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Abstract

Background: Effective work of breathing and bronchial hygiene requires synergy of

inspiratory and expiratory muscles. Inspiratory muscle training (IMT) is a part of

pulmonary rehabilitation in chronic obstructive pulmonary disease (COPD). There is

some evidence of its efficacy in cystic fibrosis (CF) and, recently, in long COVID‐19.

We are not aware of studies on IMT in primary ciliary dyskinesia (PCD). Our aim was

to assess the effect of IMT on respiratory muscle strength and pulmonary function in

PCD and CF patients.

Methods: A single center pilot study. Spirometry, lung clearance index (LCI), maximal

inspiratory pressure (MIP), and maximal expiratory pressure (MEP) were measured at

baseline (visit 1), after a month of IMT with ®POWERbreathe (visit 2), and at follow‐

up (visit 3).

Results: The cohort included 27 patients (19 PCD, 8 CF); mean age 18.4 ± 9.8 years.

After a month of IMT, there was a significant increase in MIP and MIP% (6.19–7.44,

p = .015; and 81.85%–100.41%, p = .046, respectively), which was sustained at visit

3. Compliance ≥90% led to higher improvement in MIP. In sub‐group analysis,

improvement in MIP and MIP% remained significant for PCD patients (p = .026 and

p = .049, respectively). No significant changes were found in spirometry, MEP or LCI.

Conclusions: IMT was well‐tolerated and led to improved inspiratory muscle

strength in PCD patients. The clinical implication of improved MIP should be further

investigated. Larger, long‐term studies are needed to evaluate long‐term effects of

IMT on pulmonary function, respiratory muscle strength, pulmonary exacerbations,

and quality of life.
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1 | INTRODUCTION

During normal quiet breathing, approximately 50% of the active

inspiratory volume change is caused by diaphragm contraction, while

the rest is provided by the external intercostal and accessory muscles.1

Inspiratory muscle weakness may lead to dyspnea, exercise

intolerance, hypoventilation, and respiratory failure in advanced stages,

while a decrease in expiratory muscle strength is related to impaired

cough efficacy and reduced ability to maintain bronchial hygiene.2

Cystic fibrosis (CF) is an autosomal recessive genetic disorder

involving the respiratory, digestive, and reproductive systems. lead to

Airway obstruction due to thick and sticky mucus results in

progressive lung hyperinflation, decreased gas exchange, increased

work of breathing and impaired exercise capacity.3,4 In advanced

stages the diaphragm loses up to 60% of its muscle tissue.

Hyperinflation‐induced diaphragm shortening places the diaphragm

in a suboptimal position on its force‐length relationship.5

Primary ciliary dyskinesia (PCD) is a predominantly autosomal

recessive disorder characterized by abnormal ciliary motion and

impaired muco‐ciliary clearance. Similar to CF, bronchiectasis devel-

ops with airway obstruction and progressive hyperinflation, resulting

in impaired exercise capacity and increased energy expenditure.6

Hence, these two genetic diseases lead to bronchiectasis and

reduced exercise capacity. The etiology of impaired exercise capacity

includes peripheral muscle dysfunction, systemic inflammation,

oxidative stress, poor nutritional status and physical deconditioning.7

Peripheral muscle involvement has been described both in CF

and PCD.6,8 In PCD patients, quadriceps femoris and handgrip muscle

strength were significantly lower compared to controls.6 Impaired

quadriceps muscle strength and limited exercise capacity were found

in the majority of young CF patients.9 Coelho et al.10 suggested that

abnormalities in muscle oxygenation may also contribute to

peripheral muscle dysfunction in CF.

