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Introduction: Upper limb motor impairments after stroke cause patients partial or total loss of the capability of performing daily living, working, and social activities, which significantly affects the quality of life (QoL) of patients and brings a heavy burden to their families and society. As a non-invasive neuromodulation technique, transcranial magnetic stimulation (TMS) can act not only on the cerebral cortex, but also on peripheral nerves, nerve roots, and muscle tissues. Previous studies have shown that magnetic stimulation on the cerebral cortex and peripheral tissues has a positive effect on the recovery of upper limb motor function after stroke, however, few studies have reported the combination of the two.

Objective: This study was to investigate whether high frequency repetitive transcranial magnetic stimulation (HF-rTMS) combined with cervical nerve root magnetic stimulation more effectively ameliorates upper limb motor function in stroke patients. We hypothesized that the combination of the two can achieve a synergistic effect and further promotes functional recovery.

Methods: Sixty patients with stroke were randomly divided into four groups and received real or sham rTMS stimulation and cervical nerve root magnetic stimulation consecutively before other therapies, once daily over five fractions per week for a total of 15 times. We evaluated the upper limb motor function and activities of daily living of the patients at the time of pre-treatment, post-treatment, and 3-month follow up.

Results: All patients completed study procedures without any adverse effects. The upper limb motor function and activities of daily living improved in patients of each group were improved after treatment (post 1) and 3 months after treatment (post 2). Combination treatment was significantly better than single treatments alone or sham.

Conclusion: Both rTMS and cervical nerve root magnetic stimulation effectively promoted upper limb motor recovery in patients with stroke. The protocol combining the two is more beneficial for motor improvement and patients can easily tolerate it.

Clinical trial registration: https://www.chictr.org.cn/, identifier ChiCTR2100048558.
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1. Introduction

Stroke is a common disease that seriously threatens human health. In recent years, the incidence of stroke has been increasing and gradually showing a younger trend. According to statistics, approximately 85% of stroke survivors have upper extremity dysfunction in the early stage (Naghavi et al., 2017). Although receiving conventional rehabilitation, such as physical therapy (PT), occupational therapy (OT), acupuncture and massage, a considerable number of patients still suffer from varying degrees of upper extremity motor dysfunction (Winstein et al., 2016). In the early stage after stroke, the main symptoms are limb paralysis and sensory disturbance, and in the later stage, limb spasm, pain, decreased coordination and flexibility may occur. The upper limb responsible for the complex, dexterous and coordinated motion, and usually it has slower recovery rate compared to the lower limb (Micera et al., 2020). Upper limb dysfunction caused by stroke make patients complete or partial loss the ability of daily living, which impose a great burden on the family and society, and it has always been the focus and difficulty of rehabilitation. Transcranial magnetic stimulation (TMS) is a non-invasive neuromodulation technique that induces currents in local areas of the cerebral cortex through brief, high-intensity magnetic fields to alter neuronal activity in the cerebral cortex and to promote neuroplasticity (Klomjai et al., 2015). Repetitive TMS (rTMS) refers to multiple TMS pulses given consecutively. Being painless, safe, effective, easy to operate, and simple, TMS has been widely applied in clinics nowadays. TMS can act not only on the cerebral cortex but also on peripheral nerves, nerve roots, and muscle tissue, which is also called peripheral magnetic stimulation (PMS) or functional magnetic stimulation (FMS) (Rossini et al., 2015). Li et al. (2016) found that low-frequency repetitive transcranial magnetic stimulation (LF-rTMS) and high-frequency repetitive transcranial magnetic stimulation (HF-rTMS) can significantly decrease the cortical latency of motor-evoked potentials (MEPs) and central motor conduction time, and improve upper-limb motor function in patients with cerebral infarction. Yang et al. (2021) reported that HF-rTMS (5 Hz) applied over the ipsilesional M1 for 10 days enhances hand functional recovery in subacute adult stroke patient. A randomized controlled trial (Jiang et al., 2022) showed that rPMS of upper limb extensor can improve arm function and muscle strength of stroke patients, and achieve grip strength and elbow flexion and extension. Although rTMS and PMS are both beneficial to improve upper limb motor function and daily living activities of patients with stroke, few studies have reported the efficacy of the combination of the two (Kumru et al., 2017; Gao et al., 2020). Neuromodulation of stroke should focus not only on the cortex but also on the nerve roots, and peripheral nerves. The stimulation of the cortex can top-down modulate neural plasticity, peripheral stimulation can bottom-up provide motor and sensory input, and the combination of the two forms a circuit to more effectively promote the recovery of neurological function after stroke. Based on this, the present study aimed to investigate the effects of the protocol that repeated HF-rTMS combined with cervical nerve root magnetic stimulation and provide a basis for clinical treatment.



