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ABSTRACT

BACKGROUND: Chronic obstructive pulmonary disease (COPD), a progressive lung disease, might improve with neuromuscular electrical
stimulation. No trials on inspiratory plus expiratory neuromuscular electrical stimulation have been conducted yet.

AIM: The aim of this study was to evaluate the safety and effectiveness of inspiratory plus expiratory neuromuscular electrical stimulation in
subjects with severe COPD.

DESIGN: This was a multicenter, prospective, randomized controlled trial.

SETTING: The subjects were outpatients enrolled from Beijing Chao-Yang Hospital affiliated with Capital Medical University, Tianjin Chest
Hospital, and the First Hospital of Hebei Medical University.

POPULATION: Subjects had stable COPD with severe respiratory impairment.

METHODS: Using a computer statistical software, 120 stable subjects were randomly allocated (1:1) to receive inspiratory plus expiratory neu-
romuscular electrical stimulation (study group) and diaphragm pacing (control group). Demographic and clinical data were collected before, and
after 2, and 4 weeks of the trial. The intention-to-treat analysis was conducted. The primary outcome was to analyze the changes in functional
exercise capacity, estimated as six-minute walk distance (6MWD), following electrical stimulation for 4 weeks. The secondary outcomes were
changes in modified Medical Research Council score, forced expiratory volume in 1 second (FEV)), FEV % predicted, and FEV, ratio forced
vital capacity (FEV,/FVC) following electrical stimulation for 4 weeks.

RESULTS: The change in 6MWD was greater in the study group (65.53439.45 m) than in the control group (26.66+32.65 m). The mean
between-group difference at the fourth week was 29.07 m (95% confidence interval, 16.098-42.035; P<0.001). There were no significant be-
tween-group differences in the secondary outcomes after 4 weeks of electrical stimulation. For GOLD-4 COPD subjects, FEV, and FEV /FVC
improved in the study group (P<0.05). No electrical stimulation-related serious adverse events were observed in either group.
CONCLUSIONS: 6MWD were increased significantly, without adverse events, after four weeks of treatment of inspiratory plus expiratory
neuromuscular electrical stimulation in stable patients with severe COPD, suggesting that this protocol benefits COPD rehabilitation.
CLINICAL REHABILITATION IMPACT: The results of this study suggest that the simultaneous use of inspiratory plus expiratory neuromus-
cular electrical stimulation as an adjunct therapy may improve the functional exercise capacity of severe stable COPD subjects.

(Cite this article as: Zhao Z, Sun W, Zhao X, Wang X, Lin Y, Zhang S, et al. Stimulation of both inspiratory and expiratory muscles versus diaphragm-
only paradigm for rehabilitation in severe chronic obstructive pulmonary disease patients: a randomized controlled pilot study. Eur J Phys Rehabil
Med 2022;58:487-96. DOI: 10.23736/S1973-9087.22.07185-4)

KEY wWoRrDs: Pulmonary disease, chronic obstructive; Electric stimulation therapy; Respiratory Function Tests.

hronic obstructive pulmonary disease (COPD) isasig- and social burden.!. 2 Respiratory muscle dysfunction is
nificant contributor to global morbidity and mortality a common consequence of COPD.3 Pulmonary rehabili-
currently, and is responsible for a considerable economic tation plays an important role in COPD patients. Reports
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have shown that expiratory muscle strength4 and endur-
ance’s are impaired in patients with COPD. The contraction
of the expiratory muscles increases the intrathoracic pres-
sure, diminishes the lung volume, and facilitates expira-
tory flow in the absence of flow limitation. In addition, the
expiratory muscles should be effective for cough. Previous
studies have shown that inspiratory plus expiratory muscle
training can enhance respiratory muscle strength and im-
prove respiratory exercise capacity in subjects with severe
to very severe COPD.¢ However, in COPD patients with
prominent ventilation dysfunction, engagement in active
muscle training is restricted. As a result, respiratory neu-
romuscular electrical stimulation therapy, is being studied
as an alternative method for respiratory muscle training.

An increase in respiratory minute volume has been ob-
served in patients with COPD, with the use of transcutane-
ous electrical diaphragmatic stimulation, a form of inspi-
ratory neuromuscular electrical stimulation.” Studies have
confirmed that abdominal electrical stimulation can im-
prove the ventilation parameters, such as peak expiratory
flow rate, in COPD patients.8 Therefore, inspiratory plus
expiratory neuromuscular electrical stimulation in these
patients was a potentially rational protocol to reduce the
severity of breathlessness and improve exercise tolerance
in COPD patients. However, until now, there have been
no studies on the evaluation of inspiratory plus expiratory
neuromuscular (diaphragmatic and abdominal muscles)
electrical stimulation in COPD patients.

