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Objectives: To investigate the effects of external diaphragmatic pacing (EDP) 
and repetitive peripheral magnetic stimulation (rPMS) of the phrenic nerve on 
respiratory function in stroke patients.

Methods: Fifty-four stroke patients were randomly assigned to three groups: 
an EDP group (n = 18), an rPMS group (n = 18), and a combined treatment 
group (n = 18). All groups received routine breathing training. Additionally, 
the EDP group underwent EDP, the rPMS group received repeated peripheral 
magnetic stimulation of the phrenic nerve, and the combined treatment group 
received a combination of both interventions. The treatment regimen lasted for 
4 weeks. Pulmonary function parameters, including forced vital capacity (FVC), 
forced expiratory volume in 1 s (FEV1), FEV1/FVC%, peak expiratory flow (PEF), 
maximal inspiratory pressure (MIP), and maximal expiratory pressure (MEP), 
were assessed using a pulmonary function tester. Diaphragmatic thickness 
(DT) and diaphragmatic excursion (DE) were evaluated via ultrasound imaging, 
whereas compound muscle action potential (CMAP) amplitude and phrenic 
nerve conduction time (PNCT) were measured using transcranial magnetic 
stimulation technology.

Results: Following 4 weeks of treatment, significant improvements were 
observed in FVC, FEV1, PEF, MIP, and MEP across all three groups (all p < 0.05). 
Moreover, the combined treatment group demonstrated significantly greater 
improvements in FVC, FEV1, and MIP compared with either the EDP or rPMS group 
(p < 0.05). DT and DE were also significantly increased in all groups (p < 0.05), 
with more pronounced improvements in the combined treatment group than 
in the other groups (p < 0.05). In all three groups, CMAP amplitude increased 
significantly, whereas PNCT decreased significantly (p < 0.05). Furthermore, the 
reduction in PNCT was more obvious in the combined treatment group than in 
either the EDP or rPMS group (p < 0.05).

Conclusion: Compared with monotherapy using either EDP or rPMS, combined 
treatment demonstrates significantly greater efficacy in promoting respiratory 
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function rehabilitation in stroke patients. Additionally, it shows potential 
advantages in improving phrenic nerve motor conduction.
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stroke, external diaphragmatic pacing, repeated peripheral magnetic stimulation, 
respiratory function, rehabilitation

1 Introduction

Stroke induces respiratory muscle weakness and atrophy, thereby 
increasing the risk of respiratory dysfunction (1). Approximately 40% 
of people with stroke present with reduced diaphragmatic mobility, 
forced vital capacity (FVC), and forced expiratory volume in one 
second (FEV₁), with a decline of up to 50% of the predicted values (2). 
This pathological change impairs thoracic cavity volume and the 
function of the affected side chest wall and abdomen, thereby causing 
diaphragmatic elevation (3). These combined alterations result in 
respiratory muscle weakness and cough dysfunction, which in turn 
increase the risk of pneumonia (4). Pulmonary infection is the most 
prevalent complication in stroke patients, accounting for up to 30% of 
in-hospital mortality (5). Post-stroke pulmonary rehabilitation has 
been demonstrated to improve inspiratory muscle strength and 
endurance, cough efficiency, and cardiopulmonary function (6). Thus, 
pulmonary rehabilitation for stroke patients is of significant 
clinical importance.

Currently, multiple rehabilitation therapies are available for 
respiratory dysfunction, such as respiratory muscle training, 
proprioceptive neuromuscular facilitation (PNF), respiratory 
neuromuscular electrical stimulation (RNMES), external 
diaphragmatic pacing (EDP), and repetitive peripheral magnetic 
stimulation (rPMS). Specifically, EDP is a therapeutic modality that 
employs functional electrical stimulation to activate the phrenic nerve, 
thereby inducing rhythmic diaphragmatic contractions and enabling 
passive-to-semiautomatic diaphragmatic exercise. This mechanism 
increases thoracic cavity volume, elevates tidal volume, reduces 
respiratory muscle tension, alleviates diaphragmatic fatigue, and 
improves pulmonary ventilation (7, 8). Clinical evidence has also 
demonstrated that EDP can improve respiratory parameters and 
increase diaphragmatic thickness (DT) in patients with chronic 
obstructive pulmonary disease (COPD) (9–12). Recent studies have 
shown that EDP can improve diaphragmatic function, which is 
beneficial for the prognosis of patients receiving prolonged mechanical 
ventilation (MV) (13, 14).

