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Abstract
Respiration and respiratory maneuvers affect cardiac
output. Inspiratory muscle training (IMT) increases the
negative thoracic pressure, which could have an impact on
intra-thoracic hemodynamics and thereby influence the
cardiac output (CO). The objective of our study was to
determine changes in pulmonary arterial (PA)
hemodynamics and the CO during IMT in patients with
suspected pulmonary hypertension. A new method for
measuring the oxygen cost of breathing during IMT was also
developed. 22 patients were included in this prospective
study. They performed IMT during right heart
catheterization. Mixed-venous blood gas analysis was
performed before and at the end of IMT to calculate the
oxygen cost of breathing. The baseline PA pressure was
systolic/diastolic/mean (s/d/m) 41 ± 20/13 ± 20/25 ± 11
mmHg. The CO was 5.3 ± 1.5 l/min. The IMT was set to 2.3 ±
0.6 kPa (23.7 ± 5.7 cmH2O). The PA pressure at the end of
IMT was s/d/m 44/10/22 mmHg s/d/m. Though there was a
trend towards a lower diastolic pressure, this change was
not statistically significant (p=0.06). CO (6.2 ± 1.1 l/min) did
not change due to IMT. The mixed-venous hemoglobin
oxygen saturation was 71.8 ± 2.3% before IMT, with a
significant reduction to 65.8 ± 5.9% (p=0.027) at the end of
IMT. IMT as performed in our study neither changed the
mean PA pressure nor the CO. Measuring the oxygen cost of
breathing is feasible by the method described in our paper.

Keywords: Cardiorespiratory interaction; COPD; Heart
failure; Oxygen cost of breathing; Ventilation

Introduction
Respiration and respiratory maneuvers affect cardiac output.

During inspiration usually right ventricular stroke volume is

increased while the left ventricular stroke volume is decreased.
In recent years, inspiratory muscle training (IMT) programs have
been developed, mainly in COPD [1,2] though inspiratory muscle
dysfunction can also be observed in non-pulmonary diseases like
chronic heart (failure) CHF [3]. It could be demonstrated, that in
COPD, IMT improves the strength of inspiratory muscles,
endurance, functional capacity, dyspnea and quality of life [4]. In
CHF, IMT improves dyspnea as well as the general performance
[5-7].

The basic principle of the most common IMT consists of
breathing in for some minutes through a device that impedes
inspiration by a threshold (threshold loading). The use of an
inspiratory threshold valve has been also suggested during
cardiopulmonary resuscitation because this results in a greater
negative intra-thoracic pressure which enhances the return of
the blood to the thorax [8]. Therefore, we hypothesized that an
IMT also leads to an increase of CO. This is an important
question not only in patients with CHF but also in COPD as
cardiac comorbidities are common (in 64% of the patients an
abnormal echocardiography may be found [9]). Furthermore,
both COPD and CHF may also lead to pulmonary hypertension
(PH), which is defined by a resting mean pulmonary artery
pressure (mPAP) of ≥25 mmHg [10]. Current guidelines
recommend using a pulmonary arterial wedge pressure to
distinguish between pre-capillary (≤15 mmHg) and post-capillary
(>15 mmHg) PH, the latter indicating left heart disease [11]. The
prevalence of PH in patients listed for lung transplantation with
severe COPD is about 30% [12]. Results of other studies show a
prevalence of up to 50% [13]. In fact, in more than 90% of
patients with COPD a mean pulmonary arterial pressure (mPAP)
above 20 mmHg may be observed [14].

Epidemiological data (prevalence of PH in left heart disease
reported in studies is between 25-100%) of the exact incidence
of PH in patients with cardiac disease are not available [15].
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Nevertheless, PH is common not only in patients with reduced
ejection fraction (EF) but also in those with elevated left
ventricular filling pressures, which can also lead to PH
independently of the ejection fraction [16,17]. Furthermore
remodeling may lead to an additional pre-capillary component
in PH due to left heart disease [18,19]. Notably, it was shown
that the inspiratory muscles in PAH are also impaired and that
maximal inspiratory mouth pressure (Pimax) is reduced by a
third, [20] which has been shown in some studies to correlate
with the 6MWD (in contrast, hemodynamic characteristics
assessed during right heart catheterization were not correlated
with 6MWD) [21].

