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Introduction: Tourette syndrome (TS) is a chronic neuropsychiatric disorder with 
unknown causes and inadequate therapies. Inspired by the important roles of gut 
microbiota in some mental illnesses, the interactions between gut microbiota and 
TS via the gut-brain axis have gained more and more attention. This study aimed 
to characterize the gut microbial profiles in children with TS, and explore the 
clinical effects of one combinational physiotherapy and its potential influence on 
gut microbial composition.

Methods: The gut microbial profiles were depicted based on the sequence 
data of 32 patients and 29 matched health children by 16S rDNA amplicon 
pyrosequencing. Thirty of thirty-two patients underwent uninterrupted two 10-
day courses of combinational physiotherapy, which included a 60-minute cranial 
electrotherapy stimulation (CES) training followed by a 30-minute biofeedback 
training per session, 2 sessions a day.

Results: Our results indicated that the gut microbial composition in children with TS 
was different from that in healthy controls. Multiple GBM neurotransmitter modules 
obtained through Picrust2 functional predictive analysis were significantly increased 
in patients, including Histamine degradation, Dopamine degradation, and DOPAC 
synthesis. Moreover, this combinational physiotherapy could significantly diminish 
tic activity, whose positive effects were first reported in children with TS. Lastly, 
different gut microbial compositions and predictive metabolic pathways were also 
observed between patients before and after this treatment, with lower abundances 
of the genera (e.g., Dorea) and significant decreases of GBM neurotransmitter 
modules (e.g. dopamine degradation) in patients after this treatment, indicating that 
improved clinical symptoms might be accompanied by an improvement of intestinal 
microenvironment.

Discussion: Children with TS showed a cognizable gut microbial profile, and certain 
enriched bacteria with pro-inflammatory potential might induce neuroinflammatory 
responses. This combinational physiotherapy could significantly diminish tic 
activity, and the gut microbial compositions in patients after this treatment were 
different from those without any treatment, indicating the existence of bidirectional 
communication of the gut-brain axis in TS. But studies on the gut microbial 
characteristics in TS patients, the influences of gut microbiota on tic severity, the 
efficacy and safety of this treatment, and the bidirectional regulatory mechanism 
between brain signals and gut microbiota in TS still need to be explored.

OPEN ACCESS

EDITED BY

Tomás Cerdó,  
Maimonides Biomedical Research Institute of 
Cordoba (IMIBIC), Spain

REVIEWED BY

José Antonio Garcia Santos,  
University of Granada, Spain  
Patricia Ruiz Limón,  
University of Malaga, Spain

*CORRESPONDENCE

Chun Bao  
 1732014736@qq.com  

Huihui Jiang  
 16111520022@fudan.edu.cn

RECEIVED 17 March 2023
ACCEPTED 28 August 2023
PUBLISHED 15 September 2023

CITATION

Bao C, Wei M, Pan H, Wen M, Liu Z, Xu Y and 
Jiang H (2023) A preliminary study for the 
clinical effect of one combinational 
physiotherapy and its potential influence on 
gut microbial composition in children with 
Tourette syndrome.
Front. Nutr. 10:1184311.
doi: 10.3389/fnut.2023.1184311

COPYRIGHT

© 2023 Bao, Wei, Pan, Wen, Liu, Xu and Jiang. 
This is an open-access article distributed under 
the terms of the Creative Commons Attribution 
License (CC BY). The use, distribution or 
reproduction in other forums is permitted, 
provided the original author(s) and the 
copyright owner(s) are credited and that the 
original publication in this journal is cited, in 
accordance with accepted academic practice. 
No use, distribution or reproduction is 
permitted which does not comply with these 
terms.

TYPE Original Research
PUBLISHED 15 September 2023
DOI 10.3389/fnut.2023.1184311

https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fnut.2023.1184311﻿&domain=pdf&date_stamp=2023-09-15
https://www.frontiersin.org/articles/10.3389/fnut.2023.1184311/full
https://www.frontiersin.org/articles/10.3389/fnut.2023.1184311/full
https://www.frontiersin.org/articles/10.3389/fnut.2023.1184311/full
https://www.frontiersin.org/articles/10.3389/fnut.2023.1184311/full
https://www.frontiersin.org/articles/10.3389/fnut.2023.1184311/full
https://www.frontiersin.org/articles/10.3389/fnut.2023.1184311/full
mailto:1732014736@qq.com
mailto:16111520022@fudan.edu.cn
https://doi.org/10.3389/fnut.2023.1184311
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/nutrition#editorial-board
https://www.frontiersin.org/journals/nutrition#editorial-board
https://doi.org/10.3389/fnut.2023.1184311


Bao et al. 10.3389/fnut.2023.1184311

Frontiers in Nutrition 02 frontiersin.org

KEYWORDS

Tourette syndrome, gut microbiota, cranial electrotherapy stimulation, electrodermal 
biofeedback training, combinational physiotherapy

Introduction

Tourette syndrome (TS) is a chronic neurological disease, whose 
symptoms include persisting multiple motor tics and alternating vocal 
tics (1). Population studies indicated that the prevalence of TS in 
children is about 1.7% in China and 0.8% worldwide (2, 3). Despite 
most patients can recover by themselves before the age of 18, 
approximately 33% of patients will continue their symptoms to 
adulthood factually (4).