This trial aimed to determine the effectiveness and
safety of inspiratory plus expiratory neuromuscular elec-
trical stimulation on functional exercise capacity in se-
vere COPD patients. The trial engaged a novel strategy of
stimulating the diaphragm and abdominal muscles (rectus
abdominis muscle and obliquus externus abdominis mus-
cle) during inspiration and expiration, respectively. We
hypothesized that patients who received inspiratory plus
expiratory neuromuscular electrical stimulation for four
weeks would show a more significant increase in func-
tional exercise capacity when compared with the patients
who received stimulation of the phrenic nerve, called dia-
phragm pacing.

Materials and methods

Study design and participants

This was a multicentre, prospective, and randomized con-
trolled trial investigating the effects of inspiratory plus
expiratory neuromuscular electrical stimulation over dia-
phragm pacing in subjects with severe COPD.
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The subjects were enrolled from the Beijing Chaoyang
Hospital affiliated with the Capital Medical University,
Tianjin Chest Hospital, and the First Hospital of Hebei
Medical University between May 2018 and September
2019. Subjects diagnosed with severe COPD® who met
the following criteria were included: 1) capacity to sign
an informed consent; 2) aged 40-75 years; 3) diagnosed
with COPD, according to the Global Initiative for Chronic
Obstructive Lung Disease (GOLD) recommended spiro-
metric criterion, postbronchodilator ratio of forced expira-
tory volume in 1 second to forced vital capacity (FEV,/
FVC) below 0.70; 4) severe respiratory impairment,
postbronchodilator FEV,% predicted value of less than
50%; 5) a modified Medical Research Council (mMRC)
Score of 1-3. The subjects who met the following criteria
were excluded: 1) unable to complete the experiment; 2)
contraindication of respiratory neuromuscular stimulator
or diaphragm pacemaker; 3) an acute exacerbation four
weeks prior to the screening; 4) presence of other lung dis-
eases, such as pneumothorax, tuberculosis, lung cancer; 5)
breathing ambient air at rest [partial pressure of oxygen
(PaO,) <60 mmHg and partial pressure of carbon diox-
ide (PaCO,) >50 mmHg at sea level]; 6) use of invasive
or non-invasive mechanical ventilation; 7) heart function
level I1I-1V, according to the New York Heart Association
functional classification; 8) episode of unstable angina or
myocardial infarction within 30 days before the screening;
9) renal function at the time of screening, creatinine clear-
ance rate of <30 mL/min according to the Chronic Kidney
Disease Epidemiology Collaboration formula; 10) liver
function at the time of screening, aspartate aminotransfer-
ase, alanine aminotransferase, or total bilirubin >1.5-fold
the upper limit of the normal value; 11) participation in
other clinical trials within 30 days before the screening;
12) unable to cooperate due to conditions such as mental
disorders and cognitive disorders.

The trial protocol was approved by the ethics commit-
tee of all three participating hospitals and was registered
as ChiCTR2000032681. All participants provided written
informed consent.

Data collection

The demographic characteristics, including age, gender,
body mass index, and general information, were recorded.
In addition, the clinical details, including patient medical
history, vital signs, laboratory test data, 6-minute walk dis-
tance (6MWD),1® mMRC dyspnea score (a 5-point [0—4]
scale, based on the severity, utilized to assess the sensation
of dyspnoea during activities in daily living),!! spirom-
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etry (Masterscreen PFT System; Jaeger; Wurzburg, Ger-
many),!2 arterial blood gas, and diaphragmatic motions
during quiet breathing and deep breathing, measured by
ultrasound (APLIO 500 TUS-AS500, Toshiba, Japan), were
recorded.!3 These measurements were recorded before
and after (2-week and 4-week) electrical stimulation. Fur-
ther, the subjects were sub-grouped according to the clas-
sification of airflow limitation severity, baseline FEV %
predicted; GOLD-3, 30% <FEV % predicted <50%; and
GOLD-4, FEV,% predicted <30%.

