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Effects of combined intermittent
theta burst stimulation with
neuromuscular electrical
stimulation in the treatment of
dysphagia after stroke

Xiu Luo, Yi Li, Heping Li, Liugen Wang, Jing Zeng, Yunyun Song & Xi Zeng™*

This study aimed to investigate the efficacy of intermittent theta burst stimulation (iTBS) combined
with neuromuscular electrical stimulation (NMES) in the treatment of dysphagia after stroke and

the changes of brain function.55 participants were randomly assigned to iTBS combined with NMES
group (n=18),iTBS group (n=18) or NMES group(n=19). All groups received two-week conventional
swallowing therapy.On this basis, the iTBS combined with NMES group received a two-week iTBS
combined with NMES treatment, the iTBS group received iTBS combined with sham NMES treatment,
the NMES group received sham iTBS combined with NMES treatment. Before and after treatment,
Standard Swallowing Function Assessment Scale (SSA), Penetration-Aspiration Scale(PAS), Functional
Oral Intake Scale(FOIS), Yale Pharyngeal Residual Severity Scale(YPR-SRS) and swallowing quality of
life questionnaire (SWAL-QOL) were used to assess swallowing function. In addition, functional near-
infrared spectroscopy was used to investigate participants’ brain function.After treatment, compared
with NMES or iTBS group, iTBS combined with NMES group showed significant improvement in SSA,
SWAL-QOL, FOIS, PAS, and YPR-SRS scores, increased the activation of Broca (P=0.033, with FDR
corrected) and temporopolar cortex (P=0.009, with FDR corrected), and improved the functional
connectivity between rois.

Keywords Stroke, Deglutition disorders, Near-infrared, Transcranial magnetic stimulation, Electric
stimulation

Dysphagia is a common complication after stroke with an incidence ranging from 37% to 78%!, which may lead
to aspiration pneumonia, malnutrition and other complications, affecting the quality of life>. The conventional
treatment of dysphagia includes swallowing function training, catheter balloon dilatation, acupuncture and so
on. These methods have a long intervention period, slow effect, and uncertain clinical efficacy. Therefore, the
search for effective treatment is the current research hotspot.

Intermittent theta burst stimulation (iTBS) is a special transcranial magnetic stimulation mode emerging in
recent years. Its stimulation pulse frequency usually matches the natural activity frequency of cerebral cortical
neurons, which is easy to be accepted and responded to by the cerebral cortex®.On the one hand, iTBS can
not only change the excitability of the stimulated site and its surrounding and even distant regions?, but also
regulate the connectivity of the swallowing network. On the other hand, iTBS also activated corticobulbar
pathways involved in the motor control and coordination of swallowing muscles, thereby contributing to the
improvement of swallowing function®.However, the effect of iTBS on neural plasticity induction is different
in different stages of stroke®. Moreover, the effect may not last for a long time, and relevant training is needed
to further consolidate the plasticity effect of the central nervous system.Neuromuscular electrical stimulation
(NMES) can directly promote oropharyngeal muscle contraction, and generate sensory stimulation that can
also feed back to the central nervous system. Long-term application of NMES is beneficial to the recovery of
swallowing related cortical neural plasticity in stroke patients”. However, NMES cannot promote motor learning
and coordination of complex movements®.In addition, with aging, muscle plasticity decreases. The regulation
of muscle by a single NMES becomes more difficult’.Swallowing requires the coordination of related muscle
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groups and nerves, and it is difficult to comprehensively improve dysphagia with a single intervention technique.
Therefore, the combination of the two can target different aspects of the swallowing process to achieve functional
complementarisation and promote central remodeling and peripheral control. At present, combination therapy
is widely used in the recovery of limb motor function after stroke, while there are few reports on the treatment
of patients with dysphagia after stroke, and its efficacy needs to be further clarified.