Currently, although the cause of TS is unknown, genetic and 
environmental factors are regarded as substantial factors associated 
with its intrinsic etiologies. Many studies indicated that the 
development and regulation of the brain are affected by the gut 
microbiota through the microbiota-gut-brain axis (5, 6). In patients 
with tic disorders (TDs), the abundances of Bacteroides plebeius and 
Ruminococcus lactaris were increased compared to healthy children, 
while Prevotella stercorea and Streptococcus lutetiensis were decreased 
(7). Among these patients, a significant enrichment of Ruminococcus 
lactaris was identified in patients with TS than that in patients with 
other TDs (7). What’s more, Klebsiella pneumonia, as a GABA-
degrading bacterium, was positively associated with the symptomatic 
deterioration in TDs (8). Meanwhile, Eubacterium spp., 
Bifidobacterium spp., and Akkermansia muciniphila were related to the 
production of GABA, which showed a negative correlation with the 
Yale Global Tic Severity Scale (YGTSS) score (8, 9). However, some 
inconsistencies also existed. For example, as GABA-producing 
bacteria, Bacteroides thetaiotaomicron and Bacteroides eggerthii 
displayed a positive correlation with the YGTSS score (7). Thus, what’s 
kind of abnormal alterations of gut microbiota in TS and whether 
these abnormal alterations were the key pathogenic factors still need 
to be explored.

Treatments of TS mainly include drug treatment and psychological 
treatment. However, both therapies could not completely relieve the 
clinical symptom and had their limitations, such as side effects from 
medication and a long treatment period for psychological treatment 
(10, 11). In addition, although some noninvasive techniques (e.g., 
transcranial magnetic stimulation or transcranial direct current 
stimulation) presented positive results for TS, their wide clinical 
applications were limited due to the high price (12, 13).

As a noninvasive transcutaneous therapeutic device, cranial 
electrotherapy stimulation (CES) adopted pulsed, alternating 
microcurrent (<1,000 μA) to the brain depending on its electrodes 
placed on the earlobes, mastoid processes, zygomatic arches, or the 
maxillo-occipital junction. CES has been approved by Food and Drug 
Administration (FDA) to treat patients with depression, anxiety, 
insomnia or pain, and it is relatively inexpensive and convenient 
compared with other noninvasive stimulation means (14–16). 
Although several studies have reported the efficacy and safety of CES 
in children with TS (17–19), its effectiveness using alone was less and 
slower in comparison with aripiprazole for children and adolescents 
with TS (20). Meanwhile, as a noninvasive psychophysiological 

intervention, biofeedback can regulate patients’ physiological 
responses by allowing patients to perceive visual and auditory signals. 
The tic frequency in patients with TS was significantly decreased 
during relaxation biofeedback compared to arousal biofeedback, and 
it was positively correlated with sympathetic arousal during the 
sessions of arousal biofeedback (21). However, another study found 
that maintaining longstanding relaxation biofeedback was difficult 
because of the concomitant occurrence of tics, even though the tic 
frequency was reduced during 5 min of relaxation biofeedback (22).

Until now, the brain and the gut communicate with each other via 
various routes, such as the immune system, tryptophan metabolism, 
vagus nerve and enteric nervous system (6, 23). Many earlier studies 
regarding gut-brain communication focused on digestive function 
and satiety (24–26), whereas recently growing works have 
concentrated on higher-order cognitive and psychological effects of 
this bidirectional communication (27–29). As a chronic neurological 
disease, certain gut microbial alterations have been observed in 
TS. However, little information about the gut microbial composition 
after the clinical improvement in TS patients was reported. Zhao et al. 
have reported that tic symptoms ameliorated notably after 8 weeks of 
fecal microbiota transplantation (FMT) for patients with TS, and the 
gut microbial composition was significantly altered, especially with 
the restoration of Bacteroides coprocola (30, 31). In the TS mice model, 
the symptoms were dramatically improved after receiving feces from 
healthy mice for 3 weeks, and the abundances of Turicibacteraceae and 
Ruminococcaceae were significantly increased in their feces (32). In 
addition, the treatment of acupuncture and massage was effective for 
children with TS, whose gut microbial characteristics after the 
treatment was close to those in healthy children (33). Noteworthy, in 
addition to diet and drugs, other undiscovered mechanisms also 
might have potential influences on the distribution of gut microbiota. 
On the other hand, the occurrence of gut microbial alterations is 
reasonable when the clinical symptoms associated with emotion 
ameliorated dramatically, partly due to the bidirectional 
communication between the gut and the brain.

The aims of this study were as follows: (1) to characterize the gut 
microbial distribution in children with TS; (2) to explore the clinical 
effects of one combinational physiotherapy on children with TS; (3) 
to explore the potential impact of the combinational physiotherapy on 
gut microbial composition.

