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Immediate Impact of Inspiratory Muscle 
Training on Pulmonary Arterial Pressure, 

Cardiac Output, and Oxygen Cost of Breathing 
Derived from Pulmonary Arterial Saturation

Abstract
This prospective study explores the effects of inspiratory muscle training (IMT) 
on pulmonary arterial hemodynamics and cardiac output (CO) in patients with 
suspected pulmonary hypertension. IMT, which elevates negative thoracic 
pressure, was performed during right heart catheterization. The study introduces 
a novel method for assessing the oxygen cost of breathing during IMT. Results 
from 22 patients indicate that IMT did not significantly alter mean pulmonary 
arterial pressure or CO. However, a reduction in mixed-venous hemoglobin oxygen 
saturation was observed. The study establishes the feasibility of measuring the 
oxygen cost of breathing using the described method.
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Introduction
Cardiac output (CO) is influenced by respiration, with inspiratory 
maneuvers typically affecting stroke volumes in the right and left 
ventricles differently. Inspiratory muscle training (IMT) has gained 
attention, primarily in chronic obstructive pulmonary disease 
(COPD). Still, its effects on cardiac output remain underexplored, 
particularly in conditions such as chronic heart failure (CHF) [1]. This 
study aims to investigate the acute hemodynamic impact of IMT 
on CO, pulmonary arterial pressure (PAP), and the oxygen cost of 
breathing in patients with suspected pulmonary hypertension (PH).

In recent years, IMT has demonstrated benefits in COPD by enhancing 
inspiratory muscle strength, endurance, functional capacity, and 
quality of life. Similarly, in CHF, IMT has shown improvements in 
dyspnea and overall performance. The common IMT approach 
involves breathing through a threshold device, impeding inspiration. 
Given the potential effects on intra-thoracic pressure, we hypothesize 
that IMT could influence CO, an aspect crucial in both COPD and CHF, 
where cardiac comorbidities are prevalent.

PH, defined by a resting mean pulmonary artery pressure 
(mPAP) of ≥25 mmHg, is a common concern in COPD and CHF. 
Understanding the acute hemodynamic response to IMT is vital 

for delineating its implications in patients with suspected PH. The 
study also explores the oxygen cost of breathing associated with 
IMT, providing valuable insights into its overall impact [2-5].

Patients with COPD and CHF often experience PH, and the 
prevalence of elevated mPAP in these populations is substantial. 
Distinguishing pre-capillary and post-capillary PH is critical, as it 
informs the management approach. While PH is well-documented 
in left heart diseases, its incidence in specific cardiac conditions 
remains less elucidated. This study addresses the existing gap by 
investigating acute hemodynamic changes during IMT, regardless 
of PH presence.
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Exploring the acute effects of IMT on CO, PAP, and oxygen cost 
of breathing in patients with suspected PH contributes valuable 
knowledge to the management of COPD and CHF, shedding light 
on the potential hemodynamic implications of this therapeutic 
approach.

Materials and Methods
Study Design
This prospective study, conducted from January 2009 to 
December 2013, adhered to the principles of the Declaration of 
Helsinki. Approval from the local Ethics Committee (University 
of Witten-Herdecke, Witten-Herdecke, Germany) was obtained, 
and written informed consent was provided by all participating 
patients [6-8].

Patients requiring right heart catheterization (RHC) for clinical 
indications, such as dyspnea, pulmonary hypertension, or right heart 
failure, were enrolled. All patients were clinically stable, and the study 
employed the Threshold Inspiratory Muscle Training (Threshold-
IMT) device (Philips Respironics, Amsterdam, the Netherlands) for 
IMT. Respiratory therapists provided training on IMT usage, and 
supervised practice sessions were conducted before RHC.

Each IMT session consisted of 7 repetitions, with 2 minutes of 
IMT followed by 1 minute of rest. The Threshold-IMT featured a 
variable threshold, adjustable from 7 to 41 cmH2O, for inspiration 
through a mouthpiece. Inclusion criteria included the indication 
for RHC and age above 18 years, while exclusion criteria involved 
a lack of written consent or an inability to perform IMT.

Measurements and Assessments
Lung function parameters were assessed using body 
plethysmography (Masterlab, Carefusion, San Diego, USA). The 
inspiratory muscle load was evaluated by calculating the mouth 
occlusion pressure after 0.1 s of inspiration (P0.1). Maximal 
inspiratory mouth pressure (Pimax) and respiratory capacity 
(P0.1/Pimax) were measured as per ATS/ERS recommendations.

RHC was performed in a supine position, with blood sampling 
from central venous, right atrium, and right ventricle sites. 
Pulmonary arterial wedge pressure and cardiac output were 
calculated via thermodilution.

Patients switched to a sitting position after the initial hemodynamic 
measurements and underwent IMT for at least 2 minutes. The 
specific pressure for Threshold-IMT was set at 20-30% of Pimax, 
with adjustments based on individual tolerance.

