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Individuals with autism-like traits (ALT) belong to a subclinical group with similar social deﬁcits as autism spectrum disorders
(ASD). Their main social deﬁcits include atypical eye contact and diﬃculty in understanding facial expressions, both of which
are associated with an abnormality of the right posterior superior temporal sulcus (rpSTS). It is still undetermined whether it is
possible to improve the social function of ALT individuals through noninvasive neural modulation. To this end, we randomly
assigned ALT individuals into the real (n = 16) and sham (n = 16) stimulation groups. All subjects received ﬁve consecutive days
of intermittent theta burst stimulation (iTBS) on the rpSTS. Eye tracking data and functional magnetic resonance imaging
(fMRI) data were acquired on the ﬁrst and sixth days. The real group showed signiﬁcant improvement in emotion recognition
accuracy after iTBS, but the change was not signiﬁcantly larger than that in the sham group. Resting-state functional
connectivity (rsFC) between the rpSTS and the left cerebellum signiﬁcantly decreased in the real group than the sham group
after iTBS. At baseline, rsFC in the left cerebellum was negatively correlated with emotion recognition accuracy. Our ﬁndings
indicated that iTBS of the rpSTS could improve emotion perception of ALT individuals by modulating associated neural
networks. This stimulation protocol could be a vital therapeutic strategy for the treatment of ASD.

1. Introduction
Autism spectrum disorders (ASD) are characterized by an
early onset of diﬃculties associated with decreased social
communication, restrictive interests, and repetitive patterns
of behavior [1, 2]. Obvious social deﬁcits include reduced
interest in observing faces and diﬃculties in understanding
facial expressions [3, 4]. Speciﬁcally, a number of studies
have shown that individuals with ASD are signiﬁcantly more
likely to look at the noncharacteristic areas of the face than
the core characteristic areas (such as eyes) [5–7]. ASD
patients face serious complications along with the societal

and familial challenges, but successful treatment is still
elusive. Individuals with autism-like traits (ALT) are a
subclinical group with similar social and communication
skill deﬁcits as those with ASD. Genetic studies have shown
that individuals with ALT and ASD share genetic susceptibility factors [8, 9]. In practice, psychological experiments are
much easier to be completed in individuals with ALT than
ASD [10]. Thus, ALT has been widely investigated with an
ultimate goal to understand ASD’s mechanism and to
develop potential therapeutic strategies [11, 12].
Faces are multidimensional stimuli bearing important
social signals, such as gaze direction and emotional expression
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[13]. Emotion recognition has a profound inﬂuence on social
development. Deﬁcits in emotion recognition in ASD have
been demonstrated by meta-analysis [14] and can be
improved with behavior intervention [15]. Similar deﬁcits
were found in individuals with high autism traits as well
[2], which may relate to weakened attention responses to
eye gazing cue tasks [16, 17]. In humans, the posterior superior temporal sulcus (pSTS) is a cortical locus for processing
the dynamic aspects of faces [18]. The pSTS in the right
hemisphere plays an important role in social perception
[19]. In ASD, a neuroimaging study indicated that the right
pSTS was abnormally activated during emotion perception
[20]. These ﬁndings support the neurobiological theories that
emphasize the importance of the STS in facial emotion
recognition in ASD [21]. They also implicate the right pSTS
as a potential target for modulating the emotion recognition
ability of ALT individuals.
With the popularity of noninvasive brain stimulation,
repetitive transcranial magnetic stimulation (rTMS) has
received much attention in recent years. It has shown potential clinical beneﬁts in several psychiatric disorders, including
major depressive disorder [22], schizophrenia [23], and ASD
[24]. TMS might prove an eﬀective treatment tool to improve
social, cognitive, and emotional communications [25, 26].
Theta burst stimulation (TBS) is a relatively novel protocol
of rTMS. Two patterns of TBS, including continuous (c)
and intermittent (i), can inhibit and promote cortical excitability, respectively [27]. By cTBS of the rpSTS, eye ﬁxation
time was signiﬁcantly decreased in healthy subjects [28].
Some studies focused on the short-term aftereﬀects of TMS
on social cognition [29–31], but few have investigated the
cumulative aftereﬀects of long-term (days) iTBS on ASD.
Such long-term aftereﬀects may be more easily generalized
to clinical applications.
In this study, we hypothesized that an excitatory rTMS
protocol would improve emotion recognition in ALT individuals. To this end, ALT individuals were randomly assigned to
the active and sham groups receiving iTBS of the pSTS for
ﬁve consecutive days. Eye tracking experiments were used
to show the aftereﬀects on facial emotion recognition. Functional magnetic resonance imaging (fMRI) was used to show
the neural correlates underlying the behavior eﬀect.