Study intervention

In the study intervention group, the subjects were treated
with inspiratory plus expiratory neuromuscular electri-
cal stimulation (by Yaguo Technology Co., Ltd, Beijing,
China). The device contains one diaphragmatic stimulation
channel and two abdominal muscle stimulation channels.
The procedure was conducted by a doctor, according to the
following instructions. The phrenic nerve electrodes con-
sisted of one pair of stimulating electrodes and one pair
of reference electrodes. The stimulating electrodes were
placed bilaterally on the lower 1/3td of the lateral sterno-
cleidomastoid muscle of the neck, and the reference elec-
trodes were placed bilaterally on the pectoralis major mus-
cle in the middle of the second rib. The abdominal muscle
electrodes consisted of two pairs of stimulating electrodes
and two pairs of reference electrodes. One pair of stimulat-
ing electrodes were placed bilaterally and symmetrically
on the top of the rectus abdominis muscle, and the refer-
ence electrodes were placed bilaterally and symmetrically
on the bottom of the rectus abdominal muscle. In contrast,
the stimulating electrodes of the other pair were placed bi-
laterally and symmetrically on the outer edge of the rec-
tus abdominis muscle to stimulate the obliquus externus
abdominis muscle, and the pair of reference electrodes
were parallelly placed on the outside of the stimulating
electrodes (Supplementary Digital Material 1: Supplemen-
tary Text File 1). The positions of the electrodes and the
treatment administered in the study intervention group are
shown in Supplementary Digital Material 2 (Supplemen-
tary Figure 1).

The phrenic nerves were stimulated when the device
gave the acousto-optic prompt to inhale, while the dia-
phragm contracted to assist inspiration. The rectus ab-
dominis and the oblique abdominis were stimulated when
the device gave the acousto-optic prompt to exhale, and
the abdominal muscles contracted to assist expiration. The
subjects inhaled and exhaled synchronously at the acous-
to-optic prompt.
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In the control intervention group, the subjects were
treated with diaphragm pacing (by USCON, Jilin, China).
The position of the phrenic nerve electrodes was the same
as that in the study intervention group.

We used “all or none” stimulation. In both interven-
tion groups, electrical stimulation was set at the frequency
of 40 Hz,!'4 stimulation duration of 1 second, and pulse
duration of 300 ps. The intensity of the stimulation was
increased gradually, according to the subject’s tolerance
level, from a minimum intensity of 10-20 mA. Each stimu-
lation intensity was recorded by a nurse (Supplementary
Digital Material 3; Supplementary Text File 2). The proce-
dure was conducted by a doctor according to the instruc-
tions. Each patient was stimulated for 30 minutes a day,
continuously for 4 weeks.!5. 16

Outcome analysis

The primary outcome was the increment in 6MWD from
the baseline to four weeks after the stimulation. The sec-
ondary outcomes were: 1) improvement in pulmonary
function; 2) improvement in symptoms of dyspnoea; 3)
changes in diaphragmatic motion during quiet breathing
and deep breathing, at four weeks after the electrical stim-
ulation, in the two groups. The safety endpoints were the
adverse events observed in either group during the study
period.

Sample size

In a previous study, an increment of 35 meters was ob-
served in the 6MWD of the subjects who underwent in-
spiratory muscle training.!” We expected an increment of
20 meters more in the 6MWD as the primary outcome, in
the study intervention group, in comparison to the control
intervention group. The power was at 80% for a 0.05 level
of significance. The estimated sample size, for each group,
was 50; on considering attrition of less than 20%, the num-
ber required, in each group, was 60.

Randomization procedure

All enrolled subjects were randomly allocated (1:1) to
either inspiratory plus expiratory neuromuscular electri-
cal stimulation (study intervention group) or diaphragm
pacing (control intervention group) using stratified block
randomization. Intervention assignments were generated
using the statistical software SAS version 9.4 (SAS In-
stitute Inc., Cary, NC, USA) and communicated using
sealed opaque envelopes by a statistical agency; the doc-
tors were responsible for the enrolment of participants.
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Statistical analysis

SAS 9.4 software was used for the statistical analysis. A P
value of <0.05 was considered statistically significant. The
primary outcome analysis was done, on an intention-to-
treat basis, in all randomly assigned subjects. The results
were expressed as the mean+SD for the normally distrib-
uted variables. For the quantitative data, intra-group com-
parisons were performed using the paired Student’s z-test
for normally distributed variables, and the Wilkinson Rank
Test for non-normally distributed variables. Inter-group
comparisons were performed using unpaired Student’s -
tests for the normally distributed data, and the Mann-Whit-
ney U Test for the non-normally distributed data. Correla-
tion analyses between the pulmonary function parameters
and 6MWD were performed by the Spearman correlation.
The categorical variables were presented as percentages
and compared using the y2 tests or Fisher’s Exact Test. For
subgroup analysis, the subjects with GOLD-3 and GOLD-
4 COPD were compared.®

Results
Recruitment and baseline characteristics

The flowchart of the patient enrolment is shown in Figure
1. Among the 162 people screened for eligibility, 37 did
not meet the inclusion criteria, one met one of the exclu-
sion criteria, four declined participations. Thus, a total of
120 subjects were randomly assigned either to the study
intervention group (N.=60) or the control intervention
group (N.=60). Five discontinued the intervention: four
withdrew consent, and one had influenza during the study
period. The missing data was divided and processed ac-
cording to the data set: the last observation carried forward
(LOCF) was used to translate the missing data for data ef-
ficacy. Missing values are not translated for baseline char-
acteristics and safety data.