Until now, the acute hemodynamic effects of IMT
irrespectively of the presence of PH have not been investigated.
The objective of our study was to determine an increase of CO
and therefore also of the PAP during inspiratory muscle training
in patients with suspected PH and to measure the oxygen cost of
breathing due to IMT.

Materials and Methods
The study was performed in agreement with the declaration

of Helsinki. The research protocol was approved by the local
Ethics Committee (University of Witten-Herdecke, Witten-
Herdecke, Germany) and all patients gave their written informed
consent.

Study design
We conducted a prospective study from January 2009 to

December 2013. Patients who required right heart
catheterization (RHC) for clinical reasons (e.g., clarification of
dyspnea, pulmonary hypertension or right heart failure) were
enrolled in the study. All patients were clinically stable. The
Threshold-IMT (Philips Respironics, Amsterdam, the
Netherlands) was used for IMT. Before the RHC was performed,
patients were taught how to use the Threshold-IMT by
respiratory therapists and practiced IMT under the supervision
of therapists. Each unit of training consisted of 7 repetitions with
2 min IMT followed by 1 min of rest. During IMT, inspiration is
carried out via a mouthpiece with a variable threshold that may
be changed from 7 to 41 cmH2O. Inclusion criteria were
indication for RHC and age >18 years. Exclusion criteria were lack
of written consent and inability to perform IMT. Lung function
parameters were measured according to actual guidelines via
body plethysmography (Masterlab, Carefusion, San Diego, USA)
[22]. The load imposed on the inspiratory muscles was assessed
by calculating the P0.1 (mouth occlusion pressure after 0.1 s of
inspiration). Pimax (maximal inspiratory mouth pressure) and
P0.1/Pimax (respiratory capacity) were measured according to
ATS/ERS recommendations [23]. RHC was performed in a supine
position and blood sampling (central venous, right atrium, right
ventricle) were performed as recommended in a review [24].
Pulmonary arterial wedge pressure was performed as
recommended recently [10]. Cardiac output was calculated by
thermodilution (5 mL; bolus 0 degree of Celsius, average of
three bolus). All hemodynamic parameters were measured
before IMT and during IMT (exactly 2 min after initiation of the
IMT).

After measurement of the hemodynamic parameters (by
Ultraview SL, Spacelabs, Snoqualmie, Washington, USA) and
assessment of the blood samples, patients were switched to a
sitting position. After recalibration, patients performed IMT for
at least 2 minutes. The Threshold-IMT incorporates a flow-
independent one-way valve to ensure a constant resistance. The
specific pressure was set as follows: 20-30% of Pimax but
depending on individual tolerance a higher resistance was
attempted. If Pimax was very low, the lowest possible pressure
was set at the Threshold-IMT. During IMT (exactly 2 min after
initiation of the IMT) PAP and CO were measured and a blood
gas sample from the PA was obtained. Blood gas samples were
analyzed by ABL 800, Radiometer, Copenhagen Denmark.

Analysis
The primary endpoint and null hypothesis of the study was an

increase of the mPAP in a mixed patient population. Sample size
calculation was based on the assumption of a clinical relevant
increase of mPAP at the end of an IMT with a difference of 5
mmHg in mean. With a standard deviation of 9 mmHg, α=0.05,
and one side testing, the sample size of 22 was calculated for
dependent testing to be sufficient to guarantee a power of 80%
in this study. The Wilcoxon test was used to calculate the
hemodynamic changes. Secondary endpoints were changes of
cardiac output and stroke volume. In addition we measured the
oxygen cost of breathing in some of the patients. SPSS software
(version 20; IBM, Armonk, New York, USA) was used for
statistical analysis. Results are presented by with an interquartile
range of the 25th and 75th percentile or means ± standard
deviations (as indicated). Subgroup analysis was performed in
patients with only COPD or only chronic heart failure.