Pulmonary rehabilitation (PR) with exercise training is recom-

mended as a cornerstone for various chronic lung diseases.7

However, in addition to limited resources and excessive health

burden of PR programs, there is an increased risk of cross‐infection

among patients with bronchiectasis. Home‐based self‐therapy has

the advantage of infection control, is more convenient for the

patients and may increase adherence.11

Respiratory muscle training (RMT) is a form of exercise training

that specifically targets the muscles of inspiration, expiration, or

both.12 Inspiratory muscle training (IMT) is a form of RMT, which

applies a specific training load to the inspiratory muscles. Suggested

mechanisms include improved strength and endurance of the

inspiratory muscles and reduced respiratory muscle fatigue.13,14

Previous studies have shown that IMT promotes diaphragm

hypertrophy in healthy people and in patients with chronic heart

failure; in patients with chronic obstructive pulmonary disease

(COPD), the proportion of type I fibers and the size of type II fibers

of the external intercostal muscles increased.15 In asthma patients,

IMT improved pulmonary function, respiratory muscle strength and

quality of life (QOL).16 In CF, some studies found a therapeutic

potential in IMT, but the long‐term clinical benefit remains unclear.3

Recently, in adults with post‐COVID respiratory symptoms, IMT led

to clinically meaningful improvements in breathlessness, aerobic

fitness and respiratory muscle strength.17

Although IMT has been evaluated in several acute and chronic

settings, including various chronic lung diseases, we are not aware of

studies evaluating its effectiveness in PCD. Therefore, our aim was to

evaluate the effect of home‐based IMT on respiratory muscle

strength and pulmonary function in PCD and CF. Our hypothesis

was that IMT would improve maximal inspiratory pressure (MIP).

2 | METHODS

2.1 | Study participants

This was a single center prospective study. The institutional board

reviewed and approved the study (RMB 0406‐19), and informed

consent was obtained from subjects or their legal guardians before

recruitment. The study population included patients with PCD or CF

treated at our center.

After an initial evaluation, patients received an IMT device—
®POWERbreathe. They were instructed to use the device for a month

(between visits 1 and 2), twice daily for 30 breathing cycles, and to

complete a diary; they were also instructed not to use the device

between visits 2 and 3.

Evaluations were performed at baseline (visit 1), after a month of IMT

(visit 2) and at a follow‐up visit 1 month after the end of IMT (visit 3).

At visit 1, patients who had symptoms consistent with a

pulmonary exacerbation during the visit or the preceding week were

excluded. Patients with a condition that precluded the use of the IMT

device (spontaneous pneumothorax; pulmonary hypertension; signif-

icant osteoporosis; ruptured eardrum; large bullae on chest X‐ray)

were excluded. Patients with desaturation during or following IMT

(<94%) were also excluded. Patients with a significant upper

respiratory tract infection or sinusitis were instructed not to use

the device until resolution of symptoms.18

At visit 1, the patients were interviewed by our chest physio-

therapist about their physiotherapy (professional/self‐treatment) and

sports regimens; for each category, frequency of treatment was

divided to 0–1 times/week, 2–3 times/week, 4–5 times/week and

6–7 times/week. Patients were instructed to maintain the same

regimen throughout the study period.

2.2 | Pulmonary function tests

2.2.1 | Spirometry

Spirometry was performed using smart PFT body box (Medical

Equipment Europe GmbH) according to ATS/ERS consensus guide-

lines.19 Results are expressed as absolute values and percent

predicted (mean ± SD) derived from Quanjer20
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2.2.2 | Lung clearance index (LCI)

Multiple breath washout (MBW) measurements were performed

using the Easy‐One Pro, MBW Module (NDD Medical Technologies),

as first described by Fuchs et al.21 in 2008. LCI is defined by the

number of functional residual capacity (FRC) turnovers required to

washout the nitrogen.22 An increased LCI (>7) indicates more FRC

turnovers required for the washout, reflecting inhomogeneous

ventilation.23,24

2.2.3 | Respiratory muscle strength

MIP and maximal expiratory pressure (MEP) were obtained using a

smart PFT body box (Medical Equipment Europe GmbH) according to

ATS/ERS consensus guidelines.25 Results are expressed as absolute

values (kilopascal, kPa) and percent predicted (mean ± SD).26

2.2.4 | Inspiratory muscle training

At the end of visit 1, patients were instructed on the use of
®POWERbreathe Medic Plus (HaB International Ltd.). The device has

nine levels of resistance, ranging from 9 to 78 cmH2O.27 To set the

resistance level, MIP results were converted from kPa to cmH2O

(1 kPa = 10.19 cmH2O)25; the device was set to 50% of MIP.

2.3 | Statistical methods

Statistical analysis was performed using SPSS version 27. The primary

outcome was MIP before and after IMT. Secondary outcome

measures included spirometry, LCI, and MEP results before and after

IMT.