2. Materials and Methods
2.1. Participants. To recruit ALT individuals for this study,
we estimated the autism traits of 1000 undergraduates from
Anhui Medical University using the autism spectrum quotient (AQ). AQ is a commonly used quantitative measurement method of ASD. It is composed of 50 questions in
total and includes ﬁve self-rating scales, including social
skills, verbal communication, attention to detail, attention
shifting, and imagination, covering the main clinical manifestations and behavioral characteristics of autism. The
scoring range is from 50 to 200. The higher the score, the
more obvious are the autistic characteristics. We deﬁned
subjects with AQ > 124 (the top 10% of the total number)
as having ALT. One hundred ALT students were subsequently invited to participate in this rTMS study, but only
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32 agreed (13 men and 19 women, aged between 21 and
24). All participants were right-handed and had normal
vision, hearing, and speech skills. No participant had a history of head trauma, epilepsy, or mental illness or had participated in other TMS studies before.
All subjects underwent a complete set of neuropsychological background tests, including the Montreal Cognitive
Assessment Test (MoCA), the Hamilton Depression Rating
Scale (HAMD), the Hamilton Anxiety Rating Scale (HAMA),
the Stroop test (color, word, and interference tests), the
Trail Making Test (A and B), and the Digit Span assessment (forward, backward). The study was approved by
the Ethics Committee of Anhui Medical University, and all
participants in the behavioral experiment signed an informed
consent form.
2.2. Study Design. This double-blinded trial randomly
divided subjects with ALT into two groups, receiving either
real or sham stimulation. All subjects received eye tracker
tests and fMRI scans before the ﬁrst rTMS intervention. After
ﬁve consecutive days of rTMS, the eye tracking experiment
and fMRI scanning were performed on the sixth experimental day. Two to three months later, resting-state functional
and structural images were collected to show the follow-up
changes (Figure 1). To assess the integrity of blinding,
subjects were asked to guess which intervention they had
received at the end of ﬁve days of stimulation.
2.3. Eye Tracking Experiment
2.3.1. Apparatus and Stimuli. The iView XIII Hi-speed eye
tracking device from SMI (SensoMotoric Instruments,
Germany) was used to measure eye tracking. The screen resolution of the display was 1280 × 1024 px. Eye movement
and pupil size were recorded at a rate of 60 data points per
second (60 Hz), and the system tracked both eyes separately
by emitting infrared light to create a corneal reﬂection. The
eye tracking cameras and the infrared light source were
mounted beneath the screen monitor and did not require
ﬁxing of the participants’ heads. The distance between the
center of the stimulus display screen and the eyes of the
subject was about 60 cm [32]. The stimulus photographs for
this experiment were from the Chinese Aﬀective Picture System (CAPS) [33]. The experiment began with a nine-point
calibration routine that was further veriﬁed by four points
displayed on the screen. Recalibration is required when drift
exceeded 1 degree. Analysis of eye movements and coding
of ﬁxation data were performed with BeGaze Analyzing
Software (Gaze Intelligence, Paris, France).
2.3.2. Emotion Recognition Task. In the emotion recognition
task, participants were randomly shown 36 images of faces
from six subjects (two genders by three ages). Each image
showed one of the six basic emotions: happiness, anger,
sadness, fear, surprise, or disgust. Each trial started with a
ﬁxation cross on a black background for two seconds; then,
one of the 36 face images was displayed for four seconds.
Each trial ended with a question and six answer options,
which were displayed until the participant responded. Participants were required to verbally provide an answer to each
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Figure 1: Schematic of the primary experiment. Each subject received real or sham iTBS for ﬁve consecutive days (red lightning
symbol represents iTBS). The stimulus target, the rpSTS, was deﬁned as a sphere with a center radius of 6 mm based on the
Montreal Neurological Institute (MNI) coordinates [55, -53, 17]. Eye tracking and multiple MRI data were acquired before and after
the 5-day stimulation. In addition, neuropsychology tests and MRI data were acquired at baseline and 2-3 months after the end of
the experiment, respectively.

question (e.g., “The emotion of the characters in the picture
is: happy.”). Each participant completed 36 trials in total.
The eye movement data were recorded during the task for
oﬄine analysis. In order to ensure that each participant
understood the emotion recognition task, one trial was
conducted as practice before the actual experiment began
(Figure 2).
2.3.3. Data Processing. Fixations were deﬁned by the number
of consecutive gaze points. A ﬁxation threshold of 80 ms was
applied to avoid unconscious looking. Only gaze points
where both eyes had been successfully tracked by the eye
tracker were used. We divided the images into three areas
of interest (AOI): the eyes, mouth+nose, and the rest of the
face (rest). The eye-AOI covered 3% of the image area, as
did the mouth+nose-AOI; the rest-AOI covered 94% of the
image. The ﬁrst phase of the analysis was to automatically
identify nonﬁxation data, including blinks, glances, head
motion, and poor calibration, by identifying fast eye motion
and gazes away from the presentation screen. Trials with no
ﬁxations on the picture were excluded. We measured the
percentage (%) of visual ﬁxation time on the three AOIs
and the accuracy of emotion judgment.
2.4. Neuronavigated rTMS. TMS was performed using a
Magstim Rapid2 stimulator (Magstim Company, Whitland,
UK). A typical iTBS session lasted 190 s and consisted of a
burst of three pulses delivered at 50 Hz (70% resting motor
threshold (RMT)) for two seconds, which was repeated every

8 s for a total of 600 pulses. In this study, three iTBS sessions
were delivered with a 15-minute intersession interval using a
70 mm air-cooled ﬁgure-of-eight coil. High-resolution anatomical images were acquired (ﬁeld of view = 256 × 256 mm,
slice thickness/gap = 1/0 mm, in-plane resolution = 256 ×
256, repetition time = 8:15 ms, echo time = 3:18 ms, ﬂip
angle = 8 degrees, and 176 sagittal slices) for neuronavigation. The stimulus target, the rpSTS, was deﬁned as a sphere
with a center radius of 6 mm based on the Montreal Neurological Institute (MNI) coordinates [55, -53, 17], [34]. Using
the inverse matrix generated by T1 segmentation in SPM12
(http://www.ﬁl.ion.ucl.ac.uk/SPM) and TMStarget software
(http://www.brainhealthy.net) [35], the target was transformed into T1 space for each participant [35]. Then, each
individual’s target was imported into a frameless neuronavigation system (Visor2.0, Advanced Neuro Technologies,
Hengelo, Netherlands).
Pulses were delivered at 70% of the RMT [36]. In order to
measure the RMT, motor-evoked potential amplitudes of the
abductor pollicis brevis muscle were recorded using Ag/AgCl
surface electrodes when the left “hand knob” area was stimulated. The electromyography (EMG) signal was ampliﬁed,
digitized, and displayed on a computer screen by the Rogue
EMG device. RMT was deﬁned as the minimum intensity
that caused a small response (>50 mV) more than ﬁve times
in 10 consecutive trials and was measured prior to each rTMS
[23, 35]. The sham stimulus was delivered by a placebo coil
(Magstim Company), which produced a similar feeling on
the participant’s scalp as the real coil but did not induce an
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Figure 2: Schematic overview of the emotion recognition task. Each trial started with a ﬁxation cross on a black background for two seconds;
then, one of the 36 facial images was displayed for four seconds. Each trial ended with a question and six answer options, which were displayed
until the participant responded. Participants were required to verbally provide an answer to each question (e.g., “The emotion of the
characters in the picture is: happy.”). Participants were instructed to identify the emotions portrayed in each facial image. Each participant
completed 36 trials in total. In the experiment, the questions and six answer options were shown in Chinese.