Functional near-infrared spectroscopy (fNIRS) is an emerging neuroimaging technique in the field of
neuroscience in recent years. It has good temporal and spatial resolution, and is easier to carry and manipulate,
which can better understand the neural control of swallowing, so as to construct better intervention programs.
At present, a number of studies have applied fNIRS to the study of swallowing function!*-!2. Therefore, This
study aims to investigate the efficacy of iTBS combined with NMES in patients with post-stroke dysphagia (PSD)
and explored the underlying clinical brain mechanisms by fNIRS.

Results

Baseline characteristics of the patients

Of the 61 patients with PSD initially recruited,55 were eligible for inclusion in this study (we excluded 4
patients who did not meet inclusion criteria and 2 patients who refused participate in the trial).No one dropped
out halfway through enrollment (Fig. 1).The overall characteristics of participants’ are shown in Table 1. No
significant differences in age, disease duration, sex, stroke type, lesion location, and stimulation side were
observed between the three groups. In addition, clinical outcomes and brain function at baseline did not differ
significantly between the three groups.

Clinical outcomes
Effect on the swallowing function
Significant time and intervention interaction effects were observed in the scores of SSA (F=16.852, p<0.001),
SWAL-QOL (F=11.065, p<0.001), FOIS (F=16.888, p <0.001), PAS(F =9.043, p <0.001) and YPR-SRS(F = 5.986,
p=0.005).Simple effect analysis showed that there were significant differences in SSA scores, SWA-QOL scores,
FOIS scores, PAS scores, and YPR-SRS scores between the three groups of patients after the intervention
(P<0.05, after Bonferroni correction) (see Fig. 2).

The post hoc power analysis for the primary endpoint, the SSA score, revealed a statistical power of 0.91.
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Fig. 1. Participant flow diagram.
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iTBS + NMES group | iTBS group NMES group
Characteristics (n=18) (n=18) (n=19) p value
Age(years) 58.28+10.637 62.5(55.5, 74.25) | 60.21+11.390 | 0.269"
Disease duration (days) | 27(13.25, 47.5) 30(16, 41.25) 17(12, 52) 0.550°
Gender 0.507¢
Male, n (%) 14(77.8) 11(61.1) 12(63.2)
Female, n (%) 4(22.2) 7(38.9) 7(36.8)
Stroke type 0.261°¢
Infarction, n (%) 15(83.3) 17(94.4) 14(73.7)
Hemorrhage, n (%) 3(16.7) 1(5.6) 5(26.3)
Location of the lesion 0.535¢
Hemisphere, n (%) 6(33.3) 7(38.9) 6(31.58)
Brainstem, n (%) 7(38.9) 3(16.7) 4(21.05)
Mixed, n (%) 5(27.8) 6(44.4) 9(47.37)
Side of stimulation 0.944°¢
Left, n (%) 10(55.6) 11(61.1) 11(57.9)
Right, n (%) 8(44.4) 7(38.9) 8(42.1)
SSA 35.5+4.489 36.67+£3.106 37.89+5.311 | 0.266°
PAS 6(2,7) 4(3,5.5) 5.47+1.712 0.392%
FOIS 1.5(1, 3) 1(1,2) 1(1,2) 0.739b
YPR-SRS 3.44+1.149 4(3,4.25) 4(4,5) 0.073%
SWAL-QOL 99.44+22.644 89.44+15.451 83.84+21.381 | 0.067*

Table 1. Demographics and baseline clinical data of the patients. Quantitative data are presented as the

mean + SD or median (interquartile range), qualitative as percentage.one-way ANOVA test;’Kruskal-Wallis
test;°Chi-squared (x?) Test.SSA: Standard Swallowing Function Assessment Scale; PAS: Rosenbek Penetration-
aspiration Scale; FOIS: Functional Oral Intake Scale; YPR-SRS: Yale Pharyngeal Residue Severity Rating Scale;
SWAL-QOL: swallowing quality of life questionnaire.
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Fig. 2. The improvement in SSA (A), SWAL-QOL (B), FOIS(C), PAS(D) and YPR-SRS(E) scores before
and after treatment in the iTBS+NMES, iTBS and NMES groups.SSA: Standard Swallowing Function
Assessment Scale; SWAL-QOL: swallowing quality of life questionnaire;FOIS:Functional Oral Intake
scale;PAS:Penetration-Aspiration Scale;YPR-SRS:Yale Pharyngeal Residual Severity.TO: Baseline before
intervention;T1: After intervention.