The participants had a mean age of 64.59+5.69 years,
and 110 (91.6%) were males. The mean 6MWD was
431.28+57.06 m. The mean value of FEV,% predicted
for all participants was 40.82% (32.00-47.00%). At enrol-
ment, 78.5% of the participants were receiving inhaled an-
ticholinergic agents or long-acting B2 adrenergic agonists.
The baseline characteristics of the subjects were similar
across the two intervention groups (Table I).

Outcomes

A statistically significant increase in 6MWD was ob-
served in the study intervention group (65.53+39.45 m,
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Figure 1.—CONSORT diagram for study flow. Flow diagram illustrat-
ing the number of participants in each group.

P<0.001), which was twice that observed in the control in-
tervention group (26.66+32.65 m, P<0.05). The between-
group comparisons of the changes in the 6 MWD showed a
significant difference (29.07 m; 95% CI: 16.098-42.035),
P<0.001). The trend of differences in the measurement
between the two groups is shown in Figure 2. A moder-
ate positive significant correlation, between changes in
6MWD and changes in pulmonary function test param-
eters after 4-weeks, was observed in FEV,(r=0.32435,
P=0.0138), FEV,% predicted (r=0.30526, P=0.0209),
and maximal voluntary ventilation (MVYV; r=0.30928,
P=0.0306).

Table II summarizes the results of the major secondary
outcomes. For the secondary outcomes, after 4 weeks of
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TABLE L.—Baseline characteristics for both groups according to allocation.

ZHAO

Study intervention

Control intervention

Variables (N.=60) (N.=60) P
Anthropometric data

Age (years) * 65.7 (61.66, 68.33) 64.7 (60.93, 69.26) 0.910

Gender: male N (%) f 53 (88.33%) 57 (95.00%) 0.186

Height (cm) * 170.00 (166.00, 173.00) 170.00 (165.00, 172.50) 0.499

Weight (kg) 67.74+10.95 66.17+9.45 0.401
Comorbidity, N. (%)

Hypertension f 7 (11.67%) 3 (5.00%) 0.186

Ischemic heart disease f 4 (6.66%) 7 (11.67%) 0.194

Heart failure 4 (6.66%) 7 (11.67%) 0.194
Smoking status: never/current N (%) * 11 (18.33%)/49 (81.67%) 9 (15.00%)/51 (85.00%) 0.624
Medical treatment, N. (%)

Inhaled long-acting bronchodilators (%) * 49 (83.05%) 45 (75.00%) 1.000
6-minute walking distance (m) * 423.27+59.34 439.30+53.98 0.124
Spirometry

FEV, (L) f 1.15+0.27 1.10+0.26 0.316

FEV %predicted (%) * 40.92 (32.10, 47.40) 40.40 (31.97, 45.75) 0.495

FVC (L) ¢ 2.50+0.52 2.45+0.55 0.570

FEV,/FVC (%) * 43.80 (39.83, 53.66) 45.24 (39.75, 52.31) 0.998

Maxima ventilation volume (L/min) ¥ 44.97+13.74 42.68+13.10 0.384

Peak expiratory flow (L/s) 3.47+1.09 3.39+1.05 0.686
mMRC gradel N. (%)f 31 (51.67%) 27 (45.00%) 0.383
mMRC grade2 N. (%) 20 (33.33%) 27 (45.00%)
mMRC grade3 N. (%) 9 (15.00%) 6 (10.00%)

PaCO, (mmHg) * 40.80 (38.50, 43.20) 39.55 (36.85, 43.05) 0.233
PaO, (mmHg) * 77.20 (72.00, 84.95) 77.60 (73.00, 84.15) 0.787
Diaphragm motion in quiet breathing (cm) 2.26+0.69 2.29+0.60 0.789
Diaphragm motion in deep breathing (cm) ¥ 4.67+1.22 4.52+0.94 0.450

Data are reported as the mean+tstandard deviation, or median (25% centile, 75t centile) unless stated otherwise.
FEV,. forced expiratory volume in 1 second; FVC: forced vital capacity; mMRC: modified Medical Research Council; PaCO,. partial pressure of carbon dioxide;
Pa0,. partial pressure of oxygen; inhaled long-acting bronchodilators: long-acting 2 adrenergic agonists or anticholinergic agents.