In contrast to EDP, rPMS stimulates receptors without causing skin 
damage by generating time-varying electromagnetic fields, which 
induce eddy currents in skeletal muscles and thereby activate the 
neuromuscular junction. rPMS has emerged as a promising therapeutic 
modality for addressing cerebral and neural impairments. This 
approach enhances limb functionality and restores motor performance 
via neuroplasticity modulation, while maintaining an excellent safety 
profile with minimal adverse events (15, 16). Considering these unique 
advantages, rPMS has demonstrated increasing clinical 
implementation. Current clinical investigations have explored the 
therapeutic potential of rPMS in sensory and motor rehabilitation 
(17–20). Furthermore, preclinical evidence has demonstrated that 
bilateral phrenic nerve magnetic stimulation can induce diaphragmatic 
contractions and mitigate diaphragmatic atrophy (21). Additionally, 

studies have shown that combining rPMS with pressure support 
ventilation generates sufficient minute ventilation (22). Collectively, 
these findings suggest that this non-invasive approach holds significant 
promise for clinical application.

In this study, we hypothesized that rPMS combined with EDP 
treatment was more effective in restoring pulmonary ventilation in 
stroke patients than EDP or rPMS alone. Therefore, this study aims to 
analyze the effect of rPMS combined with EDP on the respiratory 
function of stroke patients.

2 Materials and methods

2.1 Study design

This study was designed as a randomized, single-blinded clinical 
trial and performed at a tertiary rehabilitation center. Sample size was 
calculated using G*Power software (version 3.1.9.7, Germany) based 
on pre-trial data. The primary study outcome was maximal inspiratory 
pressure (MIP). With a target power of 0.85 and an alpha level of 0.05, 
the calculated sample size was 54, accounting for a 20% dropout rate.

Patients were recruited from the Department of Rehabilitation at 
Beijing Xiaotangshan Hospital between October 2022 and October 
2023. Eligible participants were randomly allocated to the EDP group, 
rPMS group, or combined treatment group by a therapist using a 
random number table. Assessors and statisticians were blinded to 
group assignments. Patients received individualized treatment and 
remained unaware of the study hypothesis; unblinding was prohibited. 
Due to the nature of interventions, patient blinding was not feasible.

The protocol was approved by the Ethics Committee of Beijing 
Xiaotangshan Hospital (No. 2021-49) and registered at the Chinese 
Clinical Trial Registry (ChiCTR2500098532). All participants 
provided written informed consent.

2.2 Participants’ inclusion/exclusion criteria

Patients were included based on the following inclusion criteria: 
(1) Diagnosis of stroke conforming to the 2015 Chinese Classification 
of Cerebrovascular Diseases; (2) Imaging-confirmed (cranial MRI or 
CT) cerebral hemorrhage or infarction within the prior 6 months; (3) 
Age between 50 and 80 years; (4) Unilateral limb paralysis; (5) 
Respiratory muscle weakness (≤ 70% of predicted MIP and/or 
maximal expiratory pressure [MEP]); (6) Ability to understand and 
follow instructions, with a Montreal Cognitive Assessment score ≥ 21; 
and (7) Written informed consent provided by the patient or 
legal guardian.

Patients were excluded if they met any of the following criteria: (1) 
Brain stem infarction or hemorrhage; (2) History of pulmonary and 
thoracic-abdominal disease; (3) Severe impairment of vital organ 
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function or critical condition; (4) Presence of pacemakers, cochlear 
implants, or other metallic implants; (5) History of seizures; (6) Severe 
cognitive, emotional, or mental disorders precluding cooperation; and 
(7) Respiratory conditions (such as chronic obstructive pulmonary 
disease [COPD], tuberculosis, lung cancer) or musculoskeletal issues 
(such as rib fractures) affecting functional testing.

2.3 Procedures

All patients in the three groups received conventional 
comprehensive therapy, which included nutritional support, 
pharmacotherapy, occupational therapy, gait training, balance 
training, and activities of daily living (ADL). Additionally, all patients 
received conventional breathing physiotherapy for 30 min daily, 5 days 
per week for 4 weeks, consisting of abdominal breathing, pursed-lip 
breathing, resistive breathing exercises, breathing control, chest 
expansion maneuvers, and cough training (23, 24).

In the EDP group, patients received treatment with a DiaHealth 
variable frequency portable external diaphragm pacemaker (Shanghai 
Langyi Medical Devices Co., Ltd., Shanghai, China). Before treatment, 
the skin was wiped, and the two main electrodes were attached to the 
inferolateral third of the sternocleidomastoid muscle bilaterally, 
positioned along the muscle to form an approximate “V” shape. 
Notably, the main electrodes were not directly placed on the 
sternocleidomastoid muscle to avoid excessive muscle contraction. 
The two auxiliary electrodes were applied to the second intercostal 
space at the midclavicular line, with strict avoidance of cross-
placement of bilateral leads. Stimulation parameters: The pacing 
frequency was set at 15 beats per minute, and the pulse frequency was 
set at 40 Hz (13), pulse width was set at 200 μs, and pulse intensity 
ranged from 10 to 15 mA, adjustable according to patient tolerance 
(25). During stimulation, subjects were instructed to inhale deeply 
and then exhale naturally. Each treatment session lasted 20 min and 
was administered 5 days a week for 4 weeks. For details, refer to 
Figure 1.