eﬃcient current in the cortex. The coil was held tangentially
to the right skull, with the long axis parallel to the uncinate
gyrus of the target (pSTS) and the center over the target
sphere (Figure 1).
2.5. Functional Magnetic Resonance Imaging
2.5.1. Data Acquisition. MRI scans of all subjects were performed at the MRI center of the medical center of the University of Science and Technology of China. MRI datasets were
obtained with the aid of a 3-T scanner (Discovery 750; GE
Healthcare, Milwaukee, WI). Foam padding and earplugs
were applied to minimize head motion and scanner noise
for all subjects. During resting-state fMRI (rsfMRI) scanning,
subjects were instructed to rest with their eyes closed without
falling asleep. Functional images were acquired using an echo
planar imaging sequence (repetition/echo time = 2400/30 ms,
ﬂip angle = 90 degrees, and 217 volumes). A total of 46 transverse slices (ﬁeld of view, 192 × 192 mm2 ; 64 × 64 in-plane
matrices; section thickness without intersection gap, 3 mm;
and voxel size, 3 × 3 × 3 mm3 ) were acquired parallel to the
anteroposterior commissure line. iTBS was performed in a
separate room beside the scanner.
2.5.2. Data Processing. Functional image processing was
carried out using the DPARSF (http://rfmri.org) [37],
SPM12 (http://www.ﬁl.ion.ucl.ac.uk/spm) toolkits, REST
(http://www.restfmri.net/) [38], and TMStarget (http://www
.brainhealthy.net/). The preprocessing included (1) deleting
the ﬁrst ﬁve volumes; (2) slice timing and realignment;
(3) coregistering T1 to functional images; (4) normalizing
T1 to the MNI space and segmenting it into gray matter,
white matter, and cerebrospinal ﬂuid (spatial resolution:
3 × 3 × 3); (5) smoothing images with a 4 mm isotropic

Gaussian kernel; and (6) ﬁltering the temporal bandpass
(0.01–0.1 Hz) and regressing out 27 nuisance signals (global
mean, white matter, cerebrospinal ﬂuid signals, and 24 head
motion parameters). Subsequently, Pearson’s correlations
were conducted between the time series of the target
regions-of-interest (ROI) and that of each voxel in the whole
brain and normalized using Fisher’s z transformation. The
target ROI was deﬁned as a sphere with a 6 mm radius centered at MNI coordinates [55, -53, 17]. No subject had head
motion exceeding 3 mm of translation or three degrees of
rotation during the fMRI acquisition.
2.6. Statistical Analysis. For the baseline measures, the
Shapiro-Wilk test was conducted to check whether the
measurement data were normally distributed. χ2 or twosample t-tests were used to compare the diﬀerences in
baseline in the two groups. For the eye tracking measures,
two-way (group by time) repeated-measure ANOVA was
used to analyze the changes in ﬁxation time (%) of the three
AOIs and emotion recognition accuracy. All post hoc P
values were adjusted using Bonferroni’s multiple comparison
correction. In our situation, the raw P values from post hoc
analysis were multiplied by 2. The eﬀect size of post hoc
analysis was computed using Cohen’s d.
To identify regions signiﬁcantly correlated with the target, one-sample t-tests were performed for the target-towhole brain functional connectivity maps for each condition
(e.g., pre- and post-rTMS condition). Then, voxels surviving
in either condition (uncorrected voxel level P < 0:05) constituted a mask for comparing the functional alterations after
rTMS using two-way repeated-measure ANOVA. This comparison was performed through a toolbox in SPM12, Statistic non-Parameter Mapping (SnPM) [39]. To control the
family-wise error (FWE) in multiple comparisons, we ﬁrst
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set a voxel level threshold of P < 0:01. Then, only clusters
larger than a given volume were reported as having survived
the cluster-level correction, Pcorr < 0:05. Regions surviving
the FEW corrections were set as ROI for further analysis.
The signals of ROI were represented by the average signal
within spheres centered at the peak value of clusters with a
6 mm radius.
Pearson correlation analysis was performed between the
altered rsFC in ROI and behavior measures (e.g., ﬁxation
time on the eye-AOI and emotion recognition accuracy) in
the real group. Signiﬁcance was determined at P < 0:05
(two tailed).