Descriptive statistics in terms of mean, standard deviation and

percentiles were calculated for all parameters in the study.

Repeated measure analysis was performed to describe the

change of parameters over time. Pearson correlation was calculated

to test the correlation between compliance and MIP.

Sample size calculation—to detect an effect of 20% on MIP%

after IMT, with 95% level of confidence, 80% power and 5%

significance, 20 patients are needed in each group (20 CF patients

and 20 PCD); to detect a difference of 15% in MIP%, 23 patients are

needed in each group.

A value of p < .05 was considered as statistically significant.

3 | RESULTS

Twenty‐nine patients (20 PCD, nine CF) were recruited for the study.

One patient (PCD) could not tolerate the IMT device and withdrew

consent; another patient (CF) started mutation‐specific therapy

during the study period and improved significantly; therefore, the

effect of IMT could not be evaluated. Thus, 27 patients (19 PCD, 8

CF, mean age 18.4 ± 9.8 years) were evaluated.

Table 1 presents the baseline patient characteristics. As can be

seen, PCD patients were significantly younger than CF patients. Their

gender distribution and BMI were similar.

Figure 1 presents the physiotherapy and sports regimens of the

patients at baseline. As can be seen, three patients performed daily

sports; of these, one performed daily chest physiotherapy and two

4–5 times/week. Fourteen patients (51.9%) performed sports 2–3

times/week; of these, six also performed daily physiotherapy, seven

4–5 times/week, and one less frequently. Nine patients (33.3%) did

not engage in sports at all; of these, six performed daily physio-

therapy and two performed physiotherapy 2–3 times/week. One

patient did not perform chest physiotherapy or any sports activity.

Overall, 13 patients (48.1%) performed daily chest physiotherapy

(professional or self‐treatment). Another 11 patients (40.7%) per-

formed a combination of professional and self‐treatment) 4–5 times/

week; two patients (7.4%) performed chest physiotherapy 2–3 times/

week and no sports.

In accordance with instructions, they did not change their regime

of sports frequency throughout the study period.

Table 2 presents the results of spirometry, LCI and respiratory

muscle strength (MIP and MEP) at baseline, after IMT and at follow‐

up. At baseline, FEV1 was mildly reduced and LCI was elevated.

Compliance with IMT as reported in patient diaries was high,

86.9 ± 16.8%.

After a month of IMT, there was a significant increase in MIP and

MIP% (6.19–7.44, p = .015; and 81.85%–100.41%, p = .046, respec-

tively); no significant changes were found in flow volume parameters,

MEP or LCI. The improvement in MIP was sustained at visit 3. In the

sub‐group analysis, the improvement in MIP and MIP% remained

significant only for PCD patients (5.75 ± 2.76 to 6.84 ± 3.51, p = .026;

and 79.32 ± 31.29 to 95.63 ± 54.48, p = .049, respectively). The

patients with the lowest compliance were CF patients. For the two

patients who performed physiotherapy 2–3 times/week and no

sports, MIP% increased from 109% to 170% and 117% to 156%,

respectively; for the patient who performed neither physiotherapy

nor sports, MIP decreased from 87% to 81% after IMT. Their

reported compliance with the IMT device was 90%, 52% and 50%,

respectively. However, the small numbers precluded sub‐analysis,

and further conclusions cannot be made.

TABLE 1 Baseline patient characteristics.

CF; n = 9 PCD; n = 20 Total; n = 29 p value

Age 24.7 ± 12.8 15.7 ± 6.7 18.4 ± 9.8 .019

Gender .43

Female 7 (78%) 12 (60%) 19 (65.5%)

Male 2 (22%) 8 (40%) 10 (34.5%)

BMI (kg/m2) 21.1 ± 5.0 20.8 ± 4.3

Abbreviations: BMI, body mass index; CF, cystic fibrosis; PCD, primary
ciliary dyskinesia.
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Figure 2 presents the stratification of the improvement in MIP%

according to the level of compliance for all patients. Patients with

compliance ≥90% (n = 19) improved from 5.95 ± 2.56 to 7.62 ± 3.37

(p < .001) and from 78.58 ± 27.59 to 103.89 ± 55.93 (p = .007) for

MIP and MIP%, respectively. Patients with compliance <90% (n = 8)

did not improve (6.83 ± 2.32 to 6.92 ± 0.427, p = .91; and

91.22 ± 30.1 to 91.56 ± 40.30, p = .98, for MIP and MIP%,

respectively).