In the rPMS group, patients received bilateral phrenic nerve 
magnetic stimulation during routine respiratory function exercises. 

Magnetic stimulation was administered using a circular dynamic 
air-cooled coil (Brainsway Ltd., Jerusalem, Israel; model Intelligent 
Technology), with a maximum output of 2.2 Tesla. The patient’s Active 
Motor Threshold (AMT) was measured prior to treatment, with the 
specific operational procedures detailed below:

(1) The patient was seated with the head in a neutral position. (2) 
The skin at the electrode sites was carefully wiped with a cotton ball 
dipped in conductive paste to reduce skin resistance. The recording 
electrode was placed at the xiphoid process, the reference electrode at the 
seventh intercostal space of the ipsilateral anterior axillary line, and the 
ground electrode was attached to the ipsilateral wrist (same side as the 
recording electrode). (3) The coil was placed in the cortical area where 
the target muscle motor evoked potential could be collected, which was 
positioned over Cz as determined by the international 10 to 20 
electroencephalograph system (26, 27). (4) The coil was first placed flat 
over C7 and moved toward C6 in a stepwise manner until the highest 
reproducible compound muscle action potential (CMAP) amplitude at 
100% of the maximum magnetic power output was obtained. The 
optimal nuchal stimulation site was marked with a pen. (5) AMT 
determination: Stimulation was applied at the optimal site with gradually 
reduced intensity. AMT was defined as the minimum stimulation 
intensity at which, during end-expiration or early inspiration, at least 
50% of 10 transcranial magnetic stimulations elicited amplitudes of 
200–300 μV. Stimulation parameters: Output intensity: 80–120% of the 
patient’s AMT (increases controlled within tolerance); Stimulation 
frequency: 25 Hz (21); Train duration: 1.5 s; Inter-train interval: 3 s (28). 
The therapist assisted the patient in matching their breathing rate to the 
stimulation device, using the patient’s natural respiratory rate as a 
reference. Once treatment commenced, the patient was maintained in a 
quiet, comfortable state to prevent coil displacement. Each treatment 
session lasted 20 min and was administered 5 days a week for 4 weeks. 
For details, refer to Figure 1.

In the combined treatment group, patients received EDP and 
rPMS therapy, with EDP administered in the morning and rPMS in 
the afternoon. Each treatment session lasted 20 min and was 
administered 5 days a week for 4 weeks. For details, refer to Figure 1.

During the treatment, patients were promptly asked by the 
therapist about any adverse reactions. All adverse events were 

FIGURE 1

Schematic of the experimental design.
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recorded in the Case Report Form (CRF), and the project manager 
was immediately notified. The manager collaborated with the patient 
and physiotherapist to formulate solutions, ensuring patient safety.

2.4 Outcome measures

Baseline assessments were conducted 1–3 days prior to 
intervention initiation, and post-intervention assessments were 
performed 1–3 days following intervention completion. All 
assessments were conducted by an assessor blinded to randomization 
and intervention allocation to maintain confidentiality.

2.4.1 Pulmonary function tests

2.4.1.1 Primary outcome measure
Maximum inspiratory pressure (MIP) is defined as the maximal 

inspiratory oral pressure generated during maximal inspiratory 
effort at functional residual capacity (FRC) or residual volume (RV) 
with airway occlusion. It reflects the comprehensive inspiratory 
force of all inspiratory muscles and is currently an important 
non-invasive index for assessing inspiratory muscle function. When 
MIP falls below 30% of the predicted value, the risk of respiratory 
failure increases significantly (29). In this study, MIP was used as 
the primary outcome measure. Studies have reported that stroke 
patients exhibit an average maximum inspiratory pressure (MIP) of 
17–57 cmH2O, compared to approximately 100 cmH2O in healthy 
adults (30).

Similar to MIP, maximum expiratory pressure (MEP) is also an 
important index for evaluating respiratory muscle function. MEP is 
defined as the maximal oral pressure generated during maximal 
expiratory effort at total lung capacity (TLC) with airway occlusion, 
reflecting the collective expiratory force of all expiratory muscles. The 
average MEP in stroke patients is 25–68 cmH2O, versus around 120 
cmH2O in healthy adults (30).