Materials and methods

Ethical approval

This study was approved by the Ethics Committee of the 
Xiangyang No. 1 People’s Hospital, Hubei University of Medicine 
(Xiangyang, China). The corresponding Institutional Review Board 
(IRB) number was No.2020KYLL. All written informed consents were 
obtained from all subjects’ guardians.
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Subjects

Thirty-two children with TS who visited the Department of Child 
Healthcare, Xiangyang No. 1 People’s Hospital, Hubei University of 
Medicine from June 2021 to July 2022 were recruited for this study. 
The patients were aged 2.92–13 years, with a median age with IQR 
being 7.00 (5.27–9.75) years (Table  1). Twenty-six of thirty-two 
children were male and six were female. The inclusion criteria were as 
follows: (1) diagnosed as TS by a comprehensive evaluation according 
to the Expert Consensus on the Diagnosis and Treatment of Tic 
Disorders in Children (2017 Practical Edition) and the 5th edition of 
the Diagnostic and Statistical Manual of Mental Disorders (DSM-5); 
(2) diagnosed for the first time not receiving any treatments. The 
exclusion criteria consisted of the following: (1) the presence of 
intellectual disability, autism, tristimania, manic-depressive psychosis, 
epilepsy, Parkinson’s disease, schizophrenia, chorea, athetosis, and 
other nervous system diseases; (2) a history of hepatolenticular 
degeneration and other extra vertebral diseases; (3) a history of 
obesity, gastrointestinal disease, gastrointestinal injury, head injury, 
and other physical illnesses; (4) other diseases which were unsuitable 
for this study evaluated by our investigators; (5) the experience of 
glucocorticoids, immune-suppressants, antihistamines, and other 
drugs for neurological diseases within the last year; (6) the experience 
of antibiotics, probiotics, or prebiotics within 3 months before 
sampling. The diagnosis was made by three independent neurological 
clinicians. Twenty-nine children were recruited as healthy controls 
during the same period, including 24 males and 5 females. All healthy 
controls underwent health checkups in our hospital to exclude any 
physical illnesses, mental diseases, or the above-mentioned 
experiences. The healthy children were aged 2.75–14 years, with a 
median age with IQR being 6.42 (4.75–8.59) years (Table  1). In 
addition, all recruited subjects’ mothers did not take probiotics or 
prebiotics during pregnancy.

Collection of clinical data

Information about the children’s general condition and 
pregnancy-related condition was collected, including the date of TS 
onset, first symptoms, current symptoms, symptom frequency, daily 
activities, learning and social situations, feeding option, gestational 
stress, gestational infectious history, and others. The Yale Global Tic 
Severity Scale (YGTSS) is a clinician-rated evaluation of patients’ tic 
severity over the past 7–10 days. Briefly, a clinician directly 
interviews each child and their guardian to produce the Total Motor 
and Phonic Tic score [range 0–50, including the separate Total 
Motor Tic score (range 0–25) and the separate Total Phonic Tic 
score (range 0–25)] and the separate tic-related impairment score 
(range 0–50). Specifically, 46 tic disorder symptoms are involved in 
the YGTSS, including 12 simple motor tics (e.g., eye blinking), 19 
complex motor tics (e.g., facial expressions), seven simple vocal tics 
(e.g., coughing), and eight complex vocal tics (e.g., words), with 
unmentioned symptoms labeled as “other” symptoms in patients’ 
medical records. The motor and phonic domains are evaluated 
separately on a 0–5 scale across 5 dimensions (number, frequency, 
intensity, complexity, and interference), but the same anchor point 
descriptions are adopted to guide their scoring. For categorizing the 
severity degree of TS, the scores of 0–25, 26–50, and 51 or above are 

suitable for the determinations of mold, moderate, and severe stages, 
respectively.

Combinational physiotherapy intervention

CES Therapy---As our selected CES device, the fifth generation 
alpha-stim stress control system was purchased from Electromedical 
Products International (Mineral Wells, Tex), and its 510(K) Number 
was K903014 approved by FDA. This alpha-stim stress control system 
could generate bipolar, asymmetric rectangular waves with a 
frequency of 0.5 Hz and a current intensity ranging from 0 μA to 
500 μA. Before treatment, two ear clip electrodes were placed on the 
child’s right and left earlobes. The current intensity was adjusted until 
the child felt a mild tingling sensation and/or dizziness, and then the 
selected current intensity was reduced to slightly below the threshold 
of sensation. For one patient, the established current intensity will 
be  consistently used throughout the whole course of the 
twenty-day treatment.

Biofeedback training---The multichannel biofeedback apparatus 
SPIRIT-2/4/8 was provided by the manufacturer, SPIRIT (Chengdu, 
China), and its Registration Certificate Number was Sichuan machine 
registration 20,182,260,085. The procedure of biofeedback training 
followed the product specification. Five dry nickel-plated electrodes 
(about 33 × 46 mm2 area per nickel-plated electrode) were placed on 
the child’s tic sites. The sampling rate was 256–1,024 times per second. 
Biofeedback was adopted as a form of computer-generated animation 
and displayed on the computer screen. Every child lay on a 
comfortable chair in front of the computer monitor to receive 
treatment. When the child felt relaxed and his/her skin conductance 
was lower than the set threshold, the videos were continuously 
playing; if the patients’ skin conductance increased and exceeded the 
set threshold, the videos would get smaller until to disappear. Thus, 
our biofeedback therapy “rewarded” children for controlling or even 
reducing their electrodermal sympathetic activity by displaying 
more animations.

