic judgment task during the fMRI scan. However, this effect
could be minimized due to the longitudinal design with within-
group comparisons. Third, because the sample size is relatively
small, caution has to be exercised in interpreting these preliminary
correlational results, and more studies with a larger sample size

Fig. 1 Between-interval and between-group analysis. a Between-interval ROI analysis was conducted in the patients before and after
aripiprazole treatment, with adjustment of age, sex, education, state (FEP/UHR), and aripiprazole dosage. b Between-group ROI analysis was
conducted between the patients and normal controls at baseline, with adjustment of education. The right IFG activation during the semantic
task (related condition vs. perceptual control) was significant using p < 0.05 FWE (family-wise error) corrected with the use of an anatomical
mask of the right IFG from the WFU PickAtlas toolbox. ROI region of interest, IFG inferior frontal gyrus, FEP first-episode psychosis, UHR ultra-
high risk state.
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are warranted for verification. Fourth, one UHR patient was lost to
follow-up; thus, we did not know the definite diagnosis. Never-
theless, 95% (20/21) of the whole sample belonged to the early
stage of the schizophrenia-spectrum disorder.
In conclusion, this is the first study to report a significant

improvement of aberrant semantic processing-related lateraliza-
tion after 6 weeks of aripiprazole treatment in antipsychotic-free
patients with FEP or UHR, and this was closely related to reduced
activation of the right IFG. The significant increase in IFG
lateralization was associated with improved performance in verbal
fluency. Moreover, the accuracy of the semantic judgment task at
baseline might predict the post-treatment lateralization of the IFG
and the reduction in clinical symptom severity. Future studies may
examine whether this semantic judgment task can be useful in
predicting clinical treatment response in the early phase of the
schizophrenia-spectrum disorder.

METHODS
This study was an open-label clinical trial in which subjects with
FEP or UHR received a flexible dose of aripiprazole for 6 weeks
between 2008 and 2020. The subjects were consecutive patients
recruited from the outpatient clinics of the Department of
Psychiatry, National Taiwan University Hospital. To join the study,
patients had to understand the procedures and agree to sign the
informed consent. Related clinical trial procedures have been
described in our previous publications48,49. The Institutional
Review Board approved the study protocol and procedures at
National Taiwan University Hospital.

Subjects and study design
The FEP subjects were those who developed full-blown psychosis and
fulfilled the Diagnostic and Statistical Manual of Mental Disorders,
Fourth Edition, Text Revision (DSM-IV-TR)50 criteria for schizophrenia,
schizophreniform disorder, or delusional disorder within 1 year. The
UHR subjects showed subthreshold psychotic symptoms and fulfilled
the comprehensive assessment of at-risk mental status criteria either
with attenuated psychotic symptoms or with brief limited intermittent
psychotic symptoms51. “Drug-naïve” was defined as subjects who had
never received antipsychotic treatment before, although they may
have received anxiolytic, hypnotic, or antidepressant agents. Subjects
who received any antipsychotic treatment for less than 3 months
were defined as having a short exposure to antipsychotics.
All FEP and UHR subjects met the following inclusion criteria: (1)

native Mandarin-Chinese speakers, (2) normal or corrected-to-
normal vision, (3) no active substance use problems in the
6 months before the study, (4) no neurological disorders, such as
epilepsy, stroke, etc., and (5) no major systematic physical illnesses.
The patients who had had a psychotic episode more than 1 year
previously were excluded. The subjects with short exposure to
antipsychotics were asked not to take any antipsychotics for at
least 1 week before baseline assessments. If necessary, ancillary
lorazepam (no more than 2mg/day) or estazolam (no more than
2mg/day) could be prescribed for supportive treatment. A total of
21 subjects with FEP or UHR were enrolled, all of whom received
fMRI examinations with a semantic judgment task, neuropsycho-
logical testing (NPT), and clinical assessments with the Chinese
version of the Positive and Negative Syndrome Scale (PANSS)52

before and after 6 weeks of aripiprazole treatment.
Twenty-one normal controls were also recruited through

advertisements, and they received interviews to ensure that they
had no current or lifetime major psychiatric, neurological, or
medical illnesses. The controls also received the NPT and fMRI
semantic task assessments at baseline. Six of them repeated the
same fMRI assessment 6 weeks later without receiving any
intervention.

Functional activation task: the semantic judgment task
Two Chinese characters were presented visually in sequence, and the
subjects had to determine whether they were related in meaning28.
The subjects were instructed to quickly and accurately press with their
right hand the “yes” button if the cards were related and the “no”
button if they were unrelated. In the perceptual control condition, 24
pairs of non-characters were used. The subjects were instructed to
determine whether or not the pair of non-characters was identical by
pressing the “yes” or “no” button above. The related condition was
used to investigate semantic processing28, and the perceptual control
condition was used to control for non-language components such as
response demands at baseline29. The stimulus characteristics of the
related and unrelated conditions (see supplementary methods) were
the same as those in our prior study28.