To accurately measure these parameters, the following 
procedures were carried out. The patient was positioned supine with 
the head of the bed elevated at 30°. Pulmonary function parameters, 
including FVC, forced expiratory volume in one second (FEV₁), 
FEV₁/FVC %, peak expiratory flow (PEF), maximal inspiratory 
pressure (MIP), and MEP, were assessed using the Pivot CPX 

cardiopulmonary exercise testing system. During the assessment, the 
patient wore a nose clip and maintained a tight seal around the 
mouthpiece to ensure proper performance of inspiratory and 
expiratory maneuvers. The mean value of three tests, with an interval 
of at least 1 min between each test, was calculated as the final result. 
If any test result deviated by more than 15% from the others, an 
additional test was conducted.

2.4.2 Diaphragm ultrasound
Before measurement, the ultrasound probe was calibrated 

according to the manufacturer’s instructions. The patient was placed 
in the supine position with 30° head elevation and examined using a 
benchtop ultrasound device (Hitachi, Ltd., Tokyo, Japan; model 
EZU-HC1C).

Diaphragmatic thickness was measured via B-mode ultrasound 
with a high-frequency linear probe. For the hemiplegic-side 
diaphragm, DT was assessed with a 2–5 MHz convex array probe. 
The patient was instructed to maintain quiet breathing. The 
measurement method of DT is shown in Figure 2A, where the probe 
was positioned in the 7th to 9th intercostal spaces between the 
midclavicular line and the anterior axillary line (right diaphragm) or 
between the anterior axillary line and the midaxillary line (left 
diaphragm), perpendicular to the chest wall. The diaphragm 
appeared as a hypoechoic region between the hyperechoic lines of the 
pleura and peritoneum, as shown in the image recorded as a–b. All 
measurements were performed in triplicate, and the mean value 
was recorded.

Diaphragmatic excursion (DE) was measured using M-mode 
ultrasound. As illustrated in Figure 2B, with the patient in the supine 
position and 30° head elevation, the ultrasound probe was positioned 
2 cm below the costal margin along the right midclavicular line (using 
the liver as an acoustic window) for the right diaphragm, or 3 cm 
below the costal margin between the anterior axillary line and the 
midaxillary line (using the spleen as an acoustic window) for the left 
diaphragm. In M-mode, the probe was oriented to maximize 
diaphragmatic motion amplitude, ensuring the sampling line was 
placed at 90° to the diaphragmatic surface. DE was defined as the 
vertical displacement between the maximal inspiratory and expiratory 
points (measured during three consecutive cycles of quiet breathing), 
recorded as c–d. All measurements were performed in triplicate, and 
the mean value was used for analysis.

FIGURE 2

Measurement of diaphragmatic thickness (A) and excursion (B).
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2.4.3 Phrenic nerve motor conduction 
examination

The assessment was performed using a transcranial magnetic 
stimulator (Yingzhi Science and Technology Co., Ltd., China) and 
a VikingQuest electromyography system (Thermo Nicolet 
Corporation, United States). The patient remained seated with the 
cervical spine in neutral alignment. Magnetic stimulation was 
applied through a circular coil (10 cm diameter) centered over the 
C7 spinous process with its central axis perpendicular to the spinal 
column. Single-pulse stimuli were delivered at 80% maximal 
stimulator output (2.2 T) intensity with 30 s interstimulus intervals 
to avoid habituation effects. Stimulation was synchronized with the 
initial phase of inspiration. Subsequently, sequential coil 
repositioning along the cervical neural axis was conducted until 
reproducible CMAP amplitudes and phrenic nerve conduction time 
(PNCT) measurements were obtained. If the standard deviation of 
three consecutive measurements exceeded 15% of the mean value, 
additional measurements were performed. Finally, three consecutive 
measurements were averaged for the final analysis.

2.5 Statistical analysis

All statistical analyses were performed using SPSS 26.0 (IBM 
Corp., Armonk, NY, United States). Normality of continuous variables 
was assessed using the Shapiro–Wilk test (for sample sizes n ≤ 50). 
Normally distributed data were presented as mean (standard 
deviation, SD), while skewed data were expressed as median with 
interquartile range (IQR; P25–P75). For within-group comparisons of 

pre- and post-intervention outcomes, a paired t-test was used for 
normal distributions, and the Wilcoxon signed-rank test for 
non-normal distributions. Between-group comparisons across the 
three groups were conducted using one-way analysis of variance 
(ANOVA) with Levene’s test for homogeneity of variances; when 
normality or variance assumptions were violated, the Kruskal-Wallis 
H test was applied. Post-hoc multiple comparisons were performed 
using Bonferroni’s correction to adjust the significance level. 
Categorical data were reported as counts (n) and percentages (%), 
analyzed using the chi-square test or Fisher’s exact test when expected 
frequencies were < 5. All statistical tests were two-tailed, and 
significance was set at p < 0.05.