During the uninterrupted two 10-day course of treatment, the 
children attended a 60-min CES training followed by a 30-min 
biofeedback training per session, 2 sessions a day, a total of 40 sessions. 
Notably, the interval between two sessions per day was 4 h. During 
each session, a nurse instructed the children to participate in the 
process, and adjust the animation by encouraging them to relax both 
mentally and physically. Children could not fall asleep 
during treatment.

The therapeutic effect was evaluated at the end of each course for 
every patient. The Y-GTSS was used to evaluate patients’ tic severity 
by their attending physicians, and the side effects were also recorded 
in patients’ electronic medical records.

Collection of fecal specimens

All recruited patients were encouraged to collect their feces within 
2 days before (TS-pre) and after (TS-post) the combinational 
physiotherapy. Fecal specimens (about soybean grain size, two pieces 
per time) from every child were collected by themselves or their 
guardians at home or hospital within 3 min after defecating. After 
sampling, the fecal samplers (Biotecan, Shanghai, China) were sealed, 
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TABLE 1 Demographic and clinical characteristics of children with and without Tourette syndrome (TS).

Clinical characteristics No. of patients Groups p value

Healthy controls TS

Total Sample 61 29 32

Gender

  Male 50 24 26
0.878

  Female 11 5 6

Premature birth

  Yes 4 1 3
0.350

  No 57 28 29

Natural labour

  Yes 19 10 9
0.592

  No 42 19 23

Breast feeding

  Yes 48 23 25
0.910

  No 13 6 7

Gestational stress

  Yes 7 4 3
0.589

  No 54 25 29

The history gestational infections

  Yes 0 0 0
1.000

  No 61 29 32

Taking antiemetic drugs during pregnancy

  Yes 5 5 0
0.014*

  No 56 24 32

Smoking history during pregnancy

  Yes 0 0 0
1.000

  No 61 29 32

Drinking history during pregnancy

  Yes 0 0 0
1.000

  No 61 29 32

First baby for mother

  Yes 45 23 22
0.349

  No 16 6 10

Singleton pregnancy

  Yes 57 26 31
0.255

  No 4 3 1

The history of TS

  Yes 3 0 3
0.096

  No 57 28 29

  Unknown 1 1 0

Age/year (median with IQR) 7.00 (5.00–9.00) 6.42 (4.75–8.59) 7.00 (5.27–9.75) 0.495

Height/m (median with IQR) 1.28 (1.18–1.40) 1.23 (1.10–1.40) 1.30 (1.20–1.40) 0.365

Weight/kg (median with IQR) 27.00 (20.50–32.00) 25.00 (19.50–32.00) 27.00 (21.25–33.50) 0.448

BMI/(kg/m2) (median with IQR) 16.12 (14.73–17.78) 16.23 (14.72–18.64) 15.99 (14.74–17.51) 0.471

*p < 0.05.
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labeled, and transferred (<18°C) to Biotecan Laboratories within 
2 days and stored at −80°C.

16S rRNA gene sequencing and data 
processing

A total of 78 fresh feces samples (HC vs. TS-pre vs. TS-post, 29 vs. 
32 vs. 17) were collected in fecal samplers and stored at −80°C until 
being used to perform high-throughput sequencing. The QIAamp 
PowerFecal Pro DNA Kit (QIAGEN, Germany) was adopted to extract 
bacterial genomic DNA, which was amplified by Phusion High-
Fidelity PCR Master Mix (New England Biolabs, Massachusetts State, 
United States) targeting the V3V4 region of 16S rRNA genes (Forward 
primer: 341F 5′-CCTACGGGNGGCWGCAG-3′, Reverse primer: 
805R 5′-GACTACHVGGGTATCTAATCC-3′). The PCR products 
were purified by the TransStart® FastPfu DNA Polymerase kit 
(TransGen, Beijing, China). The DNA quantification of the purified 
product was finished by the Qubit dsDNA HS Assay Kit (Thermo 
Fisher Scientific, Massachusetts State, United States). A library Quant 
Kit Illumina GA revised primer-SYBR Fast Universal (KAPA 
Biosystems, Massachusetts, United States) was adopted to perform 
library quantification, and then a Novaseq6000 500 cycle (Illumina, 
California, United  States) was used to perform pair-end 
2 × 250 bp sequencing.

To cope with these sequencing data, the Quantitative Insights Into 
Microbial Ecology 2 (QIIME 2, v2017.6.0) pipeline and previous 
criteria were adopted (34, 35). Vsearch V2.4.4 was used to assemble 
the paired-end reads (36). 16S rRNA gene sequences were assigned to 
operational taxonomic units (OTUs) according to a similarity cutoff 
value of 97%, which was against the Greengenes database by Vsearch 
V2.4.4. Notable, OTUs with <0.001% entire sequences were dumped. 
The final OTU table was averaged, rounded, and rarefied, whose 
generation was based on averaging 100 evenly resampled OTU subsets 
under 90% of the minimum sequencing depth. Abundance curves 
were arranged by OTU level. The sequencing depth was evaluated and 
determined via rarefaction analysis.

