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Background: Inspiratory muscle training (IMT) is a simple and well-tolerated
physical therapy that increases respiratory muscle strength and relieving the
degree of dyspnea and fatigue. Therefore, it may be used as a transitional
modality before exercise training or as a specific physical therapy intervention
for those who are diagnosed with respiratory muscle weakness. However,
the current evidence on IMT in pulmonary hypertension (PH) patients is
inconclusive. The purpose of this systematic review and meta-analysis was
to summarize the current role of IMT in this group of patients.

Methods: PubMed, EMBASE, and Cochrane databases were searched through
May 2022. Trials examining the feasibility and effectiveness of IMT in PH
patients. Outcome measures included adverse events, training adherence
and compliance, maximum inspiratory pressure (MIP), maximum expiratory
pressure (MEP), forced vital capacity (FVC%), forced expiratory volume in
1 s (FEV1%), FEV1/FVC%, 6 min walk distance (6MWD), Peak VO,, dyspnea,
and fatigue perception after the IMT training program. Only randomized
controlled trials were included. The Cochrane Risk of Bias tool for controlled
trials was adopted to assess study quality. Statistical heterogeneity was
evaluated with the chi-square test and /2 statistic. Mean differences and 95%
confidence intervals (Cls) were estimated.

Results: We ultimately identified four studies that met the criteria. These
studies comprised 80 patients with 16 males and 64 females. The mean
age was 53.25. The main types of PH were group I (pulmonary arterial
hypertension, 95%) and group IV (chronic thromboembolic PH, 5%). No severe
adverse events were reported in the included studies. IMT had a significant
effect on improving MIP (18.89 cmH,O; 95% Cl: 9.43-28.35, P < 0.001) and
MEP (8.06 cmH,0O; 95% Cl: 2.39-13.73; P = 0.005), increase in the 6MWD
(30.16 m; 95% CI: 1.53-58.79; P = 0.04). No significant improvement was
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found in pulmonary function (P > 0.05), and uncertain effect on the quality
of life (Qol) score.

Conclusion: Based on currently limited evidence, IMT is an effective physical
therapy for increasing respiratory muscle function and exercise capacity, but
still a lack of evidence on dyspnea and fatigue levels, pulmonary function,
and QoL in PH patients. There are reasons to believe that IMT is a promising
intervention in PH patients, enriching rehabilitation options and serving as
a bridge before formal exercise training. It is expected that IMT will play
an important role in the future clinical pathway of physical therapy for this

group of patients.

Systematic review registration: [https://www.crd.york.ac.uk/PROSPERO/
logout.php], identifier [CRD42022335972].

pulmonary hypertension, inspiratory muscle training, maximal inspiratory pressure,
exercise capacity, quality of life

Introduction

Pulmonary hypertension (PH) is an uncommon but
devastating disorder characterized by obliterative pulmonary
vascular remodeling, leading to a progressive increase in
pulmonary vascular resistance and right heart failure (1). The
prevalence of PH is about 1% and rising to 10% in the older
population all over the world (2). Left heart or lung disease
is the most common cause of PH. PH-induced decrease in
pulmonary vasculature distensibility leads to a marked increase
in mean pulmonary arterial pressure (mPAP) during exercise.
This resulted in decreased pulmonary blood flow and cardiac
output, which further impaired exercise capacity (3). This
may further aggravate the symptoms of fatigue and dyspnea,
impair physical function, and ultimately increase the risk of
mortality (4).

An accumulation body of evidence demonstrates that
exercise-based cardiac rehabilitation can relieve clinical
symptoms and increase exercise capacity and quality of life
(QoL) in PH patients (5). The latest European Society of
Cardiology (ESC) and the European Respiratory Society(ERS)
guidelines recommend that supervised exercise training should
be considered in PAH patients with optimal drug treatment
(Class I, evidence Level A) (6). However, the participation
rate in clinical practice is not as high as desired (7). Increased
dyspnea, feelings of fatigue, or inability to tolerate the intensity
of exercise may be the reasons why PH patients are unable
to participate in exercise training in clinical practice (8).
Therefore, it is important to find a physical therapy technique
for PH patients that can transition to regular exercise training
and allows similar effects as exercise training.

Inspiratory muscle training (IMT) is a simple and well-
tolerated physical therapy approach that may be a good choice.
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Previous studies have clarified the feasibility and effectiveness,
especially on inspiratory muscle strength, functional capacity,
and QoL in heart failure patients (9). In fact, respiratory muscle
weakness, mainly the diaphragm, is an important factor in the
reduced exercise capacity of patients with chronic respiratory
and cardiovascular diseases (10, 11). The same situation exists in
PH patients (12). Kabitz et al. (13) found maximum inspiratory
pressure (MIP) and maximum expiratory pressure (MEP) were
significantly lower in PAH patients and were associated with
exercise intolerance. It is suggested that the potential role of
respiratory muscle dysfunction may be a contributing factor to
exercise intolerance in PAH patients. During exercise, patients
with respiratory muscle weakness are prone to increased
work of breathing, altered ventilatory response, and increasing
dyspnea, which may ultimately lead to exercise intolerance (14).
And as a form of muscle strength training, IMT can induce
adaptive changes in respiratory muscle structure by increasing
the strength or endurance of the diaphragm-based inspiratory
muscles and other inspiratory support muscles, conferring
higher strength, and fatigue resistance, thus enabling patients
to maintain higher ventilation volumes while improving gas
exchange (15, 16). This may be the underlying mechanism by
which IMT improves the degree of dyspnea, exercise capacity,
and QoL in PH patients.

To date, a few studies have focused on the safety,
feasibility, and effectiveness of IMT in PH patients (17, 18).
Saglam et al. (17) first reported that IMT can significantly
improve inspiratory muscle strength, exercise capacity, dyspnea,
and fatigue in PH patients (P < 0.05). However, there
is no systematic review focused on the application of
IMT in PH patients. Considering that, this systematic
review and meta-analysis were to explore the safety and
feasibility of isolated IMT in PH patients. It also further
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Flow chart of selecting studies for inclusion in systematic review and meta-analysis.

analyses the effects of this intervention on respiratory
muscle function, pulmonary function, dyspnea, fatigue, exercise
capacity, and QoL, intending to find a safe and effective
transitional treatment option prior to exercise training for this
group of patients.