3. Results
3.1. Background Measures. To ensure the quality of the data,
the data (average across trials) exceeding three standard
deviations from the mean were deﬁned as outliers. Subjects
with one outlier in either ﬁxation time or emotion recognition accuracy were excluded from all analyses. As a result,
three participants in the real group were excluded. Additionally, two participants were excluded due to unqualiﬁed
calibration (>1°) during eye tracking. Finally, 12 and 15
participants were included in the real and sham groups
for analysis, respectively. There was no signiﬁcant diﬀerence in gender, age, RMT, and other neuropsychological
tests between the two groups (P > 0:05, Table 1). In total,
56% of the participants in the real group (7 of 12) and
31% in the sham group (4 of 15) guessed correctly to
which group they belonged (Fisher’s exact test, P = 0:10).
When outliers were included, no signiﬁcant diﬀerence
was found in the baseline comparisons of the data (see
Supplementary Materials).
3.2. Emotion Recognition Task. For the ﬁxation time (%) of the
eye-AOI (Figures 3(a) and 3(b)), no signiﬁcant (group by
time) interaction (F ½1,25 = 2:14, P = 0:16), group (F ½1,25 =
2:00, P = 0:17), or time (F ½1,25 = 0:12, P = 0:73) eﬀect was
found. No signiﬁcant eﬀect was found for the other AOIs
(see details in the Supplementary Materials). For emotion
recognition accuracy, the (group by time) interaction was
not signiﬁcant (F ½1,25 = 1:36, P = 0:25), but the time
(F ½1,25 = 14:04, P = 0:0009) and group (F ½1,25 = 4:87, P =
0:04) main eﬀects were signiﬁcant. Although the interaction
eﬀect was not signiﬁcant, the accuracy of emotion recognition was signiﬁcantly improved in the real group (t = 3:30,
P = 0:006, d = 0:90), but not the sham group (t = 1:93, P =
0:12, d = 0:53; Figure 3(b)). Power analysis in GPower 3.1
showed a relative low power (=0.77) for the interaction eﬀect
(eﬀect size f = 0:23).
3.3. Resting-State Functional Connectivity. All participants
(n = 32) were included in the imaging analyses. Paired t-tests
(post- vs. pre-rTMS) on functional connectivity maps
were ﬁrst performed for both groups independently (voxel
P < 0:05). Two-way repeated-measure ANOVA indicated
a signiﬁcant cluster in the left cerebellum (Figure 4(a),
Table S2), which was then set as a ROI for further analysis.
rsFC in the ROI showed a signiﬁcant (group by time)
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Table 1: Baseline characteristics of the participants.
Variable
Demographic
Gender (M/F)

iTBS

Placebo

t/χ2 P value

6/9
0.52
22:33 ± 0:91 -0.20

0.60

Age (years)

6/6
22:27 ± 0:45

AQ

130:05 ± 3:37 133:10 ± 3:32 -1.22

0.23

RMT

58:20 ± 6:23

58:67 ± 5:21 -0.22

0.83

HAMA

5:67 ± 0:65

5:93 ± 0:48

-0.86

0.40

HAMD

3:47 ± 1:48

3:60 ± 0:79

-0.42

0.68

MoCA

29:33 ± 0:37

29:47 ± 0:51 -0.73

0.47

Digit span
(forward)
Digit span
(backward)

9:73 ± 0:32

9:73 ± 0:62

0

>1

6:93 ± 0:61

6:93 ± 0:56

0

>1

Stroop color test

11:34 ± 1:63

10:67 ± 1:41

1.51

0.14

Stroop word test

11:64 ± 1:31

10:80 ± 1:32

1.79

0.08

Stroop
interference test

18:90 ± 1:62

18:65 ± 1:51

0.40

0.70

Trail making A

27:03 ± 1:79

27:08 ± 1:69 -0.07

0.94

Trail making B

49:96 ± 2:78

49:14 ± 3:62

0.51

0.84

Neuropsychological

0.67

AQ: autism spectrum quotient; F: female; HAMA: Hamilton Anxiety Rating
Scale; HAMD: Hamilton Depression Rating Scale; M: male; MoCA:
Montreal Cognitive Assessment Test; iTBS: intermittent theta burst
stimulus; RMT: resting motor threshold.

interaction eﬀect (F ½1,30 = 17:86, P = 0:0002, Figure 4(b)).
Post hoc analyses indicated that rsFC in the ROI decreased
in the real group (t = 3:23, P = 0:006, d = 0:71) and
increased in the sham group after intervention (t = 2:74, P =
0:02, d = 0:84). At the end of the intervention, the real
group showed smaller rsFC than the sham group (t = 2:81,
P = 0:01, d = 0:61). All post hoc P values were adjusted using
Bonferroni’s correction. There was no signiﬁcant diﬀerence
between the groups before the intervention (t = 0:34, P >
0:99, Figure 4(b)).
Ten subjects in the real group and 12 subjects in the sham
group completed the follow-up visit. To track the dynamic
alteration of the cerebellar ROI, the follow-up data were compared with the pre- and post-rTMS data using paired t-tests
(Table S2). After Bonferroni’s correction, the ROI rsFC in
follow-up was similar to the pre-rTMS state (t = 1:94, P =
0:16, d = 0:77) and higher than the post-rTMS state
(t = 3:11, P = 0:02, d = 0:98) in the real group; no signiﬁcant
diﬀerence between the states was found for the sham group
(follow-up vs. pre-rTMS, t = 2:45, P = 0:06, d = 0:67; followup vs. post-rTMS, t = 1:11, P = 0:60, d = 0:32).
3.4. Behavior Imaging Correlation. The baseline rsFC values
between the rpSTS and the cerebellum showed a signiﬁcant
negative correlation with the baseline emotion recognition
accuracy (r = −0:42, P = 0:03; Figure 4(c)) and a marginal
signiﬁcant correlation with the baseline ﬁxation time (%)
on eyes (r = −0:38, P = 0:05). The correlation analyses for
other AOIs are shown in the Supplementary Materials. No
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Figure 3: Behavioral changes after intervention. Heatmaps of one participant illustrate the eye ﬁxation pattern before and after real
intervention (a). Warm and cold colors denote a greater and fewer number of ﬁxations, respectively. Bar graph illustrating the ﬁxation time
on eye-AOI and emotion recognition accuracy in the real and sham groups, before and after the intervention (b). The emotion recognition
accuracy was signiﬁcantly improved after intervention in the real group, but not the sham group. Error bars indicate SEM. ∗∗ P < 0:01.
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Figure 4: Resting-state functional connectivity (rsFC) alterations after intervention. The cerebellum showing a signiﬁcant (group by
time) interaction in rsFC (a). A sphere area from the signiﬁcant cerebellum cluster was deﬁned as the region-of-interest (ROI). The
bar graph showing rsFC values (mean and SD) of the cerebellum ROI in each group (b). The rsFC in the ROI decreased in the real
group and increased in the sham group after intervention. The real group showed lower rsFC after intervention than the sham
group. Before intervention, rsFC of the cerebellum ROI was negatively correlated with emotion recognition accuracy (c). Error bars
indicate SEM. ∗ P < 0:05, ∗∗ P < 0:01.
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signiﬁcant correlation was found between the altered rsFC
(rpSTS and cerebellum) and altered behavior measures in
the ﬁxation time on the eye-AOI (r = −0:15, P = 0:45) or
emotion recognition accuracy (r = −0:09, P = 0:64). The correlation graphs are shown in the Supplementary Materials.
3.5. Adverse Eﬀects. Five participants felt transient discomfort during stimulations because of muscle twitches around
the eyes. No other adverse eﬀects, such as headaches or seizures, were reported. Self-reports indicated that iTBS was
well tolerated (average discomfort rating = 0:89 ± 1:04, with
the possible range of 0-10, where higher values indicate
more discomfort).