Brain activation

There was no significant difference in the concentration of HbO, in each channel between the three groups
before intervention (P>0.05, with FDR corrected).The activation levels in the brain regions of all three groups
of patients improved compared to before the intervention.
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The comparison between the groups after intervention showed that significant activation in channel
12(LTPC, P=0.009, with FDR corrected) in the iTBS combined with NMES group compared to the NMES
group.The comparison between the groups after intervention showed that significant activation in channel
27(Left Broca, P=0.033, with FDR corrected) in the iTBS combined with NMES group compared to the iTBS
group.The comparison between the groups after intervention showed that significant activation in channel
12(LTPC, P=0.018, with FDR corrected), channel 13(Left Supramarginal gyrus, P=0.020,with FDR corrected)
and channel 19(Right dorsolateral prefrontal cortex, P=0.021,with FDR corrected) in the iTBS group compared
to the NMES group.(Fig. 3).

Based on FC analysis between channels

The average FC intensities of all channels before and after the intervention in the three groups are shown in
Fig. 4. There was no statistically significant difference in the average intensity of FC across all channels before the
intervention in the three groups. (P<0.05, with FDR corrected).After 2 weeks of intervention, the average FC
intensity of all channels in the three groups was increased compared with that before intervention, and further
study found that compared with the iTBS or NMES group, the average FC intensity of all channels in the iTBS
combined with NMES group was significantly increased, and the difference was statistically significant (P <0.05,
with FDR corrected).

Roi-based FC analysis

Before intervention, there was no significant difference in FC between rois between the three groups (P> 0.05,
with FDR corrected).the FC between rois in the three groups was increased compared with that before
intervention.

Additionally, Comparison of the brain functional connection intensity post-treatment between the groups
revealed that compared to the NMES group, the iTBS combined with NMES group showed significant
strengthening of functional connections between LPFC ~ RPFC(P = 0.004,with FDR corrected). LPFC ~RPMC/
SMA(P=0.009,withFDRcorrected). LPFC~RTPC(P=0.049,withFDRcorrected). RPFC ~RS1(P=0.038,with
FDR corrected)s RPFC~LM1(P=0.020,with FDR corrected). RPFC~RM1(P=0.048,with FDR corrected)
+ RPFC~LPMC/SMA(P=0.021,with FDR corrected). RPFC ~RPMC/SMA(P=0.004,with FDR
corrected). RPFC~LTPC(P=0.040,with FDR corrected)s RPFC~RTPC(P=0.023,with FDR corrected)
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Fig. 3. The cortical activation maps based on analyzed HbO2 beta values:A: Brain activation between the iTBS
combined with NMES group and the NMES group after intervention.B:Brain activation between the iTBS
combined with NMES group and the iTBS group after intervention.C:Brain activation between the iTBS group
and the NMES group after intervention.Only the areas corresponding to the significantly activated channels
were shown.Shown in the figure is the P value change.the smaller the P value, the closer the color is to red, and
the more intense the activation of the brain region.HbO2: oxygenated hemoglobin. The images were generated
by NirSpark software (http://www.hcmedx.cn/en/NewsDetail/3770329.html).
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Fig. 4. The average of functional connectivity (FC) intensity of all channels in the three groups before and after
intervention. (a)the FC matrix of the NMES group before intervention.(b)the FC matrix of the iTBS group
before intervention.(c)the FC matrix of the iTBS+NMES group before intervention.(d)the FC matrix of the
NMES group after intervention.(e)the FC matrix of the iTBS group after intervention.(f)the FC matrix of the
iTBS+NMES group after intervention.