Methods

This systematic review and meta-analysis were conducted in
accordance with the Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA) guidelines and were
registered in PROSPERO (CRD42022335972).

Searching strategy
PubMed, EMBASE, and Cochrane databases were searched

from the establishment of the database to May 2022. Search
strategies consisted of two components: participants (PH,
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pulmonary arterial hypertension, pulmonary vascular disease,
PH) and interventions (respiratory muscle training, inspiratory
muscle training, expiratory muscle training, IMT, RMT),
the detailed search method and PICOs format are shown
in Supplementary Tables 1, 2. We also hand-searched the
reference lists of candidate articles to find the articles that
might have been missed during the literature search. All titles
and abstracts were independently screened by two authors. For
conflicting evaluations, the third senior author was consulted to
solve the dispute and a final decision was made by most votes.

Selection criteria

Studies were included according to the following inclusion
criteria: (1) subjects aged >18 years with PH based on clinical
diagnosis (19); (2) randomized control trial investigating the
effects of isolated IMT, compared with sham IMT or no
IMT(control group); (3) one of the following results must be
reported: MIP, MEP, forced expiratory volume in 1 s (FEV}),
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forced vital capacity (FVC), FEV;/FVC%, 6 min walk distance
(6MWD), QoL, dyspnea and fatigue perception, feasibility, and
safety. Studies were excluded if they were: (1) meeting abstracts,
reviews, non-human trials, protocols, observational studies, and
case reports; (2) exercise training or other types of physical
therapy were combined.

Data extraction

Two authors independently extracted data with a priori-
developed data extraction form. The following data were
collected: (1) demographic and clinical information of study
population such as age, gender, New York Heart Association
Class (NYHA) or Word Health Organization Functional
Class (WHO-FC), mPAP; (2) detailed intervention parameters
including training type, frequency, duration, and intensity; (3)
baseline and endpoint outcomes including MIP, MEP, 6MWD,
Peak VO,, FVC, FEV|, Borg Score, QoL, and, adverse events.

Quality assessment

Cochrane Risk of Bias tool for controlled trials was adopted
to assess study quality. Aspects of random sequence generation,
allocation concealment, blinding of participants and personnel,
blinding of outcome assessments, incomplete outcome data,
selective reporting, and other biases were evaluated. Each
domain of these studies was assigned with either a low, high,
or unclear risk of bias.

Statistical analysis

Continuous data were presented with mean and standard
deviation (SD). Data integration was conducted following
the
calculated by combining means of the intervention and

standardized procedures. Means at baseline were
control groups, weighted by the number of participants
in each study group. SDs at baseline were estimated by
combining SDs of the intervention and control groups with
the following formula: SD = /[(N1-1) x SD12 + (N2-
1) x SD22 + N1 x N2/N1 + N2 x (M12 + M22-2 x M1 x M2)]
and weighted by the number of participants in each study
group (20).

Review Manager 5.2 (The Nordic Cochrane Center,
Copenhagen, Denmark) was used to conduct meta-analysis
for included studies if at least two studies assessing a specific
outcome with a similar instrument. Statistical heterogeneity was
evaluated with the chi-square test and I? statistic (21). The
statistic was categorized as (1) 2 = 0-24%: low; (2) I? = 25—
49%: moderate; (3) I2 = 50-74%: substantial; and (4) I? = 75—
100%: considerable heterogeneity. As we expected to generate
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substantial statistical heterogeneity, analyses were performed
with a random or fixed effect model according to the specific
heterogeneity. Variables such as MIP was analyzed for their
positive mean difference with 95% confidence intervals (Cls)
indicating the beneficial effects of IMT as compared to the
control interventions.

Results

Study selection

Figure 1 summarized the process of identifying eligible
studies. 291 publication items were identified during the
initial database search. After excluding the duplicates, 240
items entered the initial filtration by screening their titles
and abstracts. Then, 227 irrelevant (not meeting the inclusion
criteria) publications were directly excluded from further
filtration. By reading through 13 retrieved articles, we
further excluded nine articles addressing irrelevant topics and
considered the remaining four studies for possible eligibility.
Finally, four randomized controlled trials were included in the
current systematic review (17, 18, 22, 23). It was not possible
to perform a meta-analysis for the study by Tran et al. because
of the lack of data or units of measurement (22). Therefore, a
meta-analysis was conducted with three of included studies (17,
18, 23).

Study characteristics

Table 1 summarized the characteristics of included studies.
These studies comprised 80 patients with 16 males and 64
females. The mean age was 53.25. Each study reported WHO
functional class, eight patients were in class I, 39 patients were
in class II, and 23 patients were in class III in three included
studies (17, 18, 22). The main types of PH were group I
(pulmonary arterial hypertension, 95%) and group IV (chronic
thromboembolic PH, 5%). The training protocol applied in the
IMT was listed in Table 1. The training intensity performed 30%
of MIP in the study of Saglam et al. and Aslan et al., Tran et al.
used 30-40%, and Laoutaris et al. (23) used a high intensity (60%
sustained MIP) for training. Study duration ranged from 6 to
10 weeks.

Risk of bias

In the present systematic review and meta-analysis, the
Cochrane risk of bias tool was to evaluate the quality of the
included studies, and the results were presented in Figure 2.
Most of the included studies described the details regarding
allocation concealment, blinding of participants and personnel,
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TABLE 1 Characteristics and training protocol of included studies.