Results
22 patients (10 men, 12 women) were investigated. The

Pimax was (mean ± standard deviation) 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. For complete
anthropometric and lung function data (Table 1).

Table 1: Anthropometric characteristics and lung function
parameters. ITGV=intrathoracic gas volume. FEV1=forced
exspiratory volume in 1 second. VC=vital capacity. R=resistance.
Pimax=maximal inspiratory pressure. P0.1=mouth pressure at
0.1 seconds. Capillary blood gas analysis from the ear lobe (PO2,
PCO2). Values are expressed as means ± SD.

n 22

Women/men (n) 10-Dec

Age (years) 67.4 ± 12.4

BMI (kg/m²) 28.2 ± 5.5

COPD (n) 4

Left heart failure (n) 10

Interstitial lung disease (n) 1

Left heart failure and interstitial lung disease (n) 3
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COPD and left heart failure (n) 4

ITGV (litres) 3.9 ± 1.3

ITGV (% pred) 121.5 ± 59.6

FEV1 (litres/sec) 1.8 ± 0.8

FEV1 (% pred) 72.4 ± 29.5

VC (litres) 2.6 ± 0.9

VC (% pred) 79.6 ± 25.8

R (kPA) 0.5 ± 0.4

R (% pred) 150.0 ± 128.6

Pimax (kPA) (cmH2O) 6.2 ± 2.8 (63.1 ±
29.0)

Pimax (% pred) 59.5 ± 27.6%

P0.1 (kPA) (cmH2O) 1 0.3 ± 0.2 (3.3 ± 2.2)

P0.1 (% pred) 142.3 ± 98.3

PO2 (mmHg) 60.7 ± 8.5

PCO2 (mmHg) 38.5 ± 6.7

The median of the baseline PAP was systolic/diastolic/mean
(s/d/m) 36/13/22 (25th-75th percentile 25-54/5 -19/13–35)
mmHg (mean mPAP 25 ± 14 mmHg). The pulmonary arterial
wedge pressure (PAWP) was 10 (4-14) mmHg. The 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). The pulmonary vascular resistance (PVR) was calculated
145 (107-349) [dynes cm-5] (Table 2).

Table 2: Hemodynamic baseline parameters. CVP=central
venous pressure. RA=pressure right atrium. SPAO2=Hemoglobin-
saturation of the pulmonary artery. Data are expressed as
median with interquartile range (25th–75th percentile except
SPAO2 (mean ± SD).

n 22

CVP (mmHg) 4 (1-8)

RA (mmHg) 4 (1-8)

PA s/d/m (mmHg) 36/13/22

(24.5-53.5/5.0 -18.5/12.8-34.5)

PAWP (mmHg) 10 (4-14)

CO (litres/min) 5.2 (4.4-6.5)

CI (litres/min/m²) 2.7 (2.4-3.2

Heart rate (/min) 78 (70-99)

SVI (mL/min/m²) 39.5 (28.6-59.7)

PVR (dynes·s·cm-5) 145 (107-349)

SVR (dynes·s·cm-5) 1352 (904-1671)

SPAO2 (%) 71.8 ± 2.3

The IMT was set to 2.3 ± 0.6 kPa (23.7 ± 5.7 cmH2O). IMT was
performed for 2.2 ± 0.3 min. The s/d/m PAP at the end of IMT

was 41/9/19 mmHg (26-59/-1-22/9-37). Though there was a
trend towards a lower diastolic pressure, there was no
statistically significant change (p=0.06) (Figure 1).

Figure 1: Changes of the PAP at the end of an IMT compared
to baseline before IMT. Box-and-whisker plot with the bottom
and top of the box being the first and third quartiles (band
inside the box=median). The whisker represents the minimum
and maximum of the data. PAP=pulmonary arterial pressure;
s=systolic, d=diastolic, m=mean.