Bioinformatics and statistical analyses

The chi-square test was adopted to analyze the statistical 
differences in categorical variables between healthy controls and 
patients with TS in SPSS 23.0 (IBM, Chicago, IL, United  States). 
Continuous variables were presented as median with interquartile 
range (IQR) and compared by Mann–Whitney U-test between groups 
in GraphPad Prism version 7.0 (GraphPad, San Diego, CA, 
United States). Y-GTSS scores between patients before and after the 
combinational physiotherapy were displayed as mean with SD and 
compared by Wilcoxon matched-pairs signed rank test in GraphPad 
Prism version 7.0. Venn diagram, heat-map analysis, and correlation 
analysis were performed by R software (v3.6.3). GraPhlAn1 was used 
to depict the phylogenetic tree.

1 http://huttenhower.sph.harvard.edu/GraPhlAn

Alpha diversity analysis, including the Chao1 index, Simpson 
index, and Shannon index, was constructed by QIIME 2, whose 
comparison adopted the Pairwise Wilcox test. Bray-Curtis distance 
metrics and visualized via principal coordinate analysis (PCoA) 
were used to carry out the beta diversity analysis. Gut microbial 
composition and structure were compared between groups using 
Permutational multivariate analysis of variance (PERMANOVA) 
via the Kruskal test in R software. The comparability between these 
two groups was assessed by a one-way analysis of similarities 
(Anosim) analysis. Linear discriminant analysis effect size (LEfSe) 
was used to identify abundant taxa with significant differences 
across groups based on the default parameters (logarithmic LDA 
score = 2) (37). Phylogenetic investigation of communities by 
reconstruction of unobserved states (PICRUSt, PICRUSt2 
v2.3.0-b) was adopted to forecast gut microbial functions by 
annotating the gene catalog according to the Kyoto Encyclopedia 
of Genes and Genomes (KEGG) modules, carbohydrate-active 
enzymes (CAZY) database, MetaCyc database, GMM metabolic 
modularization, and GBM neurotransmitter modules enrichment 
analysis (38), whose statistical differences between groups were 
analyzed by Univar Test.

Results

Characteristics of subjects

TS-pre group consisted of 26 males and 6 females with a median age 
of 7.00 years (range: 2.92–13; interquartile range, IQR: 5.27–9.75) and a 
median BMI of 15.99 kg/m2 (range: 13.19–24.49; interquartile range, 
IQR: 14.74–17.51) (Table 1). According to clinical evaluation, all patients 
were diagnosed with mild severity with mean YGTSS scores of 34.97 (SD 
5; range 28–45). Except for taking antiemetic drugs during pregnancy 
(p = 0.014), no demographic differences were observed between the 
TS-pre and HC groups in age, Height, Wight, BMI, gender, premature 
birth, natural labor, breastfeeding, gestational stress, gestational 
infections history, smoking history, drinking history, first baby for 
mother, singleton pregnancy, and the family history of TS (Table 1).

Diversity and composition of gut 
microbiota in children with TS

In the Venn diagram, the shared OTUs were 23,465 between the 
HC and TS-Pre groups, and the HC group had more unique OTUs 
with 3,883 than the TS-Pre group with 2,395 (Figure 1A). In α-diversity, 
no differences in gut microbial richness and evenness were identified 
between groups (Chao1 p = 0.2908, Simpson p = 0.1176, and Shannon 
p  = 0.3394) (Figures  1B–D). In β-diversity, the difference between 
groups was more significant than within one group (R = 0.066, p < 0.05) 
(Figures 1E,F). Figure 1G and Supplementary Figure S1 displayed 
microbial composition at the genus level. Bacteroides, Faecalibacterium, 
and Roseburia were the major components in the TS-Pre group, 
whereas Bacteroides, Faecalibacterium, and Bifidobacterium in the HC 
group. Faecalibacterium, Roseburia, and Agathobacter were present in 
both groups, but were more predominant in the TS-Pre group. In 
contrast, although Bifidobacterium and Prevotella were also observed 
in these two groups, they were more prominent in the HC group.
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Marker genera in children with TS

Due to the limitation of 16S rDNA amplicon pyrosequencing, 
we mainly focused on the downstream analysis at the genus level. The 
Wilcoxon rank sum test (LEfSe) (p < 0.05, LDA > 2) was used to identify 
the marker genera for different groups, and the TS-Pre group had a 
greater number of marker bacteria than the HC group (Figure  2). 
Faecalibacterium, Hungatella, Oscillibacter, Flavonifractor, Fusicatenibacter, 
Anaerostipes, Anaerotruncus, and Eisenbergiella were the marker genera 
for the TS-Pre group, whereas only Clostridia_UCG_014 was the marker 
genus for HC group (Figure  2B). In addition, we  also acquired 

statistical significances of the differential genera, and the p values 
of Faecalibacterium, Oscillibacter, Flavonifractor, Fusicatenibacter, 
Anaerostipes, and Clostridia_UCG_014 were 0.0004, 0.0029, 0.0052, 
0.0097, 0.0156, and 0.0374, respectively (Figure 2C).