References Study Age  Male/Female BMI

design

WHO FC Mpap
(I/TI/TI1/IV) (mmHg)

Sample size Training

protocol

Outcomes

Saglam et al. (17) RCT 49.7 £ 124 6/25 26.7 £ 6.1

Laoutaris et al. RCT 54.6 134 4/6 264+4.7

(23)

0/16/15/0 67.3 £31.8

26+08 -

IMT: 14 CG: 15 IMT: 30% MIP; 30 min;
7 days/week; 6 weeks;
CG: 10% MIP; 30 min;

7 days/week; 6 weeks;

IMTG: 5 CG: 5 IMTG: 60% SPImax,
30 min, 3 times/week,
10 weeks;

CG: No training

e  Safety: One patient suffered from muscle soreness;
e  Adherence: Good adherence
e  Dyspnea and fatigue perception
AFSS score: IMT -6.6 + 3.6 vs. CG 0.0 £ 3.9, P < 0.001
AMMRC dyspnea score: IMT -0.29 + 0.47 vs. CG
0.124+0.34, P =0.012
e  Respiratory muscle strength
AMIP: IMT 26.14 £ 12.15 vs. CG 5.87 &= 12.64, P < 0.001
AMEP: IMT 10.00 £ 8.28 vs. CG 2.80 £ 9.81, P = 0.004
e  Pulmonary function
FEV|, % predicted value: P = 0.013
FVC, % predicted value: P = 0.105
FEV/FVC, %: P=0.715
e  Functional capacity
6MWT distance: P < 0.001
6MWT, % predicted value: P < 0.001
e Quality of life
NHP-energy: P = 0.663
NHP-pain: P = 0.145
NHP-emotional reactions: P = 0.006
NHP-sleep: P = 0.707
NHP-physical mobility: P = 0.945
NHP-social isolation: P = 0.180
e  Maximal inspiratory pressure
IMTG 94.4+16.8vs. CG71.4+11.3
e Inspiratory work capacity
SPImax: IMTG 412.8 + 38 vs. CG 302 & 61
e  Dynamic lung volumes
e  Exercise capacity
6MWT distance: IMTG 436 &= 95 vs. CG 376 £ 109
e  Health-related quality of life
IMTG: SF36v2® questionnaire, P = 0.004; physical
functioning, P = 0.001; role physical, P = 0.002; social
functioning, P = 0.03; reported health transition, P = 0.01
CG: No significant changes

(Continued)
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TABLE1 (Continued)

References Study Age  Male/Female BMI WHO FC Mpap Sample size Training
design (/I/HI/IV) (mmHg) protocol

Outcomes

Aslan et al. (18) RCT 48.7 £14.8 4/23 282464 8/12/7/0 50.1 +17.7 TIMT: 15 SG: 12 IMT: 30% MIP; 15 min,
twice/day; 5 days/week;
8 weeks;
SG: 9 cmH;0; 15 min,
twice/day; 5 days/week;
8 weeks;

Tran et al. (22) RCT 60 & 14 2/10 251+55 0/11/1/0 38.14+10.2 IMT: 6 CG: 6 IMT: 30-40% PImax; two
cycles of 30 breaths;
5 times/week; 8 weeks;
CG: Continue with their
routine management plan
and usual daily activity

Safety: No adverse effects

Adherence: Excellent adherence

Respiratory functions

AMIP: TIMT 17.8 £ 4.07 vs. SG 5.41 & 8.12, P = 0.023
AMEP: TIMT: 6.86 + 16.47 vs. SG -3.66 & 13.04, P = 0.092
AFEV] (%): TIMT 3.6 & 9.7 vs. SG ~4.91 % 11.64,

P =0.845

AFVC (%): TIMT -3.46 + 9.32 vs. SG -2.83 & 8, P = 0.864
AFEV, /FVC (%): TIMT -3.53 & 10.19 vs. SG

-1.08 + 13.26, P = 0.980

Functional exercise capacity

A6MWD: TIMT 23.6 & 54.73 vs. SG 1 + 26.24, P = 0.250
A%6MWD: TIMT 3.81 & 10.4 vs. SG 0.53 & 4.86, P = 0.282
Quality of life

AMLHFQ: TIMT -3.4 & 6.61 vs. SG -5.91 & 3.62,

P =0.240

AMLHFQ-physical subscore: TIMT -0.86 £ 4.3 vs. SG
-291+£2.71,P=0.081

AMLHFQ-emotional: TIMT -0.93 £ 3.82 vs. SG -1 £ 1.75,
P=0.883

Self-reported physical activity

ATotal energy expenditure: TIMT 446.4 + 1772.98 vs. SG
704.91 £ 1584.61, P = 0.608

APhysical activity duration: TIMT -12.46 & 254.93 vs. SG
3.41 £63.99, P =0.542

AActive energy expenditure: TIMT -15.66 + 254.93 vs. SG
361.66 £ 971.39, P = 0.421

ANumber of steps: TIMT 296.86 =+ 2842.56 vs. SG

700.66 £ 1411.5, P = 0.770

Compliance: 449/460 (98%) cycles

Average training duration: 7.7 £ 0.8 weeks

Pulmonary function testing

AFEV] (% pred): -2.2 (-7.3 t0 2.9), P = 0.35

AFVC (% pred): 0.4 (-6.3 t0 7.2), P = 0.89

AFEV/FVC (% pred): -2.4 (-9.5 to 4.6), P = 0.46
Respiratory muscle function testing

APImax: 20.5 (3.9-37.1), P = 0.02

APImax (% pred): 23.4 (1.8-45.0), P = 0.04

APEmax: 6.7 (-15.9 t0 29.2), P = 0.53

APEmax (% pred): 11.5 (-14.1 to 37.0), P = 0.34
Echocardiography and cardiopulmonary exercise testing
APeak VO,: 0.4 (-2.6 to 3.4), P = 0.77

ANadir VE/VCO,: 0.4 (-3.8 to 4.5), P = 0.84

AOQOUES: 57.8 (-115.2 t0 230.7), P = 0.47
Functional exercise capacity

A6MWD: 36.5 (3.5-69.5), P = 0.03
N-terminal pro B-type natriuretic peptide: -9.6 (-28.8 to
9.5), P=0.29

RCT, randomized control trial; BMI, body mass index; mPAP, mean pulmonary artery pressure; WHO FC, World Health Organization Functional Class; IMT, inspiratory muscle training; TIMT, threshold inspiratory muscle training; IMTG, inspiratory
muscle training group; MIP, maximal inspiratory pressure; MEP, maximal expiratory pressure; PImax, maximal static inspiratory pressure; PEmax, maximal static expiratory pressure; FEV1, forced expiratory volume in 1 s; FVC, forced vital capacity; peak
VO,, peak oxygen consumption; FSS, fatigue severity scale; MMRC, modified medical research council; 6MW'T, 6 min walk test; NHP, Nottingham Health Profile; SPImax, sustained maximal inspiratory pressure; SF36v2®, short form health survey; CG,
control group; SG, sham group; MLHFQ, Minnesota Living with Heart Failure Questionnaire; OUES, oxygen uptake efficiency slope; VE, minute ventilation; VCO2, carbon dioxide production.
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blinding of outcome assessment, incomplete outcome data,
and selective reporting (17, 18, 22). The other indexes of bias
typically lacked specific descriptions in the included clinical
studies (17, 18, 22). The study by Laoutaris et al. (23) did not
report in detail the Cochrane risk of bias assessment, so the level
of risk was not clear for most of the assessment components.