4. Discussion
Using a randomized and sham control design, we preliminarily investigated the eﬀect of iTBS on ALT individuals.
We mainly observed two aspects. First, we found that ﬁve
consecutive days of iTBS increased the accuracy of facial
emotion recognition, implicating an improved ability to
understand facial expressions. Second, the rsFC between the
rpSTS and the left cerebellar Crus I/II signiﬁcantly decreased
in the real group after intervention. Prior to intervention, the
rsFC in the left cerebellum was negatively correlated with
emotion recognition accuracy. In summary, iTBS has the
potential to improve emotion perception of ALT individuals
and regulate cortical network function.
4.1. Emotion Recognition Task. Accurate reading of other
people’s facial expressions is a key factor for successful social
interaction [40]. As predicted, our results showed that excitatory rTMS of the rpSTS (real group) increased the emotion
recognition accuracy of ALT individuals. In addition, gaze
time on eyes did not change signiﬁcantly after real stimulations. These data suggest that the improvement of accuracy
was not caused by longer attention to eyes. However, the
accuracy increase in the real group was not signiﬁcantly
larger than that in the sham group. By increasing sample size,
future studies with higher statistical power may be able to
dissociate the rTMS eﬀect from the placebo eﬀect.
The human pSTS is a core node of a network for face perception [41, 42]. For instance, neuroimaging studies have
shown that the pSTS was activated by static images of faces
[43]. By producing virtual lesions on the rpSTS, online
TMS (10 Hz for 500 ms) signiﬁcantly impaired performance
of ALT individuals on facial expression recognition tasks
[18]. Besides, the rpSTS function is also related to gaze perception [44]. Saitovitch et al. found that inhibitory rTMS of
the rpSTS induced fewer ﬁxations to the eyes [28]. Motivated
by their work, we selected excitatory rTMS in this study.
However, we did not observe an increased ﬁxation time on
the eyes after real stimulations. This is probably because normalizing gaze behavior is much harder than disrupting it. In
ASD, fMRI studies have also demonstrated a link between
neurologic abnormalities in the pSTS and emotional perception deﬁcits. Overall, we speculate that rpSTS regulation by
rTMS may be a potential therapy for improving emotional
recognition in ASD.
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4.2. Functional Connectivity. To investigate the neural correlations underlying the behavior eﬀect, we used functional
MRI to analyze rsFC alterations after intervention. We found
that the rsFC between the left cerebellar Crus I/II and the
rpSTS signiﬁcantly decreased in the real group after iTBS.
This was consistent with previous studies indicating that
rTMS was able to aﬀect brain resting-state connectivity [23,
35, 45]. Follow-up results showed that after more than two
months, the FC in the left cerebellum slowly returned to
baseline. Thus, the change of this neural circuit caused by
iTBS is temporary and can return to normal within a certain
period of time.
Our behavior imaging correlation analysis suggested that
the rsFC of the cerebellum was related to the emotional recognition ability in ALT individuals. For instance, fMRI studies showed that the posterior cerebellum (especially the Crus
I/II) participates in emotional and social processing through
the corticocerebellar connection to the pSTS [46, 47]. Further, a TMS study found that excitatory stimulation of the left
cerebellum reduced the accuracy of processing facial emotions [48]. The cerebellum forms multiple circuits with cortical regions, which forms the basis for motor, language, and
social processing [49]. Through these circuits, cerebellar dysfunction could aﬀect the core symptoms (social deﬁcits) of
ASD. The previous literature has found decreased Purkinje
cells [50], abnormal structure [51, 52], function [53], and
aberrant rsFC on the left cerebellum in ASD [54, 55]. Those
studies revealed that rTMS targeting the rpSTS may provide
a new treatment method for modulating cerebral-cerebellar
circuits and their function in ASD.
There were also some limitations in this study. First, this
was a small-sample study. The robustness and reproducibility of our ﬁndings need to be further validated. With a larger
sample size, the marginal signiﬁcant correlation between the
cerebellum rsFC and the baseline ﬁxation time may become
prominent. Second, the stimulation period was too short.
For instance, the guidelines for depression treatment suggest
six to eight weeks of stimulation [56]. To induce a more
prominent eﬀect, future research should use longer intervention periods or higher stimulation frequencies (e.g., multisessions/day). Third, our behavior and imaging experiments
were conducted separately. This may be one of the reasons
that we failed to observe a signiﬁcant correlation between
behavior and imaging changes. Fourth, autism subjects are
predominantly males [57, 58]. But there were fewer male
subjects in this study than females, which may have inﬂuenced the generalization of the ﬁndings. It would be interesting to investigate the interaction between genders on rTMS
modulation in future studies with larger sample sizes. Finally,
it would be better if the neuropsychological tests could be
estimated at the end of rTMS. It is important to explain
whether the improvements in social cognition were speciﬁc
or just a reﬂection of a general improvement in performance
of all the applied tasks.