Alterations of potential metabolic 
pathways in children with TS

To explore potential functional alterations associated with the gut 
microbial changes in patients with TS, KEGG, CAZY, METACYC, 

FIGURE 1

Diversity and composition of gut microbiota in healthy controls (HC, n = 29) and treatment-naive children with TS (TS-Pre, n = 32). (A) 23,465 OTUs 
were shared between groups. The HC group had the unique OTUs with 3,883, while the TS-Pre group had 2,395. Chao1 (B), Simpson (C), and Shannon 
(D) were used to analyze the alpha diversity between the HC group and the TS-Pre group. (E) Analysis of similarity (ANOSIM) presented significant 
differences between groups (p <  0.05). (F) The beta diversity between both groups was analyzed by principal coordinate analysis (PCoA) of the 
weighted UniFrac distance. (G) The relative abundance histograms of all genera in the HC and TS-Pre groups. The top 10 shared genera with high 
relative abundance were displayed by different colors and the remaining genera with less relative abundance were classified as other.
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GMM, and GBM module enrichment analysis were predicted by 
Picrust2 between the HC group and the TS-Pre group. The top 10 
significant differences in KEGG, CAZY, METACYC, GMM, and GBM 
module enrichments between groups were shown in Figure  3. 

Noteworthy, as shown in Figure 3E, multiple GBM neurotransmitter 
modules related to neurodevelopmental disorders were abnormal in 
the TS-Pre group, such as histamine degradation, dopamine 
degradation, and DOPAC synthesis.

FIGURE 2

Marker Genera of gut microbiota between the HC group and the TS-Pre group. (A) The phylogenetic tree displayed the marker taxa according to 
subordinate relationship from phylum to species levels for these two groups. (B) Key altered phylotypes between both groups at different levels. 
(C) Significant differences in genera between the HC and the TS-Pre groups.
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FIGURE 3

KEGG, CAZY, METACYC, GMM, and GBM were enriched by Picrust2 functional predictive analysis in the HC group and the TS-Pre group. The top 10 
differential pathways in KEGG (A), CAZY (B), METACYC (C), GMM (D), and GBM (E) between both groups, respectively. Statistical analysis was performed 
by Univar Test. *p <  0.05, **p <  0.01, ***p <  0.001.
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Significant improvement was found in 
children with TS after the combinational 
physiotherapy

Among 32 children with TS, 2 were treatment-naïve, and 30 were 
treated with this combinational physiotherapy. As the YGTSS score 
is an important indicator to evaluate patients’ condition, we recorded 
the YGTSS scores for every patient before, after the first 10-day 
course, and after two 10-day courses of this treatment. Compared 
with patients before the combinational physiotherapy, patients after 
this treatment presented much lower YGTSS scores (Figure 4). These 
patients’ conditions improved dramatically, including the alleviation 
of motor tics and vocal tics, which was confirmed by both their 
guardians and primary physicians. During the treatment process and 
follow-up period, no distinct adverse reactions were observed in any 
of the children.

Gut microbial composition in patient after 
the combinational physiotherapy as 
different from that in patients without any 
treatment

Due to the bidirectional communication between the gut and the 
brain, we wanted to explore the diversity and composition of gut 
microbiota in children with TS when their clinical symptoms were 
dramatically alleviated. 16S rDNA amplicon pyrosequencing was 
performed on fecal specimens, and no significant differences were 
observed in gut microbial diversity between patients before and after 
the combinational physiotherapy (Supplementary Figure S2). 
Bacteroides, Faecalibacterium, and Roseburia were the major 
components in the TS-Pre group, whereas Bacteroides, 
Faecalibacterium, and Parabacteroides in the TS-Post group (Figure 5A 
and Supplementary Figure S3). Five differential genera were identified 
between both groups by Kruskal–Wallis test and the 

physiotherapy-treated children had lower abundances of Agathobacter, 
Dorea, Anaerostipes, Butyricicoccus, and Bifidobacterium (Figure 5B).

In addition, we also explored the marker bacteria in both groups 
via LEfSe (p < 0.05, LDA > 2). At the genus level, Agathobacter, Dorea, 
Anaerostipes, Butyricicoccus, and Bifidobacterium were the marker 
genera in the TS-Pre group, whereas no marker genus was found in 
the TS-Post group, partly due to the relatively small sample size with 
17 (Figures 5C,D).