Hemodynamic parameters, including mean pulmonary artery 
pressure (mPAP), cardiac output, and stroke volume, were 
measured before and during IMT. Blood gas samples from 
the pulmonary artery were obtained during IMT. Analysis was 
conducted using SPSS software (version 20; IBM, Armonk, 
New York, USA), employing the Wilcoxon test for calculating 
hemodynamic changes.

Statistical Analysis and Endpoints
The primary endpoint was the change in mPAP, and the null 
hypothesis assumed no significant increase. Sample size 
calculation considered a clinically relevant increase of 5 mmHg in 
mPAP, with a standard deviation of 9 mmHg. A sample size of 22 
was determined to provide 80% power for the study [9].

Secondary endpoints included changes in cardiac output and 
stroke volume. Additional analysis involved measuring the 
oxygen cost of breathing in some patients. Subgroup analysis 
was performed for patients with only COPD or only chronic heart 
failure.

Results are presented with an interquartile range or as means ± 
standard deviations, and statistical significance was set at α=0.05.

Results
A total of 22 patients (10 men, 12 women) were included in the 
study. The mean ± standard deviation for Pimax was 6.2 ± 2.8 
kPa (63.1 ± 29.0 cmH2O), Pimax % pred 59.5 ± 27.6%, P0.1 0.3 ± 
0.2 kPa (3.3 ± 2.2 cmH2O), and the P0.1% 142.3 ± 98.3. Detailed 
anthropometric and lung function data.

The baseline pulmonary artery pressure (PAP) showed a median 
systolic/diastolic/mean (s/d/m) of 36/13/22 mmHg (25th-75th 
percentile 25-54/5-19/13-35) and a mean mPAP of 25 ± 14 
mmHg. Pulmonary arterial wedge pressure (PAWP) was 10 (4-14) 
mmHg. Cardiac output was 5.2 l/min (4.4–6.5), cardiac index (CI) 
2.7 l/min/m² (2.4-3.2), and stroke volume index (SVI) 39.5 [mL/
min/m2] (28.6–59.7). Pulmonary vascular resistance (PVR) was 
calculated as 145 (107-349) [dynes cm-5] (Table 1).

Table 1: Hemodynamic baseline parameters. CVP=central venous 
pressure. RA=pressure right atrium. SPAO2=Hemoglobinsaturation 
of the pulmonary artery. Data are expressed as median with 
interquartile range (25th–75th percentile except SPAO2 (mean ± SD).
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The mixed-venous hemoglobin oxygen saturation before IMT was 
71.8 ± 2.3%, and it significantly reduced to 65.8 ± 5.9% at the end 
of IMT (p=0.027) (Figure 3).

Subgroup analysis of patients with only COPD or heart failure did 
not reveal any other significant findings [10-12].

Discussion
In our study, we investigated the acute effects of inspiratory 
muscle training (IMT) on pulmonary artery (PA) pressure, cardiac 
output (CO), and the oxygen cost of breathing in patients with 

Figure 1: HPLC chromatogram of the nine reference compounds in 50% aqueous methanol, measured at 370nm. Retention 
times for rutin, sutherlandin A, sutherlandin B, kaempferol-3-O-rutinoside, sutherlandin C, sutherlandin D, quercitrin, quercetin 
and kaempferol were 11.9, 12.7, 13.8, 15.3, 16.2, 17.0, 18.0, 26.2 and 28.1 minutes, respectively.

Figure 2: HPLC chromatogram of the nine reference compounds in 50% aqueous methanol, measured at 370nm. Retention 
times for rutin, sutherlandin A, sutherlandin B, kaempferol-3-O-rutinoside, sutherlandin C, sutherlandin D, quercitrin, quercetin 
and kaempferol were 11.9, 12.7, 13.8, 15.3, 16.2, 17.0, 18.0, 26.2 and 28.1 minutes, respectively.

During inspiratory muscle training (IMT), the pressure was set to 
2.3 ± 0.6 kPa (23.7 ± 5.7 cmH2O), and the duration of IMT was 2.2 
± 0.3 min. At the end of IMT, the s/d/m PAP was 41/9/19 mmHg 
(26-59/-1-22/9-37). While there was a trend towards lower 
diastolic pressure, the change was not statistically significant 
(p=0.06) (Figure 1).

At the end of IMT, cardiac output (6.1; 5.5-6.4 l/min) and cardiac 
index (3.0; 2.9-3.3 l/min/m²) were measured in 8 patients, 
showing no significant changes compared to baseline (CO p=0.20 
and CI p=0.18) (Figure 2).
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suspected pulmonary hypertension (PH). Despite the moderate 
intensity of IMT (23.7 cmH2O), we did not observe significant 
changes in systolic and mean PA pressure. The study population 
had a median mean PA pressure below the threshold for 
pulmonary arterial hypertension (PAH), excluding this condition 
[13-18].