Outcome measures

Safety and feasibility

Two of the included studies examined the safety of IMT (17,
18). Saglam et al. (17) reported one patient suffered from muscle
soreness during the first treatment session, however, no patients
withdrew from training during the IMT program. Saglam et al.
and Aslan et al. (17, 18) found good adherence to IMT training,
with patients completing the training protocol. Tran et al. (22)
found compliance with the IMT protocol to be 449/460 (98%).

Dyspnea and fatigue perception

Only one study observed dyspnea and fatigue perception
after IMT, and it was not possible to perform a meta-analysis.
The results showed a significant decrease in the fatigue severity
scale score in the IMT group compared with the sham group
(-6.6 £ 3.6 vs. 0.0 £ 3.9, P = 0.012, respectively) (17).
The Modified Medical Research Council dyspnea scale scores
significantly improved in the IMT group compared with the
sham group (-0.29 £ 0.47 vs. 0.12 & 0.34, P < 0.001) (17).

Respiratory muscle strength

The effect of IMT on respiratory muscle strength was
reported in all the included studies (17, 18, 22, 23). Three
studies conducted a meta-analysis (17, 18, 23). MIP increased
significantly following IMT with a mean net change of
18.89 cmH,0 (95% CI: 9.43-28.35, P < 0.001) compared with
sham/control group (Figure 3). As a low level of heterogeneity
was apparent in the result (P = 0.05; I? = 67%), a random-effect
model was applied. Tran et al. (22) found that the IMT group
improved MIP by 31 cmH;0 compared with 10 cmH,O in
controls, P =0.02. A fixed-effect model was used to analyze MEP
reported by two studies (17, 18). Significant improvement was
detected in MEP (8.06 cmH,0; 95% CI: 2.39-13.73; P = 0.005)
compared with sham group (Figure 3).

Pulmonary function

Three of the included studies reported the impact of IMT on
pulmonary function (17, 18, 22), and only two of them did the
meta-analysis (17, 18). The pooled analysis found no significant
differences in FVC%, FEV %, and FEV{/FVC% between the
IMT group and sham group (P > 0.05, Figure 4) (17, 18). Tran
etal. (22) found there was no significant improvement in FVC%,
FEV1%, and FEV;/FVC% compared with control group.
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Exercise capacity

A 6 min walking test and cardiopulmonary exercise test
were used to assess the exercise capacity in PH patients. All
studies reported the impact of 6MWD (17, 18, 22, 23). Three
of them did the meta-analysis and the pooled analysis found
significant differences in 6MWD between the sham/control
group (30.16 m; 95% CI: 1.53-58.79; P = 0.04) (Figure 5) (17,
18). Tran et al. (22) investigated the improvement of 6MWD
(P < 0.001), but no significance in RestingVO,, PeakVO3,
PeakHR, Oxygen pulse, VO, at AT, VE/VCO,, oxygen uptake
efficiency slope, and Peak RER compared with the control group
(P> 0.05).

Quality of life

Two included studies assessed the impact of IMT on
QoL (17, 18). Saglam et al. (17) used the Nottingham Health
Profile (NHP) scale to assess QoL. Emotional reactions domain
scores on the NHP improved significantly in the IMT group
after training compared with the sham group (P = 0.006).
No significant differences were observed between or within
groups in the other domains of the NHP. Aslan et al
(18) used Minnesota Living with Heart Failure Questionnaire
(MLHFQ) for the QoL assessment. The study reported that
MLHFQ (P = 0.002) and the physical sub-scores of MLHFQ
(P = 0.008) were improved in the sham group (18). There
was a decrease in the scores of both the IMT group and the
sham group after the intervention, but the comparison of the
change values between the two groups was not statistically
significant (P = 0.240). Laoutaris et al. (23) used the SF36v2®
questionnaire for health-related QoL assessment, found IMT
significantly improved SF36v2° questionnaire (P = 0.004) and
found improved significantly physical functioning (P = 0.001),
role physical (P = 0.002), social functioning (P = 0.03), reported
health transition (P = 0.01) compared with control group.

Discussion

This systematic review and meta-analysis showed that IMT
is a safe, feasible, and well-tolerated physical therapy in PH
patients. Furthermore, IMT has been shown to significantly
improve respiratory muscle function, and exercise capacity.
Only one study has reported changes in dyspnea and fatigue
after training with IMT, therefore, the evidence remains
insufficient. Also, the effect of this intervention on pulmonary
function and QoL in PH patients remains unclear. Based on the
currently limited evidence, it is reasonable to believe that IMT
may be a transitional physical therapy before exercise training
for PH patients. Because the improvement of respiratory muscle
strength can better help PH patients adapt to the intensity of
exercise training and optimize cardiac rehabilitation programs.
This is also the first systematic review and meta-analysis that
analyzed the effects of isolated IMT on respiratory muscle
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of bias.
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FIGURE 3

Forest plot showing the net change of maximal inspiratory pressure (MIP) and maximal expiratory pressure (MEP). (A) The net change of MIP,
(B) the net change of MEP.
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Forest plot showing the net change of pulmonary function. (A) The net change of FEV1%, (B) the net change of FVC%, and (C) the net change of
FEV1/FVC%. FEV1, forced expiratory volume in 1's, FVC, forced vital capacity
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FIGURE 5
Forest plot showing the net change of 6 min walk distance (6MWD).