Potential metabolic pathways in patient 
after this combinational physiotherapy was 
different from that in patients before this 
treatment

To explore the potential metabolic pathways associated with the 
gut microbial alterations in patients after this combinational 
physiotherapy, KEGG, CAZY, METACYC, GMM, and GBM modules 
enrichment analysis were also predicted by Picrust2 between patients 
before and after this treatment. One KEGG pathway was found 
between the TS-Pre group and the TS-Post group, which was 
Proteasome (p = 0.0097) (Figure 6A). Meanwhile, five, ten, and two 
different modules were observed in CAZY, METACYC, and GMM 
modules enrichment analysis, respectively (Figures  6B–D). 
Noteworthy, as shown in Figure  6E, three different GBM 
neurotransmitter modules between both groups were identified, 
which were Histamine degradation, Dopamine degradation, and 
DOPAC synthesis.

Discussion

This preliminary study not only aimed to depict the gut microbial 
profiles of children with TS, but also aimed to explore the potential 
clinical effects of this combinational physiotherapy and its influences 
on the gut microbiome in children with TS. Our results indicated that 
the gut microbial composition in patients was different from that in 
healthy controls, with much higher abundances of the genera 
Faecalibacterium, Hungatella, Oscillibacter, Flavonifractor, 
Fusicatenibacter, Anaerostipes, Anaerotruncus, and Eisenbergiella. 
Moreover, we  also found that this treatment could significantly 
diminish tic activity in patients, whose potential positive effects were 
first reported in TS. Lastly, different gut microbial composition was 
also observed between TS patients before and after the combinational 
physiotherapy, with lower abundances of the genera Agathobacter, 
Dorea, Anaerostipes, Butyricicoccus, and Bifidobacterium in patients 
after this treatment, partly due to the bidirectional communication of 
the gut-brain axis (39, 40). However, our results should be treated with 
caution due to the rudimentariness of this study.

Flavonifractor degrades flavonoid quercetin (a flavonoid with 
antioxidant and anti-inflammatory properties), increasing oxidative 
stress and inflammation (41). Interestingly, our study first reported the 
enrichment of Flavonifractor in patients with TS, which was consistent 
with the existing assumption that pro-inflammatory pathogenesis existed 
in the occurrence and progression of TS (7). Last year, Eicher and 
Mohajeri reported that patients with seven brain-related diseases 
(attention deficit hyperactivity disorder, autism spectrum disorder, 
schizophrenia, Alzheimer’s disease, Parkinson’s disease, major depressive 

FIGURE 4

The YGTSS scores in TS patients before, after one course of, and 
after two courses of this combinational physiotherapy consisting of 
cranial electrotherapy stimulation plus electrodermal biofeedback 
training. These scores were significantly decreased after this 
treatment.
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disorder, and bipolar disorder) presented higher abundances of 
pro-inflammatory bacteria (Alistipes, Eggerthella, Flavonifractor) in 
comparison with healthy controls (42). However, the abundance of 
Flavonifractor did not show a significant decrease between patients 
before and after the combinational physiotherapy in our study. Partly 
because it is less rigorous to conclude that Flavonifractor induced 
oxidative stress and inflammation in the host, and further researches 
about the direct associations between Flavonifractor and oxidative stress 
are essential. In addition, although several marker genera were identified 
in the TS-Pre group, no marker genera were found in the TS-Post group, 
partly due to the relatively small sample size. Moreover, the characteristic 
bacteria have not been established because of the short therapeutic 
period of 20 days. However, no researchers have reported the gut 
microbial alterations related to this treatment in patients with TS. Thus, 

these results should be treated cautiously and needed to be verified by 
large and multi-centric samples.

It is interesting to explore the functional changes associated with gut 
microbial alterations between healthy controls and patients with TS. In 
this study, multiple GBM neurotransmitter modules related to 
neurodevelopmental disorders were significantly increased in patients 
with TS, including Histamine degradation, Dopamine degradation, and 
DOPAC synthesis. Until now, several neurotransmitters produced by gut 
bacteria were associated with behavioral states and involved in the 
pathophysiology of TDs, such as dopamine and histamine (43, 44). 
Moreover, the abnormal dopamine pathway was studied well in TDs, and 
dopamine receptor antagonist (DRA) was used to suppress tics (45, 46). 
Published studies also have reported that DRA could alter the diversity 
and composition of gut microbiota in children with or without TDs 

FIGURE 5

Gut microbial composition in TS patients after two courses of this combinational physiotherapy (TS-Post, n = 17) was different from that in patients 
before this treatment (TS-Pre, n = 32). (A) The relative abundance histograms of all genera in the TS-Pre and the TS-Post groups. Different colors 
represented the top 10 shared genera, and “other” represented the remaining genera with less relative abundance. (B) Significant differences in genera 
between the TS-Pre group and the TS-Post group. (C) The phylogenetic tree displayed the marker taxa according to subordinate relationship from 
phylum to species levels for both groups. (D) Key altered phylotypes between both groups in generic levels. *p <  0.05, **p <  0.01.
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(7, 47). Expectedly, the metabolic pathways of DOPAC synthesis, 
dopamine degradation, and histamine degradation were all decreased in 
patients after the combinational physiotherapy compared with patients 
before the treatment in this study, indicating that improved clinical 
symptoms associated with emotion might be  accompanied by an 
improvement of the intestinal microenvironment. Signals from the brain 
could affect sensory, motor and secretory modalities of the 
gastrointestinal tract, and many studies have identified the influence of 
stress on gut microbiota, including physical and psychological stressors 
(48). A decreased abundance of Turicibacter spp. and an increased 
abundance of Ruminococcus gnavus were observed by exercise-induced 