3 Results

From October 2022 to October 2023, 54 patients were enrolled 
and randomly assigned (using a computer-generated random 
number) to the EDP group (n = 18), rPMS group (n = 18), or 
combined treatment group (n = 18). During the intervention, one 
patient in the EDP group withdrew due to a stimulation-site allergy, 
one patient in the rPMS group discontinued treatment because of 
neck pain, and the combined treatment group had two patients 
withdraw due to stimulation-site allergies and one withdraw due to 
early hospital discharge. All adverse events were mild, resolved 
completely within 24 h after intervention cessation, and left no 
residual effects. Consequently, the final analysis included 17 patients 
in the EDP group, 17 in the rPMS group, and 16 in the combined 
treatment group. The flowchart is presented as Figure 3.

FIGURE 3

The flowchart of the study.
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Baseline demographic and clinical characteristics were 
comparable across groups, with no significant differences observed 
(all p > 0.05; Table  1), as determined by one-way ANOVA with 
Levene’s test for continuous variables and chi-square tests for 
categorical variables.

3.1 Pulmonary function

At baseline, no significant intergroup differences were observed 
in FVC, forced expiratory volume in 1 s (FEV₁), FEV₁/FVC%, PEF, 
MIP, or MEP among the three groups (p > 0.05). Following treatment, 
all three groups demonstrated significant improvements in FVC, 
FEV₁, PEF, MIP, and MEP (p < 0.01). Notably, the combined treatment 
group showed significantly greater improvements in FVC (p = 0.002), 
FEV₁ (p = 0.003), and MIP (p = 0.001) when compared with both the 
rPMS and EDP groups (p < 0.05; Table 2). Mean values and SDs are 
shown in Figure 4 as bar graphs.

3.2 Diaphragmatic thickness and excursion

At baseline, no significant intergroup differences were observed 
in DT or excursion (DE) among the three groups (p > 0.05). Following 
treatment, all three groups showed significant increases in both DT 
and DE (p < 0.01). The combined treatment group exhibited 
significantly greater increases in DT (p = 0.003) and DE (p = 0.001) 
compared with both the rPMS and EDP groups (p < 0.05, Table 3). 
Figure 5 displays mean values and SDs as bar graphs.

3.3 Phrenic nerve motor conduction 
assessment

At baseline, no significant intergroup differences were observed 
in PNCT or CMAP amplitude among the three groups (p > 0.05). 
After treatment, PNCT decreased significantly in both the rPMS 
and combined treatment groups (p < 0.01), with the combined 
group demonstrating a significantly greater reduction in PNCT 
(p = 0.002) than the rPMS group (p < 0.05). Conversely, CMAP 
amplitude increased significantly across all three groups (p < 0.01), 
but no significant differences were found between the combined 
group and either the rPMS group (p = 0.12) or EDP group (p = 0.09; 
Table 4). Mean values and SDs of PNCT and CMAP are visualized 
in Figure 5.

4 Discussion

This study investigated the effects of EDP combined with rPMS 
on respiratory function in stroke patients. Following 4 weeks of 
intervention, the combined treatment group demonstrated 
significantly greater improvements in pulmonary function, DT, and 
DE when compared with either EDP or rPMS monotherapy. These 
results indicate that adding rPMS to EDP therapy enhances respiratory 
function rehabilitation in stroke patients, thereby supporting our 
study hypothesis.

Notably, the combined group also exhibited a significant reduction 
in PNCT and an increase in CMAP amplitude. These findings suggest 
that EDP-rPMS combination therapy promotes motor function 
recovery of both the phrenic nerve and diaphragm.

The diaphragm serves as the primary inspiratory muscle, with its 
contraction essential for respiratory mechanics and pulmonary 
ventilation (31). Brain injuries can disrupt phrenic nerve innervation, 
leading to reduced DE and diaphragmatic atrophy (32, 33). After a 
stroke, the diaphragm on the affected side exhibits significant thinning 
compared with the healthy side, with diaphragmatic dysfunction 
reported in up to 51.7% of acute stroke patients (34). Pulmonary 
function decline in these patients is multifactorial: diaphragmatic 
dysfunction, reduced exercise capacity, impaired thoracic expansion, 
respiratory muscle weakness, respiratory muscle cell loss, and muscle 
fibrosis (35). Moreover, compromised diaphragmatic function and 
exercise intolerance further reduce lung compliance and oxygen 
delivery, exacerbating pulmonary dysfunction and reducing 
cardiopulmonary reserve. This cascade of effects predisposes to 
secondary complications (e.g., pneumonia, atelectasis), severely 
hindering patient recovery (36).