. LM1~RPMC/SMA(P=0.036,with FDR corrected)s RM1~RPMC/SMA(P=0.046,with FDR corrected).
Compared to the iTBS group, the iTBS combined with NMES group showed significant strengthening of
functional connections between LPFC~RPFC(P=0.008,with FDR corrected). LPFC~LS1(P=0.001,with
FDR corrected). LPFC~LMI1(P=0.014,with FDR corrected). LPFC~RM1(P=0.004,with FDR corrected)
+ LPFC~LPMC/SMA(P=0.003,with FDR corrected). LPFC~RPMC/SMA(P=0.001,with FDR
corrected). RPFC~LS1(P=0.041,with FDR corrected)s RPFC~LMI1(P=0.043,with FDR corrected)
. RPFC~RM1(P=0.010,with FDR corrected). RPFC~LPMC/SMA(P=0.006,with FDR corrected)
+~ RPFC~RPMC/SMA(P=0.001,with FDR corrected)s RPFC~LTPC(P=0.004,with FDR corrected)
+ LS1~RPMC/SMA(P=0.020,with FDR corrected) RPMC/SMA ~LTPC(P=0.025,with FDR corrected).
Compared to the NMES group, the iTBS group showed significant strengthening of functional connections
between LS1 ~RTPC(P=0.014,with FDR corrected). LM1 ~RTPC(P=0.011,with FDR corrected).

Safety

No significant adverse events occurred during the clinical research.

Discussion

In this randomized controlled trial, our results showed that iTBS combined with NMES effectively improved
SSA scale scores, SWAL-QOL scale scores, PAS scores, FOIS scores and YPR-SRS scores in patients with
dysphagia after stroke.In addition, compared with either iTBS or NMES alone, iTBS combined with NMES
could significantly activate Broca and TPC, and significantly enhance FC between rois.

Compared with iTBS or NMES, iTBS combined with NMES could significantly improve the scores of SSA,
SWAL-QOL, PAS, FOIS and YPR-SRS, and promote the improvement of swallowing function.It has been
confirmed that the combined approach is more effective in improving PSD than single nerve stimulation therapy
or traditional dysphagia therapy'®, which can better promote and induce cortical plasticity and reorganization
of the central nervous system to improve swallowing function!* Michou et al.'® found that combining peripheral
electrical stimulation with magnetic stimulation could reduce the PAS score, improve the biomechanics of
swallowing, increase the excitability of the pharyngeal cortex, and lower the PAS score.Song et al.!® found that
the combined treatment of NMES and rTMS could reduce the SSA score and the grade of the drinking test,
increase the FOIS score, effectively improve the swallowing function of patients, alleviate swallowing disorders,
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Fig. 5. fNIRS 36 channels distribution map and test task paradigm.A: distribution of {NIRS 39 channels.
B: testing procedure of fNIRS in patients with dysphagia after stroke. fNIRS: functional near-infrared
spectroscopy; RSST: repeated swallowing of saliva.

and enhance the quality of life of patients.A previous study'” have confirmed that, compared with a single neural
regulation technique, the combined therapy using transcranial magnetic stimulation can significantly reduce the
amount of post-swallowing pharyngeal secretions and food residues.In addition to seriously affecting the daily
eating of patients with cerebral infarction, leading to a significant increase in the risk of swallowing and asphyxia,
long-term dysphagia also seriously affects the quality of life of patients'®. Xu et al.'? used HF-rTMS combined
with electrical stimulation to treat 72 patients with PSD, and found that it could significantly improve the
SWAL-QOL score and promote the improvement of the prognosis of patients.Fan et al.*’found that compared
with NMES treatment alone, rTMS combined with NMES treatment in patients with cerebral infarction can
significantly improve SWAL-QOL scores, and it is speculated that this combined therapy can improve the quality
of life by improving cerebral arterial blood flow, promoting the recovery of neurological function and improving
swallowing function.The results of the above studies are consistent with those of the present study.