4 | DISCUSSION

In this single center pilot study, we aimed to evaluate the effect of

IMT, a home‐based self‐therapy, on respiratory muscle strength and

pulmonary function in PCD and CF patients. Our hypothesis was that

IMT would improve MIP. The device was well‐tolerated by the

patients and, in accordance with our hypothesis, led to a significant

improvement in MIP, which was sustained in the follow‐up visit. In

sub‐group analysis, the improvement remained significant in the PCD

group. Moreover, in patients with reported compliance ≥90%, the

improvement in MIP was significantly higher than in those with <90%

compliance. No improvement was found in the other parameters:

spirometry (FVC or FEV1), LCI and MEP.

Patients with chronic lung diseases may manifest muscle

weakness; the pathogenesis is multifactorial and includes airway

obstruction, malnutrition, decreased exercise capacity and sedentary

lifestyle.6 In addition, hyperinflation may result in a mechanical

disadvantage of the diaphragm.4,15

MIP is impaired in a variety of conditions: neuromuscular

diseases, damage to the inspiratory muscles, sedatives, malnutrition,

hypophosphatemia, and steroid treatment. MIP may be impaired for

up to 2 weeks even after upper respiratory tract infections and

patients can be usually weaned off ventilator support when MIP has

risen over 2.9 kPa.28

The beneficial effect of IMT is well‐established in COPD, and it

has been incorporated into the ATS/ERS guidelines on PR.7 In a

F IGURE 1 Physiotherapy and sports at baseline. Pro = professional; physio = physiotherapy; wk =week.

TABLE 2 Pulmonary function.

Baseline (visit 1) After training (visit 2) Follow up (visit 3) p value

FVC (%) 85.97 ± 16.87 85.53 ± 16.74 83.43 ± 16.64 .15

FEV1 (%) 79.50 ± 19.76 78.43 ± 19.14 77.78 ± 21.11 .47

LCI 10.77 ± 2.78 10.10 ± 2.52 10.31 ± 2.62 .35

FRC LCI (%) 81.34 ± 33.84 85.16 ± 30.17 81.48 ± 22.32 .23

MIP abs (kPa) 6.19 ± 2.52 7.44 ± 3.40 7.46 ± 3.08 .015a

MIP (%) 81.85 ± 28.72 100.41 ± 51.91 99.89 ± 41.50 .046a

MEP abs (kPa) 6.41 ± 2.84 6.52 ± 2.68 5.84 ± 2.84 .4

MEP (%) 54.48 ± 17.42 56.85 ± 19.07 50.07 ± 20.25 .57

Note: N = 27; values are presented as mean ± SD.

Abbreviations: abs, absolute; FEV1, forced expiratory volume in 1 s; FRC, functional residual capacity; FVC, forced vital capacity; kPa, kilopascal; LCI, lung
clearance index; MEP, maximal expiratory pressure; MIP, maximal inspiratory pressure.
aVisit 2 vs. visit 1.
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group of 150 severe COPD patients, IMT combined with PR led to a

similar improvement in dyspnea, and a greater increase in MIP,

compared to PR alone.29 In a systematic review of 43 studies, IMT

improved inspiratory muscle strength, QOL and exercise capacity; it

also decreased dyspnea in a similar magnitude compared to PR

alone.30 Hence, these studies may offer the use of IMT as a partial

home‐based PR.

To the best of our knowledge, this is the first study evaluating

the effect of IMT in PCD patients. At baseline, our PCD patients had

slightly reduced MIP (79.32 ± 31.3%). After a month of IMT, MIP

improved by a mean of 16.3%, and the positive effect remained after

a month of follow up. In a recent small study by Firat et al.,6 MIP and

inspiratory muscle endurance were significantly lower in PCD than

controls, with a mean difference of 16.86 cmH2O. In contrast, MEP

values were similar in patients and controls.