EDP elicits diaphragmatic contraction by external electrical 
stimulation of the phrenic nerve, recruiting diaphragmatic motor 
units to enhance type-specific fiber functions while maintaining 
muscle fiber proportions. This mechanism improves diaphragmatic 
endurance and strength, induces regular near-physiological 
respiratory movements, and enhances respiratory function and 
pulmonary ventilation (35). Our study revealed that 4 weeks of EDP 
treatment significantly improved patients’ FVC, FEV1, PEF, MIP, and 
MEP. These findings thus demonstrate that EDP enhances lung 
capacity and respiratory muscle strength by improving 
diaphragmatic contractility.

TABLE 1 Characteristics of demographics at baseline.

Variable EDP 
group 

(n = 18)

rPMS 
group 

(n = 18)

Combined 
group 

(n = 18)

P-
value

Age (years) 

(mean±SD)
60.00 ± 11.98 62.13 ± 10.86 62.03 ± 11.56 0.884

Sex, n (%) 0.780

  Male, n (%) 12 (66.67) 10 (55.56) 11 (61.11)

  Female, n (%) 6 (33.33) 8 (44.44) 7 (38.89)

Course of the 

disease (days) 

(mean±SD)

43.19 ± 6.04 42.56 ± 5.88 43.85 ± 6.12 0.453

Type of stroke, n 

(%)
0.816

  Ischaemic, n 

(%)
11 (61.11) 12 (66.67) 10 (55.56)

  Haemorrhagic, 

n (%)
7 (38.89) 6 (33.33) 8 (44.44)

Lesion side, n 

(%)
0.641

  Left, n (%) 6 (33.33) 5 (38.46) 6 (33.33)

  Right, n (%) 12 (66.67) 13 (72.22) 12 (66.67)

EDP, external diaphragm pacing; rPMS, repetitive peripheral magnetic stimulation; 
Combined group, EDP combined with rPMS treatment.
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A meta-analysis of extracorporeal diaphragm pacing (EDP) 
combined with conventional rehabilitation for chronic obstructive 
pulmonary disease (COPD) has shown that EDP improves FVC, 
FEV₁, and PEF (11). Another multicenter, prospective randomized 
controlled trial (RCT) with 120 COPD patients reported that 
4 weeks of EDP therapy significantly increased FEV₁ and FEV₁/
FVC ratios compared with baseline (12). Consistently, Zhu et al. 
(37) demonstrated that a 4-week EDP intervention in stroke 
patients improved respiratory parameters, including FVC, FEV₁, 
PEF, and MIP. All the above results are consistent with 
our findings.

In recent years, advancements in magnetic stimulation technology 
have driven increasing attention to rPMS. This technology represents 
an innovative non-invasive neurorehabilitation approach, regulating 
peripheral motor nerves through direct axonal activation and indirect 
neural pathways (38). Neurophysiological studies have confirmed that 
both cortical and cervical magnetic stimulation effectively evoke 
phrenic nerve-derived motor-evoked potentials and CMAPs, 
establishing the neurobiological foundation for rPMS-mediated 
respiratory function enhancement via modulation of phrenic nerve 
excitability and diaphragmatic motor unit recruitment (39). Current 
preclinical and clinical evidence supports its applications in respiratory 
rehabilitation: phrenic nerve magnetic stimulation in healthy 
volunteers elicits diaphragmatic contractions with sufficient intensity 
and duration to support ventilation, demonstrating safety and 
feasibility (14, 40).

This study demonstrated that 4 weeks of rPMS treatment 
significantly improved patients’ FVC, FEV1, PEF, MIP, and MEP, 
indicating that rPMS enhances respiratory function and respiratory 
muscle strength in stroke patients. Jung et al. (41) reported a 50% 
extubation success rate (n = 40, p < 0.05) in ICU patients receiving 
phrenic nerve magnetic stimulation, with a concomitant significant 
improvement in MIP. These findings suggest that rPMS enhances 
respiratory muscle strength in intubated patients and improves 
extubation outcomes, supporting its clinical utility in reducing 
ventilator dependency. Similarly, a multicenter prospective RCT 
allocated 40 mechanically ventilated patients to either a phrenic nerve 
magnetic stimulation group or a control group. After 10 days, the 
intervention group significantly increased in diaphragm thickness and 
MIP compared with the control group (all p < 0.05), suggesting that 
rPMS alleviates ventilator-induced diaphragmatic atrophy and 
enhances respiratory muscle strength (42). Notably, however, current 
research on the effects of rPMS on respiratory function remains 
limited, particularly in stroke populations. This highlights the need for 
large-scale, longitudinal investigations to validate these findings and 
define optimal treatment protocols.