Compared with either iTBS or NMES alone, iTBS combined with NMES could significantly activate Broca
and TPC.TPC, is located in the anterior part of the superior temporal gyrus and the middle temporal gyrus,
which is involved in the default mode network and limbic system. It participates in the initiation of swallowing?!.
Previous studies have observed significant activation of the middle temporal gyrus, inferior frontal gyrus, pre-
and postcentral gyrus, and SMA during swallowing in healthy subjects using functional magnetic resonance
imaging (fMRI)?’,which indicate that TPC is involved in multiple processes such as the preparation and
execution of swallowing, and works in coordination with other brain regions to ensure that swallowing proceeds
safely and smoothly.Broca is involved in forming the mirror neuron system.Previous studys®® have found that
there is a strong activation in this area of Broca’s when performing the swallowing task.Mosier et al.* were the
first to conduct a functional magnetic resonance imaging study on the swallowing function of 8 healthy adults.
The participants underwent an autonomous swallowing test involving the intake of water and saliva to identify
the brain regions involved in swallowing. The results showed activation in multiple brain regions, including
Broca’s area and superior temporal gyrus.Although no studies have explored the effects of iTBS combined with
NMES on brain regions related to swallowing, previous studies have explored the effects of central combined
with peripheral treatments on functional recovery after stroke.Through fMRI, Luo et al.>observed that rTMS
combined with repetitive peripheralmagnetic stimulation could affect the remodeling of brain function by
promoting the functional reorganization of important brain regions in the sensorimotor network and default
mode network of patients with cerebral hemorrhage. The above studies show that the central combined with
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peripheral treatment can more effectively activate the relevant brain areas, which is consistent with the present
study.

The results of this study also indicate that the average brain functional connectivity values of PSD patients who
received iTBS combined with NMES treatment were significantly higher than those of patients who only received
NMES or iTBS treatment. Moreover, the functional connection values between LPFC ~ RPMC/SMA. LPFC ~
RTPC. RPEC ~ RS1. LPFC ~ LS1. RPFC ~ LM1. RPFC ~ RM1. RPFC ~ LPMC/SMA. RPFC ~ RPMC/
SMA. RPFC ~ LTPC. RPFC ~ RTPC. LM1 ~ RPMC/SMA. RM1 ~ RPMC/SMA. LPFC ~ RPFC. LPFC
~ LM1. LPFC ~ RM1. LPFC ~ LPMC/SMA. RPFC ~ LS1. LS1 ~ RPMC/SMA. RPMC/SMA ~ LTPC
were significantly higher than those in the NMES or iTBS treatment.Previous studies®® have confirmed that
various bilateral cortical and subcortical structures such as the precentral gyrus, postcentral gyrus, SMA, TPC
and insular lobe are intertwined with each other to form a complete neural network, which together play an
extremely important role in swallowing.Mihai et al.”’used a dynamic causal model to demonstrate that after
stimulation is delivered to one or both of the SMA and M1 S1 simultaneously, the two regions are likely to
have bidirectional connections for swallowing. The PFC is involved in processing the initial sensory input
and regulates the execution of relevant actions through FC between it and the motor cortex®,A study®® has
shown that when swallowing in a manner close to the natural state, more subregions of the prefrontal cortex
are activated.So far, no study has shown that iTBS combined with NMES can improve the FC of brain regions
related to swallowing, but preliminary studies have explored the improvement of FC of brain regions in patients
with dysphagia after iTBS or NMES treatment alone. Therefore, the combined treatment may enhance the FC of
brain regions related to swallowing to improve swallowing function.Previous studies have confirmed® that iTBS
on the surahyoid muscle motor cortex can promote the FC increase of sensorimotor brain networks (bilateral
primary sensorimotor cortex and paracentcentral lobule) and non-sensorimotor brain networks (frontal lobe,
temporopolar and occipital lobe) in patients with PSD.Choi et al.*'used 5 Hz rTMS to treat the SMA of a patient
with severe functional dysphagia, and the connection recovery between the SMA and the precentral gyrus was
observed by fMRI in the swallowing task 3 months after the treatment.The research conducted by Jakub et
al.*? indicates that the peripheral sensory input information triggered by electrical stimulation can regulate the
dynamic network connections between the sensory-motor cortex.