*Wilkinson Rank Test for non-normally distributed data; {Independent #-test; T2 test was used to compare groups.

electrical stimulation, the subjects in the study intervention
group had a greater improvement in mMRC grade than the
control intervention group, but the difference was not sta-
tistically significant (-0.3+0.57 vs. -0.22+0.53, P=0.526).
We observed no significant differences in the intra-group
FEV,% predicted, FVC, FEV,/FVC, and MVV values fol-
lowing four weeks of intervention. Although there were no
statistical differences in the diaphragmatic motion, in quiet
breathing, there was a two-fold improvement in the study
intervention group when compared to the control interven-
tion group (0.13+0.98 cm and 0.06+0.77 cm, respectively,
P=0.672).

Subgroup analysis

Forty-eight subjects in the study intervention group and
49 subjects in the control intervention group had GOLD-
3 COPD. Twelve and 11 subjects had GOLD-4 COPD in
the study intervention and the control intervention group,
respectively. There were no significant differences in the

Vol. 58 - No. 3

baseline variables of the subjects within the subgroups.
Details of baseline characteristics are outlined in Supple-
mentary Digital Material 4 (Supplementary Table I). For
GOLD-3 COPD subjects, 6MWD following four-week
electrical stimulation was significantly increased in the
study intervention group than in the control intervention
group (495.88+74.61 m vs. 469.044+52.59 m, P=0.049),
but there were no significant differences in the secondary
outcomes between two groups; the details are outlined in
Supplementary Digital Material 5 (Supplementary Table
IT). In GOLD-4 COPD subjects, no significant differences
were found in the baseline variables; the details are out-
lined in Supplementary Digital Material 6 (Supplemen-
tary Table III). However, FEV,, FEV % predicted, and
FEV,/FVC levels were improved in the study interven-
tion group P<0.05; Table III). An increasing trend in the
pulmonary function was observed in the GOLD-4 COPD
group, following 2- and 4-week of electrical stimulation
(Figure 3).
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Figure 2.—Functional exercise
capacity changes and secondary
outcomes after 2- and 4-week of
electrical stimulation between- 1004 35+
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pacity; B) differences in mMRC;
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TABLE Il.—Variables of subjects in major secondary outcome measures at four weeks after intervention according to group allocation.

Compar-
. Study intervention (N.=57) Control intervention (N.=58) isons of
Variables changes
Preintervention Postintervention Post-pre Preintervention Postintervention Post-pre P value §
Spirometry
FEV, (L) * 1.15+0.27 1.21+0.32 0.06+0.17 1.10+0.26 1.19+0.32 0.08+0.17 0.553
FEV,%predicted (%) 40.83 (32.80, 47.20) 39.80 (34.60, 49.51) 1.50 (-2.10, 6.30) 40.40 (32.20, 45.20) 42.05 (34.40, 50.30) 1.75(-1.20,5.20)  0.673
FVC (L) * 2.50+0.52 2.63+0.47 0.12+0.32 2.46+0.55 2.60+0.50 0.14+0.35 0.725
FEV,/FVC (%) * 43.71 (40.50, 53.63) 43.63(38.33,53.52) -0.12(-3.15,3.26) 45.24(39.83, 53.03) 44.91 (38.79, 52.89) 0.20 (-4.46,3.71)  0.717
Maxima ventilation 44.97+13.74 48.03+13.42 3.37+10.75 42.74+13.23 45.08+14.45 2.97+9.07 0.503
volume (L/min) *
Peak expiratory flow 3.47+1.11 3.70+1.25 0.23+0.77 3.40+1.06 3.61+1.08 0.21+0.68 0.982
(L/s) *
mMRC* 1.63+0.74 1.33+0.61 -0.30+0.57 1.65+0.66 1.42+0.56 -0.22+0.53 0.526
mMRC grade 0 N. (%) * 0(0.00%) 1 (1.75%) 0 (0.00%) 0 (0.00%)
mMRC grade 1 N. (%) * 29 (50.88%) 39 (68.42%) 26 (44.83%) 35(60.34%)
mMRC grade 2 N. (%) £ 20 (35.09%) 14 (24.56%) 26(44.83%) 21(36.21%)
mMRC grade 3 N. (%) £ 8 (14.04%) 3(5.26%) 6 (10.34%) 2 (3.45%)
PaCO, (mmHg) * 40.80 (38.60, 43.40) 41.60(39.30,43.90) 1.20 (-1.10,2.50) 39.15 (36.70, 42.80) 39.90 (36.50, 44.10) 0.60 (-2.30,2.60)  0.524
PaO, (mmHg) * 77.20 (72.50, 85.10) 78.30 (74.10, 84.80) 1.10 (-3.40,5.30) 77.70 (73.00, 84.20) 79.20 (72.50, 84.50) 1.00 (-5.60, 6.40)  0.566
Diaphragm motion in 2.26+0.69 2.39+0.76 0.13+0.98 2.28+0.60 2.34+0.63 0.06+0.77 0.672
quiet breathing (cm) *
Diaphragm motion in 4.70+1.24 5.01+0.93 0.31+1.27 4.53+0.96 4.85+0.98 0.32+1.03 0.938