Ultrasound examination, a non-invasive modality, enables 
convenient and accurate assessment of diaphragmatic anatomy and 
function. Owing to these advantages, this study utilized ultrasound 
to evaluate diaphragmatic function in post-stroke patients. 
Diaphragmatic thickness and excursion are well-established 
markers of diaphragmatic contractility, with DT reflecting 
diaphragmatic atrophy degree (reduced thickness indicates muscle 
wasting) and DE indicating the diaphragm’s activity capacity (43).

The study demonstrated significant improvements in both DT and 
DE in all three patient groups post-treatment (p < 0.01). Notably, the 
combined treatment group exhibited significantly greater improvements 
in DT and DE than the EDP and rPMS groups (p < 0.05). Overall, these T
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findings suggest that both EDP and rPMS promote diaphragmatic 
contraction, as evidenced by increased muscle thickness and excursion, 
with combination therapy conferring superior benefits.

Our results are consistent with prior evidence. Zhu et al. (37) 
reported that EDP combined with respiratory training enhanced DT 
in stroke patients. Beaulieu et al. (17) observed a 15% increase in 
diaphragm thickness following 48 h of EDP in ventilated patients. 
Additionally, Sotak et  al. (36) demonstrated that 48 h of phrenic 
nerve stimulation not only reduced diaphragmatic atrophy but also 
increased diaphragm thickness in patients on mechanical ventilation. 
Schreiber et al. (42) further showed that rPMS alleviated ventilator-
induced diaphragmatic atrophy and enhanced respiratory muscle 
strength. While several studies have confirmed the safety and 
feasibility of phrenic nerve magnetic stimulation (44–46), the current 
evidence base remains limited, necessitating further exploration of 
its underlying mechanisms.

A key innovative finding of this study is that the post-treatment 
(4 weeks) PNCT significantly decreased in both the rPMS group and 
the combined therapy group (p < 0.01), with the combined group 
demonstrating significantly greater efficacy than the rPMS group 

(p < 0.05). Furthermore, significant increases in CMAP amplitude 
were observed across all three groups post-treatment (p < 0.01).

The primary parameters of Phrenic nerve conduction (PNC) are 
latency and amplitude. Latency denotes the time required for nerve 
impulses to travel through fast-conducting axonal fibers from the 
stimulation site to the recording site, reflecting the functional status of 
the nerve myelin sheath; The amplitude reflects the number of nerve 
fibers measured and the degree of synchronous excitation, 
demonstrating a direct proportionality to the number of excited muscle 
fibers (47). Diaphragm MEP induced by transcranial magnetic 
stimulation was used to evaluate diaphragmatic function in stroke 
patients, revealing prolonged PNCT and reduced amplitude in 
hemiplegic patients. Notably, the amplitude of hemiplegic patients was 
significantly lower than that of healthy patients, suggesting that the 
cortical-diaphragmatic pathway was damaged (2). A study in COPD 
patients using EDP demonstrated shortened PNCT and increased 
CMAP amplitude post-intervention (48), findings that are consistent 
with our results.

Furthermore, a comparative study of phrenic nerve magnetic versus 
electrical stimulation revealed that magnetic stimulation resulted in 

FIGURE 4

(A–F) Pulmonary function (FVC, FEV₁, FEV₁/FVC%, PEF, MIP, MEP) changes in EDP, rPMS, and combined groups. The data are expressed as the 
mean±SD. *p < 0.05 vs. baseline; a p < 0.05 vs. EDP group; b p < 0.05 vs. rPMS group.

TABLE 3 Changes of diaphragmatic thickness (DT) and excursion (DE) in three intervention groups.

Group DT, cm DE, cm Intragroup 
P-Value 

(DT)

Intragroup 
P-Value 

(DM)Pre-
intervention

Post-
intervention

Pre-
intervention

Post-
intervention

EDP group (n = 17) (mean±SD) 0.19 ± 0.04 0.21 ± 0.03 1.42 ± 0.26 1.73 ± 0.28 0.028 0.003

rPMS group (n = 17) (mean±SD) 0.18 ± 0.05 0.22 ± 0.03a 1.24 ± 0.29 1.91 ± 0.27a 0.001 <0.001

Combined group (n = 16) (mean±SD) 0.19 ± 0.04 0.25 ± 0.04ab 1.36 ± 0.34 2.32 ± 0.25ab <0.001 <0.001

Intergroup F-value 1.185 1.251 0.056 5.485

Intergroup P-value 0.315 0.017 0.945 0.001

EDP, external diaphragm pacing; rPMS, repetitive peripheral magnetic stimulation. a p < 0.05 vs. EDP group; b p < 0.05 vs. rPMS group.
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shorter PNCT than electrical stimulation, with posterior cervical 
magnetic stimulation-induced PNCT increasing as stimulation intensity 
decreased (49). This suggests superior phrenic nerve depolarization 
efficacy with magnetic stimulation, potentially explaining the observed 
advantage of rPMS over EDP in improving PNCT in our study.