During spontaneous breathing, the fall in pleural pressure during 
inspiration typically affects right atrial pressure. IMT, by increasing 
negative thoracic pressure, could potentially exacerbate this 
effect. However, our study did not show a significant change in CO, 
challenging the expected impact on right ventricular preload and 
pulmonary venous pressure. Notably, there was a trend towards 
a lower diastolic PA pressure, suggesting a potential reduction in 
pulmonary arterial hypertension, albeit not reaching statistical 
significance, possibly due to sample size or IMT intensity.

The comparison with maneuvers like coughing or the Valsalva 
maneuver, which increase intra-thoracic pressure and pulmonary 
arterial pressure, is intriguing. IMT, involving inspiration against 
a threshold, theoretically reduces intra-thoracic pressure, 
potentially decreasing pulmonary arterial hypertension. While 
our study hinted at a lower diastolic PA pressure, the lack of 
statistical significance could be attributed to the sample size or 
the relatively moderate IMT intensity.

Measuring CO during IMT in a subset of patients revealed no 
significant change, contrary to expectations of increased venous 
return and pulmonary venous pressure. This contrasts with 
the use of inspiratory threshold valves in resuscitation, where 
increased cardiac output and blood pressure can be achieved. 
The divergent effects could be due to the unique context of IMT 
and its specific impact on intra-thoracic pressure dynamics.

Another consideration involves the potential increase in left 
ventricular afterload during IMT, stemming from the heightened 
negative pressure during inspiration. This could lead to a reduction 
in cardiac output, contributing to increased oxygen cost of 
breathing and respiratory muscle deoxygenation. Upper airway 
obstruction, as seen in tracheal tumors or tonsillar hypertrophy, 
may induce pulmonary edema due to negative intra-thoracic 
pressure changes [19-23].

Our study introduces a novel method for measuring the oxygen 
consumption of inspiratory muscles during IMT, utilizing blood 
sampling during right heart catheterization. This method, though 
applied to a minority of patients due to premature IMT cessation, 
revealed a surprising 6% reduction in pulmonary arterial 
saturation. Further research is needed to explore the potential 
of this approach as a monitoring tool for respiratory muscles, 
especially in intensive care settings and spontaneous breathing 
trials.

In summary, the oxygen cost of breathing is markedly increased in 
conditions like chronic heart failure (CHF) and chronic obstructive 
pulmonary disease (COPD). Our study, while not demonstrating 
significant hemodynamic changes during IMT, sheds light on 
potential physiological intricacies. Further investigations should 
delve into the broader implications of IMT, considering its impact 
on respiratory muscle function and oxygen cost, with potential 
applications in optimizing patient care and exercise training 
programs.

Limitations
Single Adjustment in IMT: The IMT in our study was conducted 
with a single adjustment, preventing an assessment of the 

Figure 3: HPLC chromatogram of the nine reference compounds in 50% aqueous methanol, measured at 370nm. Retention 
times for rutin, sutherlandin A, sutherlandin B, kaempferol-3-O-rutinoside, sutherlandin C, sutherlandin D, quercitrin, quercetin 
and kaempferol were 11.9, 12.7, 13.8, 15.3, 16.2, 17.0, 18.0, 26.2 and 28.1 minutes, respectively.
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influence of deep inspiration on the oxygen cost of breathing. 
A more comprehensive investigation involving variations in IMT 
parameters could provide a more nuanced understanding of its 
effects.

Incomplete Assessment in All Patients: Due to methodological 
constraints, not all patients underwent a complete assessment of 
cardiac output (CO) and oxygen cost of breathing. This limitation 
reduces the generalizability of our findings and underscores the 
need for comprehensive data in future studies.

High Standard Deviation: The standard deviation of our results 
was relatively high, introducing variability that necessitates 
caution in concluding. The wide range of responses among 
participants may be indicative of individual variations or other 
influencing factors not accounted for in our study.

Moderate PH in Study Population: Our study focused on 
patients with moderate pulmonary hypertension (PH), and the 
applicability of our findings to individuals with normal pulmonary 
artery (PA) pressure remains uncertain. Replicating the study in a 
broader population could provide insights into the generalizability 
of results across varying PH severities.

Conclusion
In conclusion, our investigation into the acute effects of 
inspiratory muscle training (IMT) in patients with moderate 
pulmonary hypertension revealed no significant impact on 
pulmonary artery (PA) pressure or cardiac output. However, a 
moderate IMT protocol led to a notable 6% increase in the oxygen 
cost of breathing. These findings suggest that while IMT may not 
alter hemodynamics in moderate PH, its influence on respiratory 
muscle oxygen consumption merits further consideration. Future 
research, addressing the limitations highlighted, is essential to 
deepen our understanding of IMT implications and its potential 
benefits in diverse patient populations.
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