2. Materials and methods


2.1. Participant

Sixty patients with upper limb hemiplegia after stroke who met the inclusion criteria and were hospitalized in the Rehabilitation Department of Tangdu Hospital from June 2021 to May 2022 were selected as the study subjects.

We included patients with (1) the first onset, meeting the diagnostic criteria for stroke (Zhang et al., 2020), (2) a unilateral lesion, confirmed by CT or MRI as a hemorrhagic or ischemic lesion in basal ganglia region; (3) the course of the disease is 2 weeks to 6 months, male or female, 30–80 years old; (4) conscious and the vital signs were stable; (5) has upper limb dysfunction and Brunnstrom stage I∼III of the affected upper limb; (6) willing to recover actively and able to cooperate with treatment instructions; (7) no mental abnormality; (8) the patient and/or the patient’s family members are authorized to understand and sign the informed consent.

The exclusion criteria were as follows: (1) patients with severe cognitive impairment or mental illness who cannot cooperate with treatment and evaluation; (2) intracranial metal foreign body; (3) history of epilepsy or family history of epilepsy; (4) pacemakers, stents, and cochlear implants; (5) those who cannot tolerate treatment; (6) have serious liver or kidney disease; (7) unable to cooperate with follow-up.

The demographic and clinical characteristics of the patients are summarized in Table 1.


TABLE 1    Comparison of basic data of patients.
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2.2. Experimental design

The study was a randomized, double-blind, sham-controlled trial, following the principle of randomization, control, and repeatability. As shown in Figure 1, the participants were randomly divided into four groups with 15 patients in each group. Group A, rTMS combined with cervical nerve root magnetic stimulation; Group B, only rTMS; Group C, only cervical nerve root stimulation; Group D, sham stimulation. Treatment was delivered once daily over five fractions per week for a total of 3 weeks. All patients underwent routine medical treatment and rehabilitation therapy during the implementation of treatment protocol. Motor function and daily living ability were evaluated at pre-treatment (baseline), post-treatment (post 1), and 3 months follow-up (post 2). The evaluation was performed by specially trained physicians who were unaware of the grouping and treatments. The person who performed the data analysis was also blinded. Figure 2 shows the schematic diagram of central and peripheral stimulation.
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FIGURE 1
Flowchart showing recruitment, group allocation, allocation treatment, follow-up and analysis.
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FIGURE 2
Schematic diagram of HF rTMS over ipsilateral M1 combined with magnetic stimulation of cervical nerve root on hemiplegic side (non-simultaneous). HF-TMS, high frequency repetitive transcranial magnetic stimulation; M1, primary motor cortex.




2.3. rTMS protocol

The rTMS protocols used in this study comply with the safety guidelines for rTMS applications (Lefaucheur et al., 2014; Rossi et al., 2021). In this study, all interventions were performed using a transcranial magnetic stimulator (CCY-I, YIRUIDE Medical Equipment Company, Wuhan, China). Brain stimulation was applied to the ipsilateral M1 using a 95 mm focal figure-of-eight coil and magnetic stimulation of the cervical nerve root were performed with a 125 mm circular coil. All participants receiving repetitive transcranial magnetic therapy used magnetic navigation software to exactly localize the optimal stimulation sites for rTMS.

Participants first underwent resting motor threshold (RMT) measurement to determine the intensity of treatment throughout the trial. RMT was defined as the minimum stimulation intensity needed to cause a MEP in the first dorsal interosseous muscle at least five of ten consecutive stimulations.