stress in mouse cecum, and both of them play important roles in enteral 
mucus degradation and immune function (49). Exposure to a prolonged 
restraint stressor gave rise to an overgrowth of facultatively anaerobic 
microbiota, and a decreased diversity and abundance of cecal microbiota 
in mice, which could be partly explained by intestinal inflammation 
related to the bacterial abundance variation in the family 
Porphyromonadaceae (50). Exposure to a social stressor (i.e., social 
disruption) also could significantly change gut microbial compositions, 
and three changed bacterial genera (i.e., Coprococcus, 
Pseudobutyrivibrio, and Dorea) were dramatically positively correlated 
with the circulating levels of IL-6 and MCP-1 (51). Interestingly, in 

FIGURE 6

KEGG, CAZY, METACYC, GMM, and GBM were enriched by Picrust2 functional predictive analysis in the TS-Pre group and the TS-Post group. The 
KEGG (A), CAZY (B), METACYC (C), GMM (D), and GBM (E) pathways presented 1, 5, 10, 2, and 3 significant differences between both groups, 
respectively. Statistical analysis was performed by Univar Test. *p <  0.05, **p <  0.01.
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comparison with patients before the combinational physiotherapy, 
patients after this treatment also presented a significant reduction in the 
abundance of genera Dorea, indicating potential decreases in 
circulating cytokine.

Except for overcoming the side effects of medication and the long 
treatment period for psychological treatment, our combinational 
physiotherapy also costs less than other noninvasive techniques (e.g., 
transcranial magnetic stimulation) (10, 11). In this study, we did observe 
a significant reduction in tics according to children’s YGTSS scores and 
guardians’ positive reports. As far as we know, this is the first study to 
combine CES with electrodermal biofeedback training to treat TS and 
acquire a positive effect. In the aspect of neurophysiology, the 
intervention of CES could improve neural dysfunction and relieve tic 
symptoms for TS patients by regulating their brain activity. In 
comparison with TS adolescents before CES, adolescents after CES 
presented a suppression in the functional activity and connectivity of 
motor pathways and an increase in the control portions within the 
cortico-striato-thalamo-cortical (CSTC) circuit, indicating the recovery 
of TS might benefit from the normalization of intrinsic neural circuits 
(17). In addition, both the activity of the medial orbitofrontal cortex and 
the amplitude of slow cortical potentials can be  regulated by 
electrodermal biofeedback (52, 53). Since the dysfunctions of the 
orbitofrontal cortex and the low preparatory motor potentials were 
observed in TS (54–57), it was reasonable to infer that the electrodermal 
biofeedback could affect neural circuits related to the motor tics by 
regulating cortical excitability. However, Nagai et  al. found that 
electrodermal biofeedback could briefly decrease TS patients’ 
sympathetic activity, but not reduce their tics (53). Partly because of the 
high dropout rate occurring in their active-biofeedback group (53). On 
the other hand, in our study, a 60-min CES treatment was followed by a 
30-min duration of electrodermal biofeedback training twice a day 
lasting for 20 days, whose training approaches and frequencies were 
different from the above study only including a 30-min duration of the 
biofeedback session once a week. However, the functional brain imaging 
data was not included in this study due to a lack of funds, and we have 
applied for another funding to perform a multicenter study with more 
participants and more comprehensive measures.

Several limitations should be noted in this study. Firstly, it is difficult 
to generalize our findings to popularity due to the relatively small sample 
size with homogeneous children. Ideally, data acquired from larger and 
multi-centric training samples are required to verify our findings. 
Second, the gut microbial composition was affected by fecal consistency 
(58), which was ignored by us in this study. However, according to our 
knowledge, all participants defecated smoothly and had no diarrhea 
during the study. Thirdly, CES treatment is regarded as a safe neuro-
medical treatment for TS, which is mostly based on studies focused on 
anxiety, depression, or insomnia (59). Finally, functional brain imaging 
of patients before and after this combinational physiotherapy was not 
recorded, which might contribute to revealing functional activity and 
connectivity among different brain areas in TS (60–62). Therefore, 
we recommend that readers interpreted our findings with caution due to 
these above limitations.

Conclusion

In short, children with TS showed a cognizable gut microbial 
profile, and certain enriched bacteria (e.g., Flavonifractor) with 

pro-inflammatory potentials might induce neuroinflammatory 
responses. CES plus electrodermal biofeedback training could 
significantly diminish tic symptoms, and different gut microbial 
compositions were also observed between TS patients before and 
after this combinational physiotherapy, indicating the existence of 
bidirectional communication of the gut-brain axis in TS. But 
studies on the gut microbial characteristics in TS patients, the 
influences of gut microbiota on tic severity, the efficacy and safety 
of this treatment, and the bidirectional regulatory mechanism 
between brain signals and gut microbiota in TS still need to 
be explored.
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