strength, exercise capacity, and QoL in PH patients (24). Finally,
the impact of IMT on these outcomes remains uncertain due to
the limited number of included trials, and more well-designed,
large randomized controlled clinical studies are still needed.
Exercise training has been previously excluded from
intervention options for PH patients due to the potential impact
on the deterioration of right ventricular function as well as the
potential risk of a decrease in cardiac output during intervention
(25). However, this perception has been turned upside down
in the last two decades as the value of exercise-based cardiac
rehabilitation has been progressively demonstrated in PH
patients. The ESC/ ERS presented a strong recommendation
on supervised exercise training for PAH patients under optimal
medical therapy (Class I, Level A) (26). As exercise training
entered clinical practice, its drawbacks gradually emerged. On
one hand, the acceptance of exercise training is limited in
developing countries like China compared to western countries
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(27). Some misconceptions such as medication or surgery are
the only way to address or relieve the symptoms of a disease
rather than exercise. On the other hand, in the early stages of
exercise training, PH patients are usually discouraged by severe
dyspnea due to difficulty accepting the training intensity. From
a clinical practice perspective, we consider the role of IMT may
not only as an important component of physical therapy for
respiratory muscle weakness but also as a transition intervention
prior to formal exercise training, i.e., to optimize the dyspnea
and fatigue level prior to exercise training in PH patients.

IMT has been extensively studied as a targeted approach
to improving respiratory muscle weakness in cardiovascular
diseases (11). Several studies have found a reduction in
MIP as well as MEP in patients with PAH (13, 28). The
first evidence of respiratory muscle weakness in idiopathic
pulmonary arterial hypertension (IPAH) was provided in
a study by Meyer et al. (28). The results showed that
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inspiratory and expiratory muscle weakness was independent
of reduced pulmonary hemodynamics, exercise capacity, or
ventilation efficiency (28). Manders et al. (29) found that
chronic thromboembolic pulmonary hypertension (CTEPH)
patients had reduced maximal contraction capacity of the
slow-contracting muscle fibers of the diaphragm compared to
controls, as well as reduced calcium sensitivity of the fast-
contracting muscle fibers. These microstructural abnormalities
were associated with a reduction in overall respiratory muscle
strength, ultimately manifesting as a reduction in maximum
“static” inspiratory pressure (29). In addition, diaphragm
biopsies in PH patients show diaphragm atrophy reduced
contractility, and reduced capillary density, abnormalities that
may lead to defects in respiratory mechanics, i.e., the inability to
change the tidal volume with increasing exercise load, resulting
in increased dyspnea during exercise (30, 31). Boucly et al
(30) further demonstrated that when the inspiratory reserve
is severely reduced, the inflection point in the tidal volume
response marks the transition from the increased respiratory
effort to unsatisfactory inspiration, a more unpleasant sensation
associated with anxiety. All these results suggest that the
important factor of respiratory muscle dysfunction should not
be ignored in PH patients.

The results from this systematic review and meta-analysis
showed that IMT significantly improved inspiratory muscle
strength in PH patients in the included studies, patients with
PH had an average MIP of 61.1 cmH,O before intervention
(17, 18). According to the 2002 American Thoracic Society/ERS
statement on respiratory muscle testing, a MIP of 80 cmH,O is
required to rule out inspiratory muscle weakness (32). After 6-
10 weeks of training, the MIP of PH patients in the intervention
group was significantly improved. The pooled results showed
a significant increase in MIP in the IMT group compared to
the sham/control group (P < 0.001), the mean improvement
was 18.89 cmH,0 (17, 18, 23), and the average MIP values
after training exceeded or reached the minimum standard of
normal inspiratory muscle strength (80 cmH,0O). This means
patients with PH can achieve normal levels of inspiratory
muscle function after IMT. Another interesting result is that
IMT also increased expiratory muscle function in PH patients
(8.06 cmH,0) after IMT. One possible explanation is that IMT
may have also increased the patient’s expiratory capacity because
the intercostal muscles, which act as expiratory muscles, have
also been trained during forced ventilation (33). However, the
included studies had opposite findings, so more studies are
needed to further explore.

Increased dyspnea and fatigue are common occurrences in
PH patients (34). This has a profound impact on participation
in exercise training and QoL. Only one of our included studies
reported the effect of IMT on dyspnea and fatigue in PH
patients (17). The results showed that the dyspnea index and
fatigue were significantly reduced in the intervention group.
The possible mechanisms can be explained by the fact that IMT
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decreased the relative ventilatory load (increased respiratory
muscle strength) (35), and/or the absolute ventilatory load (due
to improvement in respiratory mechanics). However, the lack
of change in spirometry in the context of improved respiratory
muscle strength potentially suggests the former, more research
is needed to make that conclusion. Reducing dyspnea by
increasing respiratory muscle strength is a unique advantage of
IMT. In addition, patients with less than 70% of the predicted
MIP also showed a greater sense of dyspnea throughout exercise
(36). Therefore, although the current evidence is limited, IMT
may be a specialized training method to improve dyspnea and
fatigue in PH patients.

Previous studies have found an association between 6 MWD
and long-term clinical outcomes in PH patients (37). More
recently, Gabler et al. (38) found that an improvement in
6MWD > 41.8 m was associated with a lower incidence of
clinical events. Therefore, improvement in 6MWD was used as
a surrogate endpoint for efficacy evaluation in clinical trials in
patients with PAH (39). The pooled results of our meta-analysis
demonstrated the significant improvement of 6MWD after
IMT when compared with the sham/control group (30.16 m,
P = 0.04) (17, 18, 23). A possible explanation is that the
improvement in inspiratory muscle strength facilitated by IMT
may have helped to improve the patients respiratory muscle
fatigue and dyspnea thereby improving the patient’s exercise
capacity (40). However, our results showed improvement was
limited and did not result in significant changes in all included
studies. This suggests the value of IMT in physical therapy may
not a substitute for exercise training, but rather plays a role in
the overall intervention program as a transition prior to exercise
training or as a specialized physical therapy modality to modify
respiratory muscle weakness in patients with PH.