For group A, patients received rTMS at first and then went on to receive cervical nerve root magnetic stimulation. Repetitive TMS was delivered over the ipsilesional scalp site corresponding to the upper limb area of the primary motor cortex (M1), with the coil tangent to the hotspot. A total of 1,000 pulses of 10 Hz rTMS were applied, with the intensity at 80% of RMT (Kim et al., 2006) for 1 s followed by an inter-stimulus interval of 5 s. The target site of cervical nerve root magnetic stimulation is the cervical thoracic segment (C5-T1) of the hemiplegic side. Subjects received cervical nerve root stimulus protocol for 10 Hz consisting of 100 sequences of 10 pulses each, with 5 s between each sequence, for a total of 1,000 pulses, with a stimulation intensity to be the lowest stimulation intensity that can trigger muscle contraction (Matsumoto et al., 2013).

For group B, 10 Hz rTMS was performed over the ipsilateral M1 at 80% of RMT for a total of 1,000 pulses. Sham stimulation over the cervical nerve root was performed with the coil held at an angle of 90° to the hemiplegic side to reproduce the noise associated with the 10 Hz stimulus.

For group C, sham stimulation at ipsilateral M1 and real stimulation were performed over the cervical nerve root. The protocol of cervical nerve root stimulation is the same as that of group A. Sham stimulation was applied over ipsilateral M1 with the coil placed perpendicularly to the head.

For group D, the participants received sham stimulation at the same sites in the same order as group A. The coil was held at an angle of 90° to the hotspot so that patients could hear the sound but no actual stimulation effect.



2.4. Rehabilitation program

During the implementation of the protocol, all patients received conventional rehabilitation therapy composed of a 30-min of PT and a 30-min of OT, twice per day, five times per week for 3 weeks. PT includes a range of motion (ROM) training, anti-spasm training, muscle strength training, posture control training, balance and coordination training, etc. OT is mainly task-oriented functional training.



2.5. Observation indicators

The Fugl-Meyer Assessment of the Upper Extremity (FMA-UE) Scale (Hernandez et al., 2019) and the Wolf Motor Function Test (WMFT) (Bornheim et al., 2020) were used to measure the improvement of the upper limb and hand function in patients. FMA-UE included 10 major events, and 33 minor events, such as voluntary movement, reflex activity, grasp, and coordination, with a total score of 66 points. The higher the score, the better the Upper limb motor function. WMFT consists of 15 events, from 1 to 6 are simple joint movements, and from 7 to 15 are complex functional movements. The lowest score for each task is 0, and the highest score is 5, with a total score of 75. Higher scores represent a better function.

Modified Barthel Index (MBI) (Ohura et al., 2017) was used to measure the patient’s activities of daily living (ADL), which include 10 items, such as eating, grooming, dressing, transfer, et. The total score was 100. The scoring standard is as follows: ≤20 were totally dependent in life; 21–40 were classified as severe dysfunction and obvious life dependence; 41–59 were classified as moderate dysfunction and need some help with activities of daily life; ≥60 were classified as mild dysfunction and able to care for themselves in basic ADL; 100 were completely independent.

We use Brunnstrom motor recovery stage of the upper extremity and hand (Ikbali Afsar et al., 2018) to evaluate the motor development of hemiplegic patients. Brunnstrom staging criteria are as follows: stage I, muscle retardation, no reflex; stage II, mild spastic, with minimal voluntary movement; stage III, spasticity aggravates and can cause cooperative movement at will; stage IV, spasticity begins to decline, and can make a separated movement; stage V, establishment autonomous movement; stage VI, movement is close to normal.



2.6. Statistical analysis

Data conforming to the normal distribution are presented as mean ± standard deviation. Repeated measures analyses of variance (ANOVA) were used for multiple group comparisons. When the ANOVA revealed an interaction between time and intervention method, post hoc multiple pairwise comparisons were made with the Bonferroni correction. M(QR) was used for measurement data that did not conform to a normal distribution, the Kruskal–wallis rank sum test was used for inter-group comparison, and the Wilcoxon sign rank sum test was used for intra-group comparison; Classification data and grade data were expressed by constituent ratio or rate, and rank sum test was used for inter-group comparison. A p-value less than 0.05 was considered to be statistically significant.




3. Results


3.1. The outcome of upper extremity motor function and daily living ability

Tables 2–4 shows the FMA-UE, WMFT, and MBI scores for each group at different time points. Before treatment (baseline), there was no significant difference between FMA-UE, WMFT, and MBI scores in each group, which were comparable (all p > 0.05).