This study has confirmed that the combined treatment of iTBS and NMES can effectively promote the recovery
of swallowing function in stroke patients. For the first time, we utilized fNIRS technology to reveal that this
combined therapy can significantly enhance the activation level and functional connectivity of the swallowing-
related cortex, providing a mechanistic explanation at the neurophysiological level for the effectiveness of this
combined strategy.In terms of clinical outcomes, the combined treatment group showed significantly greater
improvement in scores on standardized scales (such as SSA, FOIS) compared to the single NMES group. These
behavioral improvements were significantly correlated with the recovery of pharyngeal muscle function®3,
collectively supporting the enhancement of peripheral muscle group function.Based on the above findings, the
results of this study provide strong preliminary evidence for the hypothesis that “/TBS combined with NMES
promotes functional recovery through a central-peripheral synergy mechanism”.

Limitations

This study has certain limitations, Firstly, this is a randomized controlled trial conducted in a single center.
Although the post-hoc test power for our primary outcome was relatively high (0.91), the results still need to
be treated with caution when generalized to a broader population. Therefore, In the future, multi-center, large-
sample, prospective randomized controlled trials are needed to further explore the best treatment for patients
with PSD.

Second, fNIRS is limited in probing deep brain activity, in the future, fNIRS can be used in combination
with other neuroimaging techniques to obtain a more accurate and comprehensive understanding of brain
activity.In addition, patients will need to be followed and evaluated to explore the subsequent efficacy of this
combination therapy.Thirdly, this study did not measure muscle function indicators, making it impossible to
distinguish the independent effects of central remodeling and peripheral muscle strengthening. Therefore,
future research should focus on combining neuroimaging with peripheral physiological measurements, in
order to systematically reveal the mechanism of action of different components in the combined therapy.In
summary, This study demonstrates that 2 weeks of iTBS combined with NMES can improve swallowing function
and reshape brain areas in patients with dysphagia after stroke. This closed-loop rehabilitation model deserves
further clinical research and implementation.

Materials and methods

Ethical considerations

The study protocol was approved by the Ethics Committee of the First Affiliated Hospital of Zhengzhou
University (2024-KY-0579-002).In addition, the trial has been registered on June 11, 2024 at ClinicalTrials.gov
(NCT06464835) and was conducted in accordance with Good Clinical Practice and the regulatory standards
of the Helsinki Declaration.All patients received a full explanation of the experimental procedures, and they
acknowledged their right to quit at any time during the study.

Study design and participants

This study was designed as a two-arm, randomized, prospective clinical trial conducted in accordance with
Consolidated Standards of Reporting Trials.The participants in this study were recruited from inpatients
after stroke who were admitted to the Rehabilitation Medicine Department of the First Affiliated Hospital of
Zhengzhou University from August 2024 to May 2025.The inclusion criteria:1)age between 18 and 80 years;2)
First-episode stroke confirmed by magnetic resonance imaging or computed tomography;3)dysphagia confirmed
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by videofluoroscopic swallowing study;4)dysphagia lasts from 2 weeks to 6 months;5)no cognitive impairment;6)
cranial integrity without craniotomy and/or craniectomy;7)signing informed consent.The exclusion criteria:1)
dysphagia caused by other diseases;2)iTBS or NMES contraindications;3)the condition of the participants was
unstable or worsened.The shedding criteria: (1) patients self-withdraw during the program; (2) patient develops
a worsening condition or other complications during the trial that prevents continuation of this study.

Sample size

The sample size was estimated by PASS software, and a minimum sample size of 28 (14 individuals per group)
was needed with the following parameters: 1-p = 0.90, a = 0.05.Since there was no study examining the efficacy
of this combined therapy to patients with PSD, the effect size was based on the between-group difference in SSA
scores from previous similar studies’. We increased the sample size to 18 individuals per group to take into
account the 20% possible attrition.