However, the limitations of our systematic review and meta-
analysis should also be noted. Firstly, there are currently few
clinical studies on isolated IMT in patients with PH, only
four were included in this systematic review and three in the
meta-analysis. However, from the limited evidence, we still
found the effect of IMT on the improvement of inspiratory
muscle strength and exercise capacity. Secondly, for the QoL,
the evaluation methods used in each article are different, so
we cannot clarify whether IMT can improve the QoL of PH
patients, which is a question that needs to be further explored in
follow-up studies. Thirdly, although the proportion of women
over men (56-86%) (41) in patients with PAH reported in
epidemiological studies appears to be consistent with the gender
ratio of patients included in this systematic review and meta-
analysis, we should still be aware that these results may not
be representative of the value of IMT in male with PH and
therefore, and this is worth exploring in future studies. Finally,
as a strength training method, there is no uniform standard for
the training prescription, the best mode of training and which
patients benefit from this intervention are not clear. Therefore,
clinical research is still needed in the future to further clarify the
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effect of IMT and provide new evidence for inspiratory muscle
training in patients with PH.

Conclusion

Based on the existing evidence, IMT is an effective physical
therapy for increasing respiratory muscle function and exercise
capacity, but still a lack of evidence on dyspnea and fatigue
levels, pulmonary function, and QoL in PH patients. At the
same time, we have reason to believe that IMT is a potential
intervention in PH patients, which can enrich physical therapy
options and serve as a bridge before formal exercise training. It is
expected that IMT will play a more important role in the clinical
pathway of cardiac rehabilitation for PH patients in the future.
Moreover, the safety and efficacy of IMT in PH patients need
to be further verified by large multi-center clinical randomized
controlled trials.

Data availability statement

The raw data supporting the conclusions of this article will
be made available by the authors, without undue reservation.

Author contributions

ZL and PY made the substantial contributions to the
conception and design of the work. XZ and HQ searched,
selected the materials, and extracted the data. ZL wrote the
manuscript. XZ, HQ, YW, and JW revised the manuscript
carefully and contributed to the statistical analysis. All authors
have read and approved the final manuscript.

References

1. Vonk Noordegraaf A, Groeneveldt JA, Bogaard HJ. Pulmonary hypertension.
Eur Respir Rev. (2016) 25:4-11. doi: 10.1183/16000617.0096-2015

2. Hoeper MM, Humbert M, Souza R, Idrees M, Kawut SM, Sliwa-Hahnle K,
etal. A global view of pulmonary hypertension. Lancet Respir Med. (2016) 4:306-22.
doi: 10.1016/52213-2600(15)00543-3

3. Naeije R, Vanderpool R, Dhakal BP, Saggar R, Saggar R, Vachiery JL, et al.
Exercise-induced pulmonary hypertension: physiological basis and methodological
concerns. Am ] Respir Crit Care Med. (2013) 187:576-83. doi: 10.1164/rccm.
201211-2090CI

4. Benjamin N, Marra AM, Eichstaedt C, Griinig E. Exercise training and
rehabilitation in pulmonary hypertension. Heart Fail Clin. (2018) 14:425-30. doi:
10.1016/j.hfc.2018.03.008

5. Morris NR, Kermeen FD, Holland AE. Exercise-based rehabilitation
programmes for pulmonary hypertension. Cochrane Database Syst Rev. (2017)
1:CD011285. doi: 10.1002/14651858.CD011285.pub2

6. Humbert M, Kovacs G, Hoeper MM, Badagliacca R, Berger RM, Brida M,
et al. 2022 ESC/ERS Guidelines for the diagnosis and treatment of pulmonary
hypertension: developed by the task force for the diagnosis and treatment of
pulmonary hypertension of the European society of cardiology (ESC) and the

Frontiers in Cardiovascular Medicine

11

10.3389/fcvm.2022.999422

Funding

This study was supported by the Major Project of Science
and Technology Department in Sichuan Province China (Grant
Number 2022YFS0112).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher's note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be
found online at: https://www.frontiersin.org/articles/10.3389/
fcvm.2022.999422/full#supplementary- material

European respiratory society (ERS). endorsed by the international society for heart
and lung transplantation (ISHLT) and the European reference network on rare
respiratory diseases (ERN-LUNG). Eur Heart J. (2022) 43:3618-731.

7. Griinig E, Eichstaedt C, Barbera JA, Benjamin N, Blanco I, Bossone E, et al. ERS
statement on exercise training and rehabilitation in patients with severe chronic
pulmonary hypertension. Eur Respir J. (2019) 53:1800332. doi: 10.1183/13993003.
00332-2018

8. Richter MJ, Grimminger J, Kriiger B, Ghofrani HA, Mooren FC, Gall H, et al.
Effects of exercise training on pulmonary hemodynamics, functional capacity and
inflammation in pulmonary hypertension. Pulm Circ. (2017) 7:20-37. doi: 10.1086/
690553

9. Azambuja ACM, de Oliveira LZ, Sbruzzi G. Inspiratory muscle training in
patients with heart failure: what is new? systematic review and meta-analysis. Phys
Ther. (2020) 100:2099-109. doi: 10.1093/ptj/pzaal71

10. Cao Y, Li P, Wang Y, Liu X, Wu W. Diaphragm dysfunction and rehabilitation
strategy in patients with chronic obstructive pulmonary disease. Front Physiol.
(2022) 13:872277. doi: 10.3389/fphys.2022.872277

11. Smith JR, Taylor BJ. Inspiratory muscle weakness in cardiovascular diseases:
implications for cardiac rehabilitation. Prog Cardiovasc Dis. (2022) 70:49-57.

frontiersin.org


https://doi.org/10.3389/fcvm.2022.999422
https://www.frontiersin.org/articles/10.3389/fcvm.2022.999422/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fcvm.2022.999422/full#supplementary-material
https://doi.org/10.1183/16000617.0096-2015
https://doi.org/10.1016/S2213-2600(15)00543-3
https://doi.org/10.1164/rccm.201211-2090CI
https://doi.org/10.1164/rccm.201211-2090CI
https://doi.org/10.1016/j.hfc.2018.03.008
https://doi.org/10.1016/j.hfc.2018.03.008
https://doi.org/10.1002/14651858.CD011285.pub2
https://doi.org/10.1183/13993003.00332-2018
https://doi.org/10.1183/13993003.00332-2018
https://doi.org/10.1086/690553
https://doi.org/10.1086/690553
https://doi.org/10.1093/ptj/pzaa171
https://doi.org/10.3389/fphys.2022.872277
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/

Luo et al.