5. Conclusion
This study preliminarily explored the eﬀect of excitatory
rTMS of the rpSTS on emotional recognition in ALT
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individuals. In the real group, emotional recognition was
improved, and the rsFC between the rpSTS and the left cerebellum was signiﬁcantly decreased following ﬁve consecutive
days of iTBS. These ﬁndings suggest that iTBS of the rpSTS
could improve emotion perception in ALT individuals by
modulating the associated neural networks. In the future, it
would be valuable to test this stimulation protocol in ASD
patients for therapeutic purposes.

Neural Plasticity

[5]

[6]

Data Availability

[7]

The data used to support the ﬁndings of this study are available from the corresponding author upon request.

[8]

Conflicts of Interest
The authors declare no conﬂict of interest.

[9]

Authors’ Contributions
Pingping Liu, Guixian Xiao, Kongliang He share ﬁrst authorship and contributed equally to this work.

Acknowledgments
The authors thank all participants for taking part in this
study. This work was supported by the National Natural
Science Foundation of China (nos. 31970979, 91432301,
31571149, and 2016YFC1300604 to K.W.; no. 81771456 to
C.Z.; nos. 81671354 and 91732303 to Y.T.; and no.
81971689 to G J J); the Science Fund for Distinguished Young
Scholars of Anhui Province (no. 1808085J23 to Y.T.); the
Collaborative Innovation Center of Neuropsychiatric Disorder and Mental Health of Anhui Province; and the National
Natural Young Foundation (no. 31800909 to L.Z.); The
15th key project of applied medicine research in 2019 of
Hefei Municipal Health Committee.

[10]

[11]

[12]

[13]

[14]

[15]

Supplementary Materials
Supplementary analysis and ﬁndings. (Supplementary
Materials)

[16]

References
[1] N. I. Vargas-Cuentas, A. Roman-Gonzalez, R. H. Gilman et al.,
“Developing an eye-tracking algorithm as a potential tool for
early diagnosis of autism spectrum disorder in children,” Plos
One, vol. 12, no. 11, article e0188826, 2017.
[2] C. L. Dickter, J. A. Burk, K. Fleckenstein, and C. T. Kozikowski,
“Autistic traits and social anxiety predict diﬀerential performance on social cognitive tasks in typically developing
young adults,” PLoS One, vol. 13, no. 3, article e0195239,
2018.
[3] J. C. Kirchner, A. Hatri, H. R. Heekeren, and I. Dziobek,
“Autistic symptomatology, face processing abilities, and eye
ﬁxation patterns,” Journal of Autism and Developmental Disorders, vol. 41, no. 2, pp. 158–167, 2011.
[4] M. Freeth and P. Bugembe, “Social partner gaze direction
and conversational phase; factors aﬀecting social attention

[17]

[18]

[19]

[20]

during face-to-face conversations in autistic adults?,” Autism,
vol. 23, no. 2, pp. 503–513, 2018.
J. Fedor, A. Lynn, W. Foran, J. DiCicco-Bloom, B. Luna, and
K. O’Hearn, “Patterns of ﬁxation during face recognition: differences in autism across age,” Autism, vol. 22, no. 7, pp. 866–
880, 2017.
K. M. Dalton, B. M. Nacewicz, T. Johnstone et al., “Gaze ﬁxation and the neural circuitry of face processing in autism,”
Nature Neuroscience, vol. 8, no. 4, pp. 519–526, 2005.
S. Wang and R. Adolphs, “Reduced speciﬁcity in emotion
judgment in people with autism spectrum disorder,” Neuropsychologia, vol. 99, pp. 286–295, 2017.
J. Bralten, K. J. van Hulzen, M. B. Martens et al., “Autism
spectrum disorders and autistic traits share genetics and biology,” Molecular Psychiatry, vol. 23, no. 5, pp. 1205–1212,
2018.
E. B. Robinson, iPSYCH-SSI-Broad Autism Group, B. S.
Pourcain et al., “Genetic risk for autism spectrum disorders
and neuropsychiatric variation in the general population,”
Nature Genetics, vol. 48, no. 5, pp. 552–555, 2016.
M. Turi, D. C. Burr, and P. Binda, “Pupillometry reveals perceptual diﬀerences that are tightly linked to autistic traits in
typical adults,” eLife, vol. 7, 2018.
P. H. Donaldson, M. Kirkovski, N. J. Rinehart, and P. G.
Enticott, “Autism-relevant traits interact with temporoparietal
junction stimulation eﬀects on social cognition: a highdeﬁnition transcranial direct current stimulation and electroencephalography study,” The European Journal of Neuroscience, vol. 47, no. 6, pp. 669–681, 2018.
S. Lundström, Z. Chang, M. Råstam et al., “Autism Spectrum
disorders and autisticlike traits,” Archives of General Psychiatry, vol. 69, no. 1, pp. 46–52, 2012.
J. S. Nomi and L. Q. Uddin, “Face processing in autism
spectrum disorders: from brain regions to brain networks,”
Neuropsychologia, vol. 71, pp. 201–216, 2015.
M. Uljarevic and A. Hamilton, “Recognition of emotions in
autism: a formal meta-analysis,” Journal of Autism and Developmental Disorders, vol. 43, no. 7, pp. 1517–1526, 2013.
I. M. Hopkins, M. W. Gower, T. A. Perez et al., “Avatar
assistant: improving social skills in students with an ASD
through a computer-based intervention,” Journal of Autism
and Developmental Disorders, vol. 41, no. 11, pp. 1543–
1555, 2011.
A. R. Madipakkam, M. Rothkirch, I. Dziobek, and P. Sterzer,
“Access to awareness of direct gaze is related to autistic traits,”
Psychological Medicine, vol. 49, no. 6, pp. 980–986, 2019.
S. Zhao, S. Uono, S. Yoshimura, and M. Toichi, “Is impaired
joint attention present in non-clinical individuals with high
autistic traits?,” Molecular Autism, vol. 6, no. 1, 2015.
D. Pitcher, “Facial expression recognition takes longer in the
posterior superior temporal sulcus than in the occipital face
area,” Journal of Neuroscience, vol. 34, no. 27, pp. 9173–9177,
2014.
M. Zilbovicius, A. Saitovitch, T. Popa et al., “Autism, social
cognition and superior temporal sulcus,” Open Journal of Psychiatry, vol. 3, no. 2, pp. 46–55, 2013.
K. Alaerts, D. G. Woolley, J. Steyaert, A. di Martino, S. P.
Swinnen, and N. Wenderoth, “Underconnectivity of the superior temporal sulcus predicts emotion recognition deﬁcits in
autism,” Social Cognitive and Aﬀective Neuroscience, vol. 9,
no. 10, pp. 1589–1600, 2014.