deep breathing (cm) *

Data are reported as the mean+standard deviation, or median (25t centile, 75t centile) unless stated otherwise; P>0.05 in inter-group analysis and intra-group analysis
after four weeks of intervention.
mMRC: modified Medical Research Council; FEV,: forced expiratory volume in 1 second; FVC: forced vital capacity; PaCO,: partial pressure of carbon dioxide;
PaO,: partial pressure of oxygen.
*Independent #-Test; TWilkinson Rank Test for non-normally distributed data; ¥y2 test was used to compare groups; Scomparisons of changes in post minus
preintervention between groups.
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TABLE lIl.—Estimates of the effect of pulmonary function of GOLD-4 COPD group at four weeks.

ZHAO

Study intervention

Control intervention

Variables (N=12) (N.=9) P
6-minute walking distance (m) * 472.37+63.71 447.44+52.68 0.353
mMRC
mMRC grade 0 N. (%) * 1(8.33%) 0 (0.00%) 0.227
mMRC grade 1 N. (%) * 5(41.67%) 2 (22.22%)
mMRC grade 2 N. (%) f 5 (41.67%) 6 (66.67%)
mMRC grade 3 N. (%) 1(8.33%) 1 (11.11%)
Spirometry
FEV, (L) * 0.92+0.20 0.73+0.12 0.018
FEV %predicted (%) * 29.30 (25.89, 34.40) 25.03 (20.70, 26.40) 0.005
FVC (L) * 2.3440.43 2.14+0.33 0.259
FEV,/FVC (%) % 38.90 (34.71, 42.56) 38.02 (28.39, 39.54) 0.180
Maxima ventilation volume (L / min) * 37.05+6.84 31.06+5.93 0.050
Peak expiratory flow (L/s) * 2.88+0.81 2.81+0.61 0.849
PaCO, (mmHg) * 43.50 (41.00, 45.15) 39.80 (37.30, 45.20) 0.276
PaO, (mmHg) * 73.05 (70.45, 79.40) 79.20 (73.70, 85.80) 0.431
Diaphragm motion in quiet breathing (cm) * 2.16+0.62 2.37+0.78 0.493
Diaphragm motion in deep breathing (cm) * 4.84+1.17 5.23+0.51 0.317

Data are reported as the mean+standard deviation, or median (25t centile, 75t centile) unless stated otherwise.
mMRC: modified Medical Research Council; FEV,: forced expiratory volume in 1 second; FVC: forced vital capacity; PaCO,: partial pressure of carbon dioxide;

PaO,: partial pressure of oxygen. *Independent #-Test; "Wilkinson Rank Test for non-normally distributed data; ¥y2 test was used to compare groups.

*Independent - Test; TWilkinson Rank Test for non-normally distributed data; ¥y2 test was used to compare groups.

—e—Study intervention -m - Control intervention
1.5+
*
1.0
2
5 ..................
& I ! I
0.5
0.0 T T T
0 2 4
A Time (weeks)
60 1
*
5 50
O
>
S 40
>
w
w
30
1 1 1
0 2 4
C Time (weeks)

Figure

3.—Pulmonary

func-

tion changes in GOLD-4 COPD
group following 2- and 4-week
electrical ~ stimulation.  A-D)
FEV,, FVC, FEV//FVC, and
FEV,% predicted measured ret-
rospectively.

COPD: chronic obstructive pul-
monary disease; FEV,: forced
expiratory volume in 1 sec-
ond; FVC: forced vital capac-
ity; GOLD: Global Initiative for
Chronic Obstructive Lung Dis-
ease.

3.0
*
2.5+
=
@]
S |-
201 I I
1.5 T T T
2 4
Time (weeks)
40
—_ *
R 354
o
[0}
© 304
hel
9]
=
S 254 peao___
< I “'I """"" I
@ 20
L
15 1 1 1
0 2 4
Time (weeks)

o

*Note a significant between-
group difference of P<0.05 at the
end of 4 weeks.