TABLE 2    Fugl-Meyer Assessment of the Upper Extremity (FMA-UE) score for all the groups at different time points ([image: image] ± S).
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TABLE 3    Wolf Motor Function Test (WMFT) score for all the groups at different time points ([image: image] ± S).
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TABLE 4    Modified Barthel Index (MBI) score for all the groups at different time points ([image: image] ± S).
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Repeated measures of two-way ANOVA showed that FMA-UE score and WMFT score were significantly influenced by time (F = 513.69, p < 0.001 for FMA-UE; F = 875.86, p < 0.001 for WMFT), treatment (F = 3.13, p = 0.033 for FMA-UE; F = 5.09, p = 0.003 for WMFT) and by the time × treatment interaction (F = 5.19, p ≤ 0.001 for FMA-UE; F = 6.87, p ≤ 0.001 for WMFT). For MBI, there was a significant main effect for time (F = 1205.50, p < 0.001) along with a significant time × treatment interaction effect (F = 3.2, p = 0.006), but the main effects of the treatment interaction were not significant (F = 1.95, p = 0.132).

Figure 3 shows the Comparisons of changes in FMA-UE score, WMFT score and MBI score at the time of post-treatment (post 1) and 3-month follow up (post 2). The score of FMA-UE, WMFT, and MBI exhibited significantly improvement at post 1 and post 2. The improvement of group A was significantly better than the other three groups.
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FIGURE 3
Comparison of changes in the FMA-UE (A,B), WMFT (C,D), and MBI (E,F) scores at the time of post-treatment (post 1) and the 3-month follow-up (post 2). Changes were calculated as follows: post-intervention value minus baseline value. The data were shown as the mean ± standard deviation values. Comparisons of value changes among the four groups were performed using ANOVA. *p < 0.05 and **p < 0.01 relative to group D. FMA-UE, Fugl-Meyer Assessment of the Upper Extremity; WMFT, Wolf Motor Function Test; MBI, Modified Barthel Index.


At post 1, there were no statistically significant differences in FMA-UE score between each group (F = 1.671, p = 0.184), but the differences in WMFT score (F = 6.82, p < 0.001) and MBI score (F = 3.08, p = 0.035)were significant. At post 2, the differences in FMA score (F = 6.927, p < 0.001), WMFT score (F = 8.41, p < 0.001), and MBI score (F = 3.771, p = 0.015) among those four groups were significant.

Subsequently, we use post hoc analysis to compare the four groups at three time points. p-values for the comparisons is showed in Table 5.


TABLE 5    P-values for the comparisons of FMA, WMFT, and MBI score in the four groups at different evaluation time points.

[image: Table 5]

At post 1, group A manifested considerable improvement in FMA-UE score (p = 0.039), WMFT score (p < 0.001) and MBI score (p = 0.005) compared with group D. Group B and group C exhibited significant improvement in terms of WMFT score (p = 0.015 for group B, p = 0.023 for group C), but no significant changes were detected in the FMA-UE score (p = 0.104 for group B, p = 0.312 for group C) and MBI score (p = 0.243 for group B, p = 0.448 for group C) relative to the group D. There was no significant difference in FMA-UE score (p = 0.529), WMFT score (p = 0.856) and MBI (p = 0.632) scores between Group B and Group C.

At post 2, the group A exhibited significant improvements in terms of FMA scores (p < 0.001), WMFT score (p < 0.001) and MBI score (p = 0.022) relative to the group D. Compared with group D, group B manifested considerable improvements in terms of both the FMA-UE score (p = 0.019) and the WMFT score (p = 0.019), but no change were detected in MBI score (p = 0.052). There was no significant difference in FMA-UE score (p = 0.537), WMFT score (p = 0.242) and MBI score (p = 0.449) between group B and group C and between group C and group D.



3.2. Brunnstrom stage

Tables 6, 7 showed the Brunnstrom grading of upper limbs and hands of the four groups of patients at each evaluation time point. Before treatment, there was no significant difference in the motor function grading of the Brunnstrom stage among the four groups (H = 0.648, p = 0.885 for upper limb; H = 2.65, p = 0.499 for hand). At post 1 and post 2, the Brunnstrom motor function grades of upper limbs and hands in each group were improved, and the improvement of Group A was better than those of other groups, there is no statistical significant difference among all groups (p > 0.05).