Neural Plasticity
[21] W. G. Silver and I. Rapin, “Neurobiological basis of autism,”
Pediatric Clinics of North America, vol. 59, no. 1, pp. 45–61,
2012, x.
[22] B. N. Gaynes, S. W. Lloyd, L. Lux et al., “Repetitive transcranial magnetic stimulation for treatment-resistant depression,”
Journal of Clinical Psychiatry, vol. 75, no. 5, pp. 477–489,
2014.
[23] X. Chen, G. J. Ji, C. Zhu et al., “Neural correlates of auditory
verbal hallucinations in schizophrenia and the therapeutic
response to theta-burst transcranial magnetic stimulation,”
Schizophrenia Bulletin, vol. 45, no. 2, pp. 474–483, 2019.
[24] P. G. Enticott, B. M. Fitzgibbon, H. A. Kennedy et al., “A double-blind, randomized trial of deep repetitive transcranial
magnetic stimulation (rTMS) for autism spectrum disorder,”
Brain Stimulation, vol. 7, no. 2, pp. 206–211, 2014.
[25] E. M. Sokhadze, A. S. el-Baz, L. L. Sears, I. Opris, and M. F.
Casanova, “rTMS neuromodulation improves electrocortical
functional measures of information processing and behavioral responses in autism,” Frontiers in Systems Neuroscience,
vol. 8, 2014.
[26] L. M. Oberman and P. G. Enticott, “Editorial: The safety and
eﬃcacy of noninvasive brain stimulation in development and
neurodevelopmental disorders,” Frontiers in Human Neuroscience, vol. 9, 2015.
[27] J. B. Barahona-Corrêa, A. Velosa, A. Chainho, R. Lopes, and
A. J. Oliveira-Maia, “Repetitive transcranial magnetic stimulation for treatment of autism spectrum disorder: a systematic
review and meta-analysis,” Frontiers in Integrative Neuroscience, vol. 12, 2018.
[28] A. Saitovitch, T. Popa, H. Lemaitre et al., “Tuning eye-gaze
perception by transitory STS inhibition,” Cerebral Cortex,
vol. 26, no. 6, pp. 2823–2831, 2016.
[29] C. Ferrari, S. Schiavi, and Z. Cattaneo, “TMS over the superior
temporal sulcus aﬀects expressivity evaluation of portraits,”
Cognitive, Aﬀective, & Behavioral Neuroscience, vol. 18, no. 6,
pp. 1188–1197, 2018.
[30] D. Pitcher, S. Japee, L. Rauth, and L. G. Ungerleider, “The
superior temporal sulcus is causally connected to the amygdala: a combined TBS-fMRI study,” Journal of Neuroscience,
vol. 37, no. 5, pp. 1156–1161, 2017.
[31] M. P. Dzhelyova, A. Ellison, and A. P. Atkinson, “Eventrelated repetitive TMS reveals distinct, critical roles for right
OFA and bilateral posterior STS in judging the sex and trustworthiness of faces,” Journal of Cognitive Neuroscience,
vol. 23, no. 10, pp. 2782–2796, 2011.
[32] L. Billeci, A. Narzisi, A. Tonacci et al., “An integrated EEG and
eye-tracking approach for the study of responding and initiating joint attention in autism spectrum disorders,” Scientiﬁc
Reports, vol. 7, no. 1, p. 13560, 2017.
[33] D. Zhao, R. Gu, P. Tang, Q. Yang, and Y. J. Luo, “Incidental
emotions inﬂuence risk preference and outcome evaluation,”
Psychophysiology, vol. 53, no. 10, pp. 1542–1551, 2016.
[34] Z. Cidav, S. C. Marcus, and D. S. Mandell, “Implications of
childhood autism for parental employment and earnings,”
Pediatrics, vol. 129, no. 4, pp. 617–623, 2012.
[35] G. J. Ji, F. Yu, W. Liao, and K. Wang, “Dynamic aftereﬀects in
supplementary motor network following inhibitory transcranial magnetic stimulation protocols,” NeuroImage, vol. 149,
pp. 285–294, 2017.
[36] C. Nettekoven, L. J. Volz, M. Kutscha et al., “Dose-dependent eﬀects of theta burst rTMS on cortical excitability