Adverse events

The occurrence of adverse events related to the interven-
tion was minimal. The risk of adverse events between the

Vol. 58 - No. 3

two intervention groups was similar; nine (15%) in the

study intervention group and nine (15%) in the control in-
tervention group (P=1.0) had the risk of adverse events.

EUROPEAN JOURNAL OF PHYSICAL AND REHABILITATION MEDICINE 493



This document is protected by international copyright laws. No additional reproduction is authorized. It is permitted for personal use to download and save only one file and print only one copy of this Article. It is not permitted to make additional copies (either sporadically

or systematically, either printed or electronic) of the Article for any purpose. It is not permitted to distribute the electronic copy of the article through online internet and/or intranet file sharing systems, electronic mailing or any other means which may allow access

to the Article. The use of all or any part of the Article for any Commercial Use is not permitted. The creation of derivative works from the Article is not permitted. The production of reprints for personal or commercial use is not permitted. It is not permitted to remove,

cover, overlay, obscure, block, or change any copyright notices or terms of use which the Publisher may post on the Article. It is not permitted to frame or use framing techniques to enclose any trademark, logo, or other proprietary information of the Publisher.

COPYRIGHT© 2022 EDIZIONI MINERVA MEDICA

ZHAO

One participant in the study intervention group suffered
from influenza during the treatment and therefore quit the
trial due to hospital admission. None of these subjects had
any acute exacerbations, requiring antibiotics, during the
study period. Supplementary Digital Material 7 (Supple-
mentary Table IV) shows the data on adverse events in
more detail.

Discussion

This study aimed to evaluate whether the electrical stimu-
lation of the diaphragm and the abdominal muscles had an
advantage over the electrical stimulation of the diaphragm
alone. The subjects with severe COPD showed a more sig-
nificant improvement in their functional exercise capacity
after 4 weeks of inspiratory plus expiratory neuromuscular
electrical stimulation than after the diaphragmatic stimu-
lation; this was primarily observed in the GOLD-3 sub-
group.

At present, respiratory muscle electrical stimulation,
which can improve the patient’s respiratory muscle endur-
ance and strength, to some extent, has replaced muscle
training, for pulmonary rehabilitation, in selective COPD
patients.8 A systematic retrospective study on respiratory
muscle training recommends that each training should
last 20-30 minutes.!8 The frequency in both techniques
used in this trial was set at 40 Hz in the beginning, and
the treatment duration was set at 30 minutes per day; this
increased respiratory muscle strength and avoided respira-
tory muscle fatigue.!4 Previous clinical trials have shown
that neuromuscular electrical stimulation can improve re-
spiratory muscle strength after 4 weeks of the interven-
tion.!6 Therefore, we also observed the outcomes after 4
weeks of intervention.

The 6MWD was used as a primary observational vari-
able to evaluate the therapeutic effects of electrical stimu-
lation in subjects with severe COPD.

The improvement in 6 MWD was more significant in the
study intervention group (65.53+39.45 m) when compared
with the control intervention group (26.66+32.65 m). Ac-
cording to previous research, the increment in 6MWD,
with the use of inspiratory neuromuscular electrostimula-
tion, ranged from 25-33 m.!% 20 The reason for a greater
improvement in 6MWD, within the study intervention
group of this trial, could be due to the combined electrical
stimulation of the diaphragmatic and abdominal muscles.
These findings are consistent with the results of previous
studies.2! According to some meta-analysis, the combi-
nation of inspiratory and expiratory muscle training was
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more effective in enhancing exercise performance than in-
spiratory muscle training alone.5: 22

It is known that the expiratory muscles are activated
mostly at the end of expiration in subjects with COPD.23
Here, the study intervention group showed a trend towards
a greater improvement in the mMRC Score, in comparison
to the control intervention group. The lack of significant
statistical differences may be related to the short trial pe-
riod and the small sample size. Electrostimulation might
prevent muscle function deterioration,2* improve muscle
strength and dyspnea in individuals with low Body Mass
Index.25

Although the therapeutic effects of COPD are often
judged by the changes in FEV,, there was no significant
improvement in the pulmonary functions after 4 weeks of
intervention. Weiner et al. demonstrated that, when inspi-
ratory muscle training was used alone, there was no im-
provement in the maximum expiratory pressure.26 How-
ever, the authors observed that the combined inspiratory
and expiratory muscle training provided higher gains in
the maximum inspiratory and expiratory pressure of the
intervention group when compared to the control group.¢
These studies emphasized the importance of improving
the efficiency of both inspiratory and expiratory muscles
in subjects with COPD. Meanwhile, as reported previ-
ously, short-term pulmonary rehabilitation may not have
a significant impact on FEV,.27 Longer-term clinical trials
are warranted in the future to validate this hypothesis.