TABLE 6    Brunnstrom Stage of each group–upper limb.
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TABLE 7    Brunnstrom Stage of each group–hand.
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3.3. Safety of the intervention

The four treatments protocol were well tolerated and all patients completed the treatment and follow-up. During the intervention, there was no significant change in vital signs. No patient experienced any adverse reactions, such as epilepsy, pain, or deterioration of the condition.




4. Discussion

The recovery of upper limb motor function has been a difficult issue for rehabilitation after stroke. Even though many stroke patients have undergone systematic rehabilitation treatment, the effect of upper limb function recovery is still poor. The application of rTMS improves the effect of upper limb functional rehabilitation after stroke (Hsu et al., 2012).

In this study, the FMA-UE score, WMFT score and MBI of the four groups were improved after treatment (post 1) and 3 months after treatment (post 2), which means the upper limb activity and the ADL of the patients in each group were improved. The increasement of group A, B, and C was higher than that of group D. At post 1, compared with group D, the increase rates of group A, B, and C were statistically significant (p < 0.05). At post 2, only the increasement of group A was significantly different from that of group D (p < 0.05). The results of this study showed that both HF-rTMS and cervical nerve root magnetic stimulation can effectively promote the recovery of upper limb function and improve ADL performance in stroke patients. The combination of the two was significantly more effective than either treatment alone or sham, and the therapeutic advantages can last for 3 months.

It is well known that cortical spinal tract (CST) plays a critical role in motor recovery after stroke, specifically fine motor control of upper limb and finger (Sterr et al., 2014; Rondina et al., 2017). Stroke disrupts neural circuit connectivity, which results in long-term neurological disability. RTMS can mediate the recovery of motor function after stroke by inducing cortical reorganization and regulating the excitability of corticospinal tract through neural plasticity (Auriat et al., 2015). RTMS modulates neuroplasticity not only locally below the magnetic coil but also in remote cortical and subcortical regions through functional connectivity of motor network (Cheng et al., 2014).

In this study, we used high-frequency (10 H z) rTMS because it has been reported that HF-rTMS have a more effective impact when compared to LF-rTMS (Sasaki et al., 2013; Caglayan et al., 2019). Kim et al. (2006) study demonstrated HF-rTMS of the affected motor cortex can produce increase in corticospinal excitability, facilitate practice-dependent plasticity and improve the motor learning performance in chronic stroke victims. Hong et al. (2020) shown that 10 Hz rTMS on the ipsilateral M1 can reduce infarct volume and promote functional recovery by inhibiting neurotoxic effects and reversing neuroprotective effects on astrocytes after ischemia/reperfusion injury in rats. Another study (Hong et al., 2022) showed that HF-rTMS could inhibit M1 polarization of microglia after cerebral ischemia-reperfusion injury and alleviate ischemic stroke injury via regulating leT-7B-5P/HMGA2/NF-κB signaling pathway. A systematic review (Vabalaite et al., 2021) showed that HF-rTMS increased impaired upper limb motor function better than sham stimulation in stroke patients. Moslemi Haghighi et al. (2021) also showed that HF-rTMS could effectively improve upper limb function for hemiplegia patients in the subacute stage of stroke. In addition, rTMS can protect nerves, supply nerve nutrition, promote nerve repair and regeneration, and reduce infarct area (van Lieshout et al., 2020).