9

[37]

[38]

[39]

[40]
[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

and resting-state connectivity of the human motor system,”
Journal of Neuroscience, vol. 34, no. 20, pp. 6849–6859,
2014.
Y. Chao-Gan and Z. Yu-Feng, “DPARSF: a MATLAB toolbox
for "pipeline" data analysis of resting-state fMRI,” Frontiers in
Systems Neuroscience, vol. 4, p. 13, 2010.
X. W. Song, Z. Y. Dong, X. Y. Long et al., “REST: a toolkit for
resting-state functional magnetic resonance imaging data processing,” PLoS One, vol. 6, no. 9, p. e25031, 2011.
T. E. Nichols and A. P. Holmes, “Nonparametric permutation tests for functional neuroimaging: a primer with
examples,” Human Brain Mapping, vol. 15, no. 1, pp. 1–25,
2002.
E. Zaky, “Face processing in autism spectrum disorder,” European Psychiatry, vol. 41, no. S1, pp. S457–S457, 2017.
R. Adolphs, “Neural systems for recognizing emotion,” Current Opinion in Neurobiology, vol. 12, no. 2, pp. 169–177,
2002.
A. J. Calder and A. W. Young, “Understanding the recognition
of facial identity and facial expression,” Nature Reviews Neuroscience, vol. 6, no. 8, pp. 641–651, 2005.
T. Allison, A. Puce, and G. McCarthy, “Social perception from
visual cues: role of the STS region,” Trends in Cognitive Sciences, vol. 4, no. 7, pp. 267–278, 2000.
L. Nummenmaa, L. Passamonti, J. Rowe, A. D. Engell, and A. J.
Calder, “Connectivity analysis reveals a cortical network for
eye gaze perception,” Cerebral Cortex, vol. 20, no. 8,
pp. 1780–1787, 2010.
N. Valchev, B. Ćurčić-Blake, R. J. Renken et al., “cTBS delivered to the left somatosensory cortex changes its functional
connectivity during rest,” NeuroImage, vol. 114, pp. 386–397,
2015.
C. Laidi, J. Boisgontier, M. M. Chakravarty et al., “Cerebellar
anatomical alterations and attention to eyes in autism,” Scientiﬁc Reports, vol. 7, no. 1, p. 12008, 2017.
G. Olivito, M. Lupo, F. Laghi et al., “Lobular patterns of cerebellar resting-state connectivity in adults with autism spectrum disorder,” European Journal of Neuroscience, vol. 47,
no. 6, pp. 729–735, 2018.
C. Ferrari, V. Oldrati, M. Gallucci, T. Vecchi, and Z. Cattaneo,
“The role of the cerebellum in explicit and incidental processing of facial emotional expressions: a study with transcranial
magnetic stimulation,” NeuroImage, vol. 169, pp. 256–264,
2018.
A. M. D'Mello and C. J. Stoodley, “Cerebro-cerebellar circuits
in autism spectrum disorder,” Frontiers in Neuroscience,
vol. 9, 2015.
M. Oldehinkel, M. Mennes, A. Marquand et al., “Altered
connectivity between cerebellum, visual, and sensory-motor
networks in autism spectrum disorder: results from the EUAIMS Longitudinal European Autism Project,” Biological Psychiatry: Cognitive Neuroscience and Neuroimaging, vol. 4,
no. 3, pp. 260–270, 2019.
C. J. Stoodley, A. M. D’Mello, J. Ellegood et al., “Altered cerebellar connectivity in autism and cerebellar-mediated rescue of
autism-related behaviors in mice,” Nature Neuroscience,
vol. 20, no. 12, pp. 1744–1751, 2017.
A. J. Willsey, S. J. Sanders, M. Li et al., “Coexpression networks
implicate human midfetal deep cortical projection neurons in
the pathogenesis of autism,” Cell, vol. 155, no. 5, pp. 997–
1007, 2013.

10
[53] S. S. H. Wang, A. D. Kloth, and A. Badura, “The cerebellum,
sensitive periods, and autism,” Neuron, vol. 83, no. 3, pp. 518–
532, 2014.
[54] S. Arnold Anteraper, X. Guell, A. D'Mello, N. Joshi,
S. Whitﬁeld-Gabrieli, and G. Joshi, “Disrupted cerebrocerebellar
intrinsic functional connectivity in Young adults with highfunctioning autism spectrum disorder: a data-driven, wholebrain, high-temporal resolution functional magnetic resonance
imaging study,” Brain Connectivity, vol. 9, no. 1, pp. 48–59,
2019.
[55] K. M. Igelstrom, T. W. Webb, and M. S. A. Graziano, “Functional connectivity between the temporoparietal cortex and
cerebellum in autism spectrum disorder,” Cerebral Cortex,
vol. 27, no. 4, pp. 2617–2627, 2017.
[56] D. M. Blumberger, F. Vila-Rodriguez, K. E. Thorpe et al.,
“Eﬀectiveness of theta burst versus high-frequency repetitive
transcranial magnetic stimulation in patients with depression
(THREE-D): a randomised non- inferiority trial,” Lancet,
vol. 391, no. 10131, pp. 1683–1692, 2018.
[57] C. E. Wilson, C. M. Murphy, G. McAlonan et al., “Does sex
inﬂuence the diagnostic evaluation of autism spectrum disorder in adults?,” Autism, vol. 20, no. 7, pp. 808–819, 2016.
[58] F. G. Happé, H. Mansour, P. Barrett, T. Brown, P. Abbott, and
R. A. Charlton, “Demographic and cognitive proﬁle of individuals seeking a diagnosis of autism spectrum disorder in adulthood,” Journal of Autism and Developmental Disorders,
vol. 46, no. 11, pp. 3469–3480, 2016.

Neural Plasticity