The main expected benefit of the intervention in sub-
jects with severe COPD is likely to be related to muscle
activity and reinforcement. In our study, although the in-
crease of diaphragm motion did not amount to a statisti-
cally significant difference, we observed a greater increase
in diaphragmatic motion during quiet breathing and deep
breathing after 4 weeks of the study intervention. This
could be due to several reasons. First, Prieur et al. evaluat-
ed the effects of electrical stimulation, on skeletal muscle
oxygenation in patients with COPD.28 They determined
that deoxygenation and increased oxygen uptake occurred
in the muscle and tissue during electrical stimulation. The
deoxygenation might reflect a lower level of voluntary
muscle activity during the electrical stimulation, suggest-
ing that the metabolic load of the muscle was increased
by electrical stimulation. In addition, electrical stimulation
can improve muscle strength in peripheral muscles.2’

By subgrouping the participants into GOLD-3 versus
GOLD-4, we could explore whether the effects differed
between the subjects with different severities. The results
showed a trend towards favorable outcomes in GOLD-
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4 COPD subjects, indicating that individuals with lower
pulmonary function may achieve significant gains in pul-
monary function, which could be explained by the trend
towards an increment in the range of diaphragmatic mo-
tion. This indicates that subjects with a high level of im-
pairment might respond favorably.

No severe adverse events related to the intervention
were observed in both groups. There was only one adverse
event related to the intervention in the control group; the
participant reported persistent erythema, which was pos-
sibly related to the use of adhesive electrodes. Overall,
the risk of electrical stimulation appeared to be minimal,
and related-adverse events were a few, suggesting that this
technique was well tolerated by the subjects, regardless of
their disease severity.

The improvement in respiratory muscle strength is im-
portant for patients with COPD. Pulmonary rehabilitation
has been demonstrated to reduce dyspnoea, increase ex-
ercise capacity, and improve the quality of life in subjects
with COPD.6. 10 Respiratory muscle training is an effec-
tive way for COPD patients to recover. However, many
training exercises require patients to perform active work,
resulting in poor patient compliance and limited treatment
effects. Furthermore, many patients do not participate in
these training sessions due to personal reasons. Neuromus-
cular electrical stimulation is a passive training method
that allows selective muscles to contract without the need
for active work. It has been found that electrical stimula-
tion could partly mimic the muscle training procedure and
had a similar, although partial, effect on muscle function.2!

The results suggest that inspiratory plus expiratory neu-
romuscular electrical stimulation may represent a novel
form of neuromuscular electrical stimulation and could be
a promising method of pulmonary rehabilitation. Electri-
cal stimulation of the respiratory muscles has also been uti-
lized in the treatment of other diseases: a study found that
functional electrical stimulation of the abdominal muscles
could shorten ventilation duration and intensive care unit
length of staying in mechanically ventilated patients;2°
in addition, a new review showed that neuromuscular or
functional electrical stimulation could slightly reduce the
duration of invasive mechanical ventilation . Further stud-
ies, to evaluate the effects of electrical stimulation in criti-
cally ill patients should be undertaken.

Limitations of the study

There are some limitations in the present study. First, this
study was not blinded as there were significant differenc-
es in the function and appearance of the devices used in
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the study intervention and the control intervention group.
Second, the subjects in this trial demonstrated a higher
6MWD when compared to the European subjects. One
possible reason for this discrepancy might be due to all
participants being recruited from a stable outpatient group.
In the multicentre study conducted by Waschki et al., the
subjects achieved a mean 6MWD of 364 m with a similar
FEV, level; the results may have been biased due to the in-
clusion of relatively severe subjects.30 Future studies need
to recruit subjects with lower functional exercise capacity.
Third, our study involved intervention for only 4 weeks
and did not include a longer observation and follow-up pe-
riod. Based on this research, future work should consider
longer programs of intervention. Fourth, we did not take
into account the improvement in the muscles, functional
performance, symptoms other than dyspnoea, and other
health-related changes affecting the patient’s quality of
life. Future studies should preferably be designed to per-
mit more effects to be perceived.

Conclusions

The preliminary results demonstrate an advantage in im-
proving the functional exercise capacity of severe, stable
COPD subjects, after 4 weeks of treatment with inspira-
tory plus expiratory neuromuscular electrical stimulation.
Our study further consolidates the important role of neu-
romuscular electrical stimulation in pulmonary rehabilita-
tion. More extensive, long-term studies are necessary to
confirm the clinical and functional benefits of this tech-
nique and define the precise therapeutic indications.
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