MRI data acquisition
The subjects lay in the scanner with their head position secured.
An optical response box was placed in the subject’s right hand,
and the head coil was positioned over the head. The subjects
viewed visual stimuli projected onto a screen via a mirror attached
to the inside of the head coil. In this study, we used an event-
related design. Each subject performed two functional runs, each
of which took 4.7 min and had 136 image volumes.
All images were acquired using a 3 Tesla Siemens Trio scanner with

a 32-channel head coil. Gradient-echo localizer images were acquired
to determine the placement of the functional slices. Functional
images were acquired with the echo planar imaging method to
detect BOLD (blood oxygenation level-dependent) signals. The
scanning parameters were as follows: repetition time (TR)= 2000
ms; echo time (TE)= 24ms; flip angle= 90°; matrix size= 64 × 64;
field of view= 25.6 cm; slice thickness= 3mm; number of slices= 34.
We acquired 272 images. A high-resolution, T1-weighted three-
dimensional (3D) image was also acquired (Magnetization Prepared
Rapid Gradient Echo, MP-RAGE; TR= 1560ms; TE= 3.68ms; flip
angle= 15°; matrix size= 256 × 256; field of view= 25.6 cm; slice
thickness= 1mm). The orientation of the 3D image was identical to
the functional slices. The task was administered in a pseudorandom
order for all subjects, and the order was optimized for an event-
related design. We used the Optseq script (https://
surfer.nmr.mgh.harvard.edu/optseq/) for a randomized event-related
design which implemented the optimal approach53. The script has
also been used in our prior research on schizophrenia30,35.

Behavioral data analysis
The paired t-test was used to analyze behavioral data (i.e.,
accuracy and reaction times) for performance on the related
condition in the semantic judgment task with SPSS version 23
(IBM Corp., Armonk, NY).

Imaging data analysis
Data analysis was performed using SPM8 (Statistical Parametric
Mapping) (Wellcome Institute, London, UK). The functional images
were corrected for differences in slice acquisition time to the
middle volume and realigned to the first volume in the scanning
session using affine transformations. No subject had more than
3mm of movement in any plane. Co-registered images were
normalized to the Montreal Neurological Institute (MNI) average
template. Statistical analyses were performed on the smoothed
data (6 mm isotropic Gaussian kernel) with a high pass filter (128 s
cutoff period) in order to remove low-frequency artifacts.
Data from each subject were entered into a general linear model

using an event-related analysis procedure. Character pairs were
treated as individual events and modeled with the onset of response
latency using a canonical hemodynamic response function (HRF).
Parameter estimates from contrasts of the canonical HRF in single-
subject models were entered into random-effects analysis using
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one-sample t-tests across all participants to determine whether
activation during a contrast was significant (i.e., parameter estimates
were reliably greater than 0). For the contrast within each group, we
compared the related condition to the perceptual condition to
observe semantic processing30. For each group, we performed
paired t-tests for the related versus perceptual contrast to capture
the changes within 6 weeks. Reported areas of activation were
defined as being significant when p < 0.005 uncorrected at the voxel
level, with a cluster size ≥10 voxels in a whole-brain analysis. Region
of interest (i.e., IFG) analyses were conducted using an anatomical
mask from the WFU PickAtlas toolbox (https://www.nitrc.org/
projects/wfu_pickatlas/), and the areas of activation were defined
as being significant when p < 0.05 family-wise error (FWE)-corrected
in the IFG. To avoid potential confounding from demographic
variables, we also conducted additional ROI analyses in which
demographic and clinical characteristics were controlled.
To test our hypothesis that language-related lateralization may

be disturbed in patients with FEP or UHR, we computed the LI
using the LI-toolbox54 on contrast maps of the related versus
perceptual conditions for each subject. For each map, the mean
intensity of the voxels in the image served as the threshold (i.e., an
“adaptive threshold” in LI-toolbox) under the assumption that
meaningful responses would be above average intensity. Voxel
values exceeding such an internal threshold were summed to
compute a global value for bilateral anatomical masks, i.e., the IFG.
These values were then used to compute an LI value for each
patient, with the formula: LI= (left – right)/(left+ right). The LI
value ranged between +1 and −1, with +1 indicating pure left
lateralization and −1 pure right lateralization.

Correlation analysis
Spearman’s rank correlations were used to explore relationships
among the treatment-related changes, including LI, behavioral
results (i.e., accuracy and reaction times), PANSS-total score and
three subscores (positive, negative, general psychopathology),
and language-related NPT scores. Moreover, we used the score of
the “delusion/hallucination” dimension composed of “Hallucina-
tory behaviors” (P3), “Unusual thought content” (G9), “Delusions”
(P1), and “Suspiciousness/persecution” (P6) based on the findings
from our previous study55. The language-related NPT items
included: (1) the summation of scale scores of four items
(information, arithmetic, similarity, digit span) in the verbal IQ,
and (2) scores of the categorical verbal fluency tests. Since the
small sample size was vulnerable to outliers, we excluded
potential outliers based on Mahalanobis distance (corresponding
p value <0.001) and Cook’s distance (<1)36.
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