12. Panagiotou M, Peacock AJ, Johnson MK. Respiratory and limb muscle
dysfunction in pulmonary arterial hypertension: a role for exercise training? Pulm
Circ. (2015) 5:424-34. doi: 10.1086/682431

13. Kabitz HJ, Schwoerer A, Bremer HC, Sonntag F, Walterspacher S, Walker D,
et al. Impairment of respiratory muscle function in pulmonary hypertension. Clin
Sci. (2008) 114:165-71. doi: 10.1042/CS20070238

14. Romer LM, Polkey MI. Exercise-induced respiratory muscle fatigue:
implications for performance. J Appl Physiol. (1985) 2008:879-88. doi: 10.1152/
japplphysiol.01157.2007

15. Cordeiro AL, de Melo TA, Neves D, Luna ], Esquivel MS, Guimaries AR, et al.
Inspiratory muscle training and functional capacity in patients undergoing cardiac
surgery. Braz ] Cardiovasc Surg. (2016) 31:140-4. doi: 10.5935/1678-9741.20160035

16. Turky K, Afify AMA. Effect of preoperative inspiratory muscle training
on alveolar-arterial oxygen gradients after coronary artery bypass surgery. |
Cardiopulm Rehabil Prev. (2017) 37:290-4. doi: 10.1097/HCR.0000000000000234

17. Saglam M, Arikan H, Vardar-Yagli N, Calik-Kutukcu E, Inal-Ince D, Savci S,
et al. Inspiratory muscle training in pulmonary arterial hypertension. ] Cardiopulm
Rehabil Prev. (2015) 35:198-206. doi: 10.1097/HCR.0000000000000117

18. Aslan GK, Akinci B, Yeldan I, Okumus G. A randomized controlled trial
on inspiratory muscle training in pulmonary hypertension: effects on respiratory
functions, functional exercise capacity, physical activity, and quality of life. Heart
Lung. (2020) 49:381-7. doi: 10.1016/j.hrtlng.2020.01.014

19. Langleben D, Archer S, Granton J, Hirsch AM, Levy RD, Mehta S, et al.
Canadian cardiovascular society and canadian thoracic society position statement
on pulmonary arterial hypertension. Can Respir J. (2005) 12:303-15. doi: 10.1155/
2005/156750

20. Follmann D, Elliott P, Suh I, Cutler J. Variance imputation for overviews
of clinical trials with continuous response. J Clin Epidemiol. (1992) 45:769-73.
doi: 10.1016/0895-4356(92)90054-Q

21. Higgins JP, Thompson SG, Deeks JJ, Altman DG. Measuring inconsistency in
meta-analyses. BMJ. (2003) 327:557-60. doi: 10.1136/bm;.327.7414.557

22.Tran D, Munoz P, Lau EMT, Alison JA, Brown M, Zheng Y, et al.
Inspiratory muscle training improves inspiratory muscle strength and functional
exercise capacity in pulmonary arterial hypertension and chronic thromboembolic
pulmonary hypertension: a pilot randomised controlled study. Heart Lung Circ.
(2021) 30:388-95. doi: 10.1016/j.hlc.2020.06.006

23. Laoutaris ID, Dritsas A, Kariofyllis P, Manginas A. Benefits of inspiratory
muscle training in patients with pulmonary hypertension: a pilot study. Hellenic
J Cardiol. (2016). [Epub ahead of print]. doi: 10.1016/j.hjc.2016.05.008

24. Needham DM, Sepulveda KA, Dinglas VD, Chessare CM, Friedman LA,
Bingham CO III, et al. Core outcome measures for clinical research in acute
respiratory failure survivors. an international modified delphi consensus study.
Am ] Respir Crit Care Med. (2017) 196:1122-30. doi: 10.1164/rccm.201702-0
3720C

25. Arena R, Cahalin LP, Borghi-Silva A, Myers J. The effect of exercise training
on the pulmonary arterial system in patients with pulmonary hypertension. Prog
Cardiovasc Dis. (2015) 57:480-8. doi: 10.1016/j.pcad.2014.03.008

26. Klinger JR, Elliott CG, Levine DJ, Bossone E, Duvall L, Fagan K, et al. Therapy
for pulmonary arterial hypertension in adults: update of the CHEST guideline
and expert panel report. Chest. (2019) 155:565-86. doi: 10.1016/j.chest.2018.
11.030

Frontiers in Cardiovascular Medicine

12

10.3389/fcvm.2022.999422

27. Muntner P, Gu D, Wildman RP, Chen ], Qan W, Whelton PK, et al.
Prevalence of physical activity among Chinese adults: results from the international
collaborative study of cardiovascular disease in Asia. Am J Public Health. (2005)
95:1631-6. doi: 10.2105/AJPH.2004.044743

28. Meyer FJ, Lossnitzer D, Kristen AV, Schoene AM, Kiibler W, Katus HA, et al.
Respiratory muscle dysfunction in idiopathic pulmonary arterial hypertension. Eur
Respir J. (2005) 25:125-30. doi: 10.1183/09031936.04.00095804

29. Manders E, Bonta PI, Kloek JJ, Symersky P, Bogaard HJ, Hooijman PE,
et al. Reduced force of diaphragm muscle fibers in patients with chronic
thromboembolic pulmonary hypertension. Am ] Physiol Lung Cell Mol Physiol.
(2016) 311:L20-8. doi: 10.1152/ajplung.00113.2016

30. Boucly A, Morélot-Panzini C, Garcia G, Weatherald J, Jais X, Savale L, et al.
Intensity and quality of exertional dyspnoea in patients with stable pulmonary
hypertension. Eur Respir J. (2020) 55:1802108. doi: 10.1183/13993003.02108-2018