Peripheral magnetic stimulation (Struppler et al., 2007) induces proprioceptive input of the central nervous system by directly stimulating peripheral sensorimotor afferent nerves or indirectly stimulating mechanical receptors by stimulating the muscle to produce rhythmic contraction and vibration. Gallasch et al. (2015) found that rPMS can induce the activation of sensorimotor networks and the changes of corticomotor excitability. Litvak’s experiment (Litvak et al., 2007) proved that magnetic stimulation of muscles or peripheral nerves can help the upper limb motor function recovery of stroke patients by promoting the plasticity change of M1 region and providing sensory input. The study of Chen et al. (2020) proved that PMS can improve the Fugl-Meyer score and Barthel index of upper limbs in stroke patients, and the efficacy is superior to LF-RTMS. Struppler et al. (2007) study on eight patients with mild paralysis after focal cerebral ischemia found that after repeated PMS, the recovery of hand function and the decrease of spasticity were related to the significant increase of neural activation within the superior posterior parietal lobe and the premotor cortex areas. Ke et al. (2022) randomized controlled trial showed that high-frequency (20 Hz) repetitive peripheral magnetic can significantly improve motor function and proximal muscle strength of the upper and lower limbs of patients with intracerebral hemorrhage. An animal experiment (Zheng et al., 2022) found that the nerve root magnetic stimulation enhanced nerve conduction in the injured spinal cord and promoted the recovery of synaptic ultrastructure in the sensorimotor cortex. These results indicate that PMS can regulate cerebral cortex function, improve brain plasticity, and have positive significance in improving muscle tone, limb function, muscle strength, and daily living activities after stroke. In addition, compared with rTMS, PMS was generally safe and tolerable for patients with stroke (Beaulieu and Schneider, 2015).

The present scheme is similar to paired associative stimulus. Paired associative stimulation (PAS) is a stimulation method pairing TMS with peripheral electrical stimulus (Stefan et al., 2002), which first reported by Stefan. PAS has been shown to elicit neural plasticity, enhance nerve conduction and promote function recovery after stroke, which has been widely used in stroke patients as an recovery treatment. In the present study, we modified the PAS protocol, and proposed the paired associative magnetic stimulation (PAMS) (Sun et al., 2022) protocol, which combines PMS and HF-rTMS of the ipsilesional sensorimotor cortex. Compared with peripheral electrical stimulation (PES), PMS has the following advantages. PMS generates a greater proprioceptive inflow through recruitment of muscle and joint afferents (Beaulieu and Schneider, 2015), provide a greater range of depth and less pain, and without removing clothes (Rossini et al., 2015), so it is easier to be implemented in clinical settings. Another main difference is that PAS activates the sensory and motor system simultaneously and induces spike timing dependent plasticity (Brzosko et al., 2019), however, our protocol applying the cortical and peripheral stimulation consecutively.

The protocol in present study is a novel magnetic stimulation protocol, targeting the motor cortex and the spinal nerve roots. On one hand, rTMS activates the cerebral cortex of the ipsilateral side, promotes the downward projection of the corticospinal tract, and may improves the plasticity of the nerve. On the other hand, peripheral nerve stimulation can enhance peripheral sensory and motor input and feedback, and promote the ascending pathway from nerve root to the cortex. Central intervention and peripheral intervention are organically combined to form closed-loop information feedback (Liu et al., 2022), to enhance the plasticity of the brain and the remodeling of neural pathways, promote the recovery of upper limb motor function and improve rehabilitation efficiency. An animal experiment (Gao et al., 2020) showed that PAMS activates the ipsilateral sensorimotor and sensory cortex, and that it upregulates the expression of brain plasticity-related proteins to ultimately change behavior. Kumru et al. (2017) about eleven healthy subjects found that PAMS can increase corticospinal excitability and reduce intracortical inhibition, but the effects were not present when the PMS and LF-rTMS were applied separately. These might be relevant for motor rehabilitation. In addition, the cervical nerve root magnetic stimulation can stimulate the spinothalamic tract up and the peripheral nerve down, to achieve bidirectional regulation of nerve effect. In conclusion, this treatment may be a valuable treatment for stroke patients. However, due to the multiple parameters of TMS and PMS, the combination of different parameters can produce different therapeutic effects, so how formulating the optimal treatment prescription to achieve the best therapeutic effect for patients is worthy of further study. At the same time, the sample size of this study was small and the observation time was short, so the mechanism of action of this scheme could not be further studied through other auxiliary examinations. In the future, we will further expand the sample size and further study the effect of this treatment plan on neurological function recovery combined with functional magnetic resonance and electrophysiological examination, to provide a reference for clinical application.



5. Conclusion

Both 10 Hz rTMS to the ipsilateral M1 and cervical nerve root magnetic stimulation to the hemiplegic side can effectively promote the recovery of upper limb function in patients with stroke. The protocol combining the two is more beneficial for motor improvement and patients can easily tolerate it. This protocol is worthy of clinical application.
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