Randomization and masking

Participants were randomly allocated to NMES group, iTBS group and iTBS combined with NMES group
according to the block randomization sequence created by an investigator not involved in the study, with
assignment concealed by sealed opaque envelopes. Participants and evaluators were unaware of the group
assignments.

Interventions
Three groups received conventional swallowing rehabilitation training performed by a qualified therapist for
30 min per day, 5 days a week and last for 2 weeks.On this basis, the NMES group received sham iTBS combined
with NMES stimulation, the iTBS group received iTBS combined with sham NMES stimulation, the iTBS
combined with NMES group received iTBS combined with NMES stimulation.Two rehabilitation physicians
were responsible for TMS treatment and NMES treatment, respectively.

Conventional swallowing therapy included tongue resistance training, oral-facial muscle training, Oral
sensory training, airway protection training, and breathing training for 30 min each time once a day for 2 weeks.

Intermittent theta burst stimulation

We conducted iTBS treatment with 8-shaped coil connected to a YD-MT600 stimulator (Henan Xiangyu
Medical Company, China).The coil was placed 2-4 cm anterior to the skull, 4-6 cm lateral to the skull, and
a single pulse stimulation was delivered at 80% resting motor threshold (RMT) stimulation intensity to find
the representative area of the motor cortex of the mylohyoid muscle, which was the maximum motor evoked
potential (MEP).In addition, the RMT was further determined by applying single pulse stimulation to this area.
If the healthy side and the affected side could not be determined, the hemisphere requiring a higher intensity
evoked MEP was selected as the affected side®®.Stimulus protocal was delivered at an intensity of 80% RMT,3
pulses of 50 Hz bursts repeated at 5 Hz (2 s on and 8 s off) for a total of 189 s (600 pulses) on the mylohyoid
muscle motor cortex of the affected side.The sham iTBS used exactly the same equipment parameters and scalp
positioning points as the real stimulation, only rotating the stimulation coil by 90°. To mask the sound produced
by the coil’s operation, all participants wore professional noise-cancelling earplugs with a rated noise reduction
value of 33 dB, and at the same time, wide-band white noise with a sound pressure level of 75 dB was played
through the indoor speakers. This auditory masking scheme was verified through pre-experiments and was
found to be effective in masking the “clicking sound” of the coil.The treatment was given once a day, 5 times a
week for 2 weeks.

Neuromuscular electrical stimulation

The electrical stimulator used was neuromuscular electrical stimulator XY-K-TY-I (Henan Xiangyu Medical
Company, China) with two-way square wave, a wave width of 700 ms, and the stimulation frequency was 50 Hz.
The output intensity was 0 to 25 mA according to the patient’s tolerance, and the stimulating electrodes set on
the movement points of the mandibular hyoid muscles on both sides.The intensity of the real stimulation was
set by asking the participants to provide continuous feedback and perform continuous swallowing. The current
was adjusted until a clear and visible contraction of the target muscle was observed, indicating that the current
was at an appropriate level. During the sham stimulation, the frequency was set at 1 Hz, and the intensity was
gradually increased from zero until the patient reported a mild, irregular skin tingling or slight tremor, and the
researcher confirmed that this intensity did not cause any muscle contractions.The treatment lasted for 30 min.
The treatment was given once a day, 5 times a week for 2 weeks.

Outcome measurements

Patients’ swallowing function were evaluated before and after two-week intervention.The primary outcome
measure was standardized swallowing assessment (SSA).The SSA scale consists of three parts. The total score on
this scale ranges from 18 to 46, with higher scores indicating worse swallowing function®”.In addition, fNIRS was
used to measure cortical activation and functional connectivity (FC) changes during repeated saliva swallowing
before and after two-week intervention.