There are few studies examining IMT in bronchiectasis. In

patients with idiopathic bronchiectasis, IMT added to PR led to

similar improvements in exercise capacity and inspiratory muscle

strength compared to PR alone.31 In five patients with non‐CF

bronchiectasis, high intensity IMT (70% of MIP) increased

exercise capacity, respiratory muscle strength and endurance,

and QOL.2

Chatham et al.32 found that short‐term resistive inspiratory

maneuvers (RIM) increased sputum production in CF patients,

compared to standard physiotherapy. The mechanism of improved

airway clearance was not evaluated. Chatham suggested that the

inspiratory maneuvers may move the equal pressure point proximally,

enabling increased airflow with less dynamic compression, thus

facilitating sputum expectoration. Similar to RIM, IMT produces

repeated inspiratory resistance. We found increased MIP without a

parallel increase in MEP, FVC, or FEV1. We did not assess closing

volume nor sputum production. Hence, the clinical significance of

increased MIP without a parallel increase in MEP or flows remains to

be studied.

In our study, the small sub‐group of CF patients did not improve

after IMT; this may reflect the small sample size or a lower

compliance to IMT due to high treatment burden, but further

conclusions cannot be drawn. Several previous studies examined the

effect of IMT in CF, with varying results. A Cochrane review of nine

studies concluded that there is insufficient evidence on the

effectiveness of IMT, and suggested tailoring the treatment on an

individual basis.12 In a randomized‐controlled trial comparing IMT +

chest physiotherapy (PT) to PT alone in children with CF, MIP was

greater in the IMT + PT group.4 However, spirometry, MEP and 6‐min

walk test improved similarly in both groups.

When examining the compliance to IMT in our group, the

reported compliance was high, 86.9 ± 16.8%. Participation in a study

and short‐term use may explain the relatively high compliance.

Patients with compliance ≥90% improved significantly both MIP and

MIP%, compared with those with <90% compliance. This may be a

true finding or may result from the small number of patients with

compliance <90%. Compliance with IMT in CF was not reported in

the Cochrane review from 201812; in the randomized study from

2019, reported adherence was 97.9% ± 4.2% and 97.5% ± 5.7% in the

PT + IMT and PT groups, respectively.4 None of these studies

examined the correlation between compliance and response to

IMT. In healthy individuals, studies reported 8%–45% improvement

in MIP following IMT; the highest set of MIP for longer duration

yielded the greatest improvement in MIP.1 In children with CF, high

pressure load (60% of MIP) was compared to controls (10% MIP). In

the study group, MIP increased by 13%, accompanied by improved

lung volumes and exercise tolerance.33 In adults with CF, IMT at 80%

F IGURE 2 Compliance and change in MIP. Horizontal lines depict the error bars. MIP, maximal inspiratory pressure.
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MIP was compared to 20% MIP and controls. After training, MIP

improved in both study groups; however, lung volumes, diaphragm

thickness and QOL improved only in the group of 80% MIP.34 In our

study, we set the IMT device to 50% of MIP; a higher set of IMT for

longer duration should be explored.

While the present study is the first to assess the effect of IMT in

PCD patients, it has limitations. The main limitation of our study is the

small number of patients. Our hypothesis was that IMT would

improve MIP%, with a possible increase in FVC. In adults with COPD,

the minimal clinically important difference (MCID) of MIP after IMT

was defined as 17 cmH2O.13 As there are no clear definitions for

MCID in CF or PCD, we assumed that MIP would improve by

15%–20% following IMT, thus we needed 20–23 patients in each

group. COVID time and the introduction of mutation‐specific therapy

precluded reaching the target sample size of the CF group. As the

study was under‐powered, the lack of effect in CF patients may

reflect a type II error.

We did not have a control group of healthy participants. Other

measures of lung functions, such as lung volumes and airway

resistance and exercise tests (6‐min walk test or cardio‐pulmonary

exercise test) were not performed. Compliance was self‐reported in a

diary; we did not have objective measures of compliance. QOL was

not assessed.

In conclusion, the results are encouraging and may imply a

positive effect of IMT home‐based therapy in PCD, as part of PR,

similar to that seen in other chronic lung diseases. Self‐guided

rehabilitation strategies may have a notable impact, especially in

pediatric bronchiectasis. However, the clinical relevance of improved

MIP should be further investigated. Larger, long‐term studies are

warranted, evaluating the effect of IMT on pulmonary function,

pulmonary exacerbations, exercise capacity and QOL.
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