It should be pointed out that the results of this study showed that 
the improvement in FVC, FEV₁, MIP, DT, DE, and PNCT in the 
combination group was better than that in the EDP or rPMS group. 
This may be attributed to diaphragmatic fatigue proneness. Salmons 
et al. (50) found that stimulation with >40,000 pulses per session 

could cause muscle fatigue, whereas stimulation with <40,000 pulses 
showed sufficient fatigue resistance and muscle strength. In this 
study, EDP was delivered at 40 Hz for 20 min daily, with each 
stimulation delivering >40,000 pulses, thereby inducing 
diaphragmatic fatigue. By contrast, the rPMS group received 25 Hz 
stimulation for 20 min daily, with <40,000 pulses per session, within 
which the diaphragm was less prone to fatigue. While 40 Hz EDP 
stimulation induced diaphragmatic fatigue in this study, prior 
research has shown that EDP not only improved pulmonary 
mechanics, promoted uniform ventilation distribution, and enhanced 

FIGURE 5

Diaphragmatic thickness (DT) and excursion (DE) results (A,B); PNCT and CMAP of the phrenic nerve (C,D). The data are expressed as the mean±SD. 
*p < 0.05 vs. baseline; a p < 0.05 vs. EDP group; b p < 0.05 vs. rPMS group.

TABLE 4 Comparison of PNCT and CMAP in three groups.

Group PNCT, ms CMAP, mV Intragroup 
P-Value 
(PNCT)

Intragroup 
P-Value 
(CMAP)Pre-

intervention
Post-

intervention
Pre-

intervention
Post-

intervention

EDP group (n = 17) (mean±SD) 6.88 ± 1.73 6.13 ± 1.14 0.51 ± 0.12 0.54 ± 0.12 0.061 0.025

rPMS group (n = 17) (mean±SD) 6.82 ± 1.16 5.51 ± 1.37a 0.52 ± 0.14 0.59 ± 0.13 <0.001 0.017

Combined group (n = 16) (mean±SD) 6.81 ± 1.54 5.06 ± 1.12ab 0.51 ± 0.14 0.63 ± 0.15 <0.001 <0.001

Intergroup F-value 0.172 7.188 0.063 0.082

Intergroup P-value 0.843 0.001 0.939 0.921

EDP, external diaphragm pacing; rPMS, repetitive peripheral magnetic stimulation; PNCT, phrenic nerve conduction time; CMAP, phrenic nerve complex muscle action potential. 
a p < 0.05 vs. EDP group; b p < 0.05 vs. rPMS group.
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gas exchange (9), but also stimulated diaphragmatic contraction, 
recruited motor units, maintained muscle fiber proportions, and 
prevented diaphragmatic atrophy (10). Thus, EDP treatment 
remained effective compared with baseline. The combined treatment 
group received twice-daily stimulations (morning EDP and afternoon 
rPMS), a scheduling strategy that minimized diaphragmatic fatigue 
while preventing atrophy by balancing stimulation intensity with 
recovery intervals. These mechanisms likely underlie the superior 
efficacy of combined therapy.

Significantly, the available evidence regarding this topic remains 
scarce. As a clinical observational study, this investigation has not yet 
elucidated the underlying mechanisms, warranting further 
mechanistic exploration through basic research studies.

5 Limitations

The current research has several notable limitations. First, the 
stimulation frequencies of EDP and rPMS were not unified, which 
might introduce variability in the results. This is primarily because 
current research on rPMS remains limited, so this study could only 
adopt treatment parameters proven safe and effective in prior 
studies, with mechanistic investigations being even scarcer. Future 
studies should standardize stimulation frequencies while exploring 
the underlying mechanisms simultaneously. Second, the relatively 
small sample size and single-center design may limit the 
generalizability of our findings, highlighting the need for large-scale 
multicenter trials to validate these results. Third, the 4-week 
intervention period might be insufficient, as some indicators may 
not show significant changes. Extending the intervention duration 
is necessary to observe long-term effects. Finally, the lack of long-
term follow-up evaluation obscures the sustained benefits of 
combined respiratory rehabilitation. Relevant mechanistic research 
should be  conducted to explore the therapeutic potential of 
these interventions.

6 Conclusion

Compared with monotherapy using either EDP or rPMS, 
combined treatment demonstrated significantly greater efficacy in 
promoting respiratory function rehabilitation in stroke patients. 
Additionally, it showed potential advantages in improving phrenic 
nerve motor conduction.
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