The secondary outcome measures were Rosenbek Penetration-aspiration Scale (PAS), Functional Oral Intake
Scale (FOIS), Yale Pharyngeal Residual Severity Scale (YPR-SRS) and swallowing quality of life questionnaire
(SWAL-QOL).Scores on the PAS scale range from 1 to 8, with higher scores indicating more severe aspiration
and less safe swallowing®.The FOIS scale is divided into 7 points, each point is scored, which can assess the
patient’s oral feeding function®.YPR-SRS scores range from 1 to 5, with higher scores indicating more severe
residual disease*”. The SWAL-QOL scale has 44 items, with higher scores indicating better quality of life*!.
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Functional near-infrared spectroscopy
Task-state data acquisition was performed using NirSmart (Huichuang. China), a 39-channel fNIRS system.
The acquisition headcap was designed based on the 10/20 international standard lead system and consists of 39
channels with 16 sources and 16 detectors (Fig. 5A).Based on Brodmann’s system, the regions of interest (ROI)
in this study were the prefrontal cortex (PFC)(The left included channels 8, 9, 10, 24, 25, and 26, and the right
included channels 5, 6, 7, 19, 21, and 23). primary somatosensory cortex (S1)(The left included channels 14
and 36, and the right included channels 17 and 16). primary mortor cortex (M1)(The left included channels
34 and 37, and the right included channels 30 and 33). temporopolar cortex (TPC) (The left included channels
11 and 12, and the right included channels 3 and 4). pre-motor/supplementary motor area (PMC/SMA)(The
left included channels 35, 39. 38. 29 and 28, and the right included channels 15, 18, 31. 32 and 1).The
information of the corresponding channels of each ROI was extracted for subsequent analysis.

In a quiet treatment room, the subjects were rested in a seated position for 5 min. The fNIRS head cap was
then worn. The subjects were instructed to sit quietly and relax for 30 s before performing the swallowing task
(Figure. 5B).

fNIRS data processing

NirSpark software was used to analyze fNIRS data.The data of patients with right-side lesion were mirrored
to align with the corresponding fNIRS channels on the opposite side.After inversion, the unaffected side of all
patients were located on the right side, and the affected side were located on the left side.

The pre-processing was performed in the Preprocess module of NirSpark, and the spline interpolation method
was used to correct motion artifacts. The standard deviation threshold of the signal was set as 6, and the peak
threshold was set as 0.5. 0.01-0.1 Hz bandpass filtering to remove physiological fluctuations noise; The Beer-
Lamber law was modified to convert light intensity data into oxygenated hemoglobin (HbO,) concentration
relative changes.Block averaging analysis and linear correction were performed in BlockAvg module. The initial
305 resting state of the task was removed, and the block averaging analysis was performed on the three repeated
task blocks to obtain the 40 s task block (the first 20 s was the swallowing task, and the last 20 s was the rest).
The general linear model was used to analyze the correlation between blood oxygen changes and timing tasks,
and the beta value reflecting the activation of cerebral cortex when subjects performed swallowing tasks was
calculated.In addition, in order to evaluate the brain FC, the Network module was used to extract the changes
in HbO, concentration at each time point during the swallowing task, and the Pearson correlation coefficient
of HbO2 concentration on the time series was analyzed, which was defined as FC strength after Fisher-Z
transformation.The t test was used to compare the differences of brain activation and FC between the three
groups, and p<0.05 was considered statistically significant.The p-values corresponding to all {NIRS-related
results have been adjusted according to the FDR method and are reported.

Statistical analysis

Statistical analysis was performed using SPSS 26.0 software. The measurement data were normally distributed
and were expressed as mean + standard deviation. The comparison between the three groups was conducted
using the one-way ANOVA. Counting data are presented as cases (%), and comparisons between groups are
conducted using the x? test. The comparison between the three sets of repeated measurement data was conducted
using repeated measures analysis of variance. If the interaction effect was significant, we used the Bonferroni
correction method to perform multiple comparison corrections for the pairwise comparisons in the simple
effect analysis, with a significance level set at 0.05. In addition, we conducted a post hoc power calculation based
on the actual sample size, using the G*Power software (version 3.1.9.7).

Data availability

Relevant data are reasonably available from the corresponding author.
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