31. Laveneziana P, Garcia G, Joureau B, Nicolas-Jilwan E Brahimi T, Laviolette
L, et al. Dynamic respiratory mechanics and exertional dyspnoea in pulmonary
arterial hypertension. Eur Respir J. (2013) 41:578-87. doi: 10.1183/09031936.
00223611

32. American Thoracic Society/European Respiratory Society. ATS/ERS
Statement on respiratory muscle testing. Am ] Respir Crit Care Med. (2002)
166:518-624. doi: 10.1164/rccm.166.4.518

33. Sasaki M, Kurosawa H, Kohzuki M. Effects of inspiratory and expiratory
muscle training in normal subjects. ] Jpn Phys Ther Assoc. (2005) 8:29-37. doi:
10.1298/jjpta.8.29

34. Gerges C, Lang IM. Changing perceptions in pulmonary hypertension.
Lancet Respir Med. (2014) 2:21-3. doi: 10.1016/52213-2600(13)70287-X

35. Mioxham J, Jolley C. Breathlessness, fatigue and the respiratory muscles. Clin
Med. (2009) 9:448-52. doi: 10.7861/clinmedicine.9-5-448

36. Rolim JV, Ota-Arakaki JS, Ferreira EVM, Figliolino GAM, Ivanaga I, Vieira
EB, et al. Inspiratory muscle weakness contributes to exertional dyspnea in chronic
thromboembolic pulmonary hypertension. PLoS One. (2018) 13:€0204072. doi:
10.1371/journal.pone.0204072

37. Miyamoto S, Nagaya N, Satoh T, Kyotani S, Sakamaki F, Fujita M, et al.
Clinical correlates and prognostic significance of six-minute walk test in patients
with primary pulmonary hypertension. Comparison with cardiopulmonary
exercise testing. Am ] Respir Crit Care Med. (2000) 161:487-92. doi: 10.1164/
ajrccm.161.2.9906015

38. Gabler NB, French B, Strom BL, Palevsky HI, Taichman DB, Kawut
SM, et al. Validation of 6-minute walk distance as a surrogate end point in
pulmonary arterial hypertension trials. Circulation. (2012) 126:349-56. doi: 10.
1161/CIRCULATIONAHA.112.105890

39. Ventetuolo CE, Benza RL, Peacock AJ, Zamanian RT, Badesch DB, Kawut SM.
Surrogate and combined end points in pulmonary arterial hypertension. Proc Am
Thorac Soc. (2008) 5:617-22. doi: 10.1513/pats.200803-029SK

40. Working Group on Cardiac Rehabilitation and Exercice Physiology and
Working Group on Heart Failure of the European Society of Cardiology.
Recommendations for exercise training in chronic heart failure patients. Eur Heart
J. (2001) 22:125-35. doi: 10.1053/euh;j.2000.2440

41. Cheron C, McBride SA, Antigny E, Girerd B, Chouchana M, Chaumais MC,
et al. Sex and gender in pulmonary arterial hypertension. Eur Respir Rev. (2021)
30:200330. doi: 10.1183/16000617.0330-2020

frontiersin.org


https://doi.org/10.3389/fcvm.2022.999422
https://doi.org/10.1086/682431
https://doi.org/10.1042/CS20070238
https://doi.org/10.1152/japplphysiol.01157.2007
https://doi.org/10.1152/japplphysiol.01157.2007
https://doi.org/10.5935/1678-9741.20160035
https://doi.org/10.1097/HCR.0000000000000234
https://doi.org/10.1097/HCR.0000000000000117
https://doi.org/10.1016/j.hrtlng.2020.01.014
https://doi.org/10.1155/2005/156750
https://doi.org/10.1155/2005/156750
https://doi.org/10.1016/0895-4356(92)90054-Q
https://doi.org/10.1136/bmj.327.7414.557
https://doi.org/10.1016/j.hlc.2020.06.006
https://doi.org/10.1016/j.hjc.2016.05.008
https://doi.org/10.1164/rccm.201702-0372OC
https://doi.org/10.1164/rccm.201702-0372OC
https://doi.org/10.1016/j.pcad.2014.03.008
https://doi.org/10.1016/j.chest.2018.11.030
https://doi.org/10.1016/j.chest.2018.11.030
https://doi.org/10.2105/AJPH.2004.044743
https://doi.org/10.1183/09031936.04.00095804
https://doi.org/10.1152/ajplung.00113.2016
https://doi.org/10.1183/13993003.02108-2018
https://doi.org/10.1183/09031936.00223611
https://doi.org/10.1183/09031936.00223611
https://doi.org/10.1164/rccm.166.4.518
https://doi.org/10.1298/jjpta.8.29
https://doi.org/10.1298/jjpta.8.29
https://doi.org/10.1016/S2213-2600(13)70287-X
https://doi.org/10.7861/clinmedicine.9-5-448
https://doi.org/10.1371/journal.pone.0204072
https://doi.org/10.1371/journal.pone.0204072
https://doi.org/10.1164/ajrccm.161.2.9906015
https://doi.org/10.1164/ajrccm.161.2.9906015
https://doi.org/10.1161/CIRCULATIONAHA.112.105890
https://doi.org/10.1161/CIRCULATIONAHA.112.105890
https://doi.org/10.1513/pats.200803-029SK
https://doi.org/10.1053/euhj.2000.2440
https://doi.org/10.1183/16000617.0330-2020
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/

	Effectiveness and safety of inspiratory muscle training in patients with pulmonary hypertension: A systematic review and meta-analysis
	Introduction
	Methods
	Searching strategy
	Selection criteria
	Data extraction
	Quality assessment
	Statistical analysis

	Results
	Study selection
	Study characteristics
	Risk of bias
	Outcome measures
	Safety and feasibility
	Dyspnea and fatigue perception
	Respiratory muscle strength
	Pulmonary function
	Exercise capacity
	Quality of life


	Discussion
	Conclusion
	Data availability statement
	Author contributions
	Funding
	Conflict of interest
	Publisher's note
	Supplementary material
	References