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 which did not change compared to baseline (CO p=0.20
and CI p=0.18) (Figure 2).

Figure 2: Changes of the CO and the CI at the end of an IMT
compared to baseline before IMT. Box-and-whisker plot with
the bottom and top of the box being the first and third
quartiles (band inside the box=median). The whisker
represents the minimum and maximum of the data
CO=cardiac output CI=cardiac index.

In 7 patients mixed-venous hemoglobin oxygen saturation
was obtained at the end of IMT.

The mixed-venous hemoglobin oxygen saturation of these
patients was 71.8 ± 2.3% (mean ± SD) before IMT and showed a
significant reduction to 65.8 ± 5.9% (p=0.027) at the end of IMT
(Figure 3).
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Figure 3: Changes of the PA-saturation during IMT allows to
estimate the changes in oxygen cost of breathing. The mixed-
venous hemoglobin oxygen saturation was 71.8 ± 2.3% before
IMT, with a significant reduction to 65.8 ± 5.9% (p=0.027) at
the end of an IMT.

Subgroup analysis of patients with only COPD or heart failure
did not lead to any other significant findings.

Discussion
In our study, the systolic and the mean PA pressure during IMT

for 2.2 min with 23.7 cmH2O (2.3 kPa) did not change. We would
classify the intensity of the IMT as moderate. The median mPAP
in the study population was not elevated above ≥ 25 mmHg, so a
pulmonary arterial hypertension was excluded.

Spontaneously breathing patients usually have a fall in the
pleural pressure during inspiration. One of the factors
determining whether this leads to a decrease in the right atrial
pressure [25] is the fluid load. During IMT, this effect should be
aggravated. The mean PAP is also linked to the CO and an
exercise-induced pulmonary hypertension may occur.
Nevertheless, in our study we did not observe any change of CO
that might explain at least in part why the mPAP did not change
at the end of the IMT trial.

Increasing intra-thoracic pressure by coughing or the Valsava
manoeuvre leads to an increase in the pulmonary arterial
pressure [26]. During IMT, inspiration against a threshold-a
contrary manoeuver-is conducted and therefore a reduction of
the intra-thoracic pressure should be expected as well as a
decrease in pulmonary arterial hypertension. Indeed, in our
study there is a trend towards a lower diastolic PA pressure
(p=0.06). One may suppose that the result is not statistically
significant due to the sample size or the low intensity of the
performed IMT.

CO after 2 minutes of an IMT could only be measured in 8
patients, because the patients often stopped IMT before three
bolus could be performed. We believe that it was extremely
important to measure the CO only during the IMT and that
measuring after stopping the IMT would cause a bias. We did
not find any change of the CO at the end of IMT. This is
surprising because as the process of IMT may be regarded as an

increased inspiration one could expect an increase in venous
return to the right ventricle with a subsequent increase in the
pulmonary venous pressure. Inspiratory threshold valves may be
used in resuscitation where in fact an increase in cardiac output
a blood pressure may be achieved [27].

On the other side, an increase in the negative pressure during
inspiration may cause an increase in left ventricular afterload by
increasing the transmural pressure of the left ventricle which
consequently results in a fall in the left ventricular output [28].
In this case, inspiratory threshold loading would be expected to
cause a reduction in cardiac output which may in turn have
deleterious effects on inspiratory muscle function with an
increase in the oxygen cost of breathing and deoxygenation of
the respiratory muscle [29]. We also know that upper airway
obstruction (e.g., by tracheal tumor or tonsillar hypertrophy)
may cause pulmonary edema [30] due to fluid shift induced by
the drop of the negative intra-thoracic pressure generated in the
thorax when the inspiration is carried out against a closed glottis
or obstructed upper airway.

In another scenario concerning patients with COPD and
intrinsic positive-endexpiratory pressure (iPEEP) of the lung, the
following sequence following IMT is imaginable: during
inspiration prior to iPEEP being overcome, pressure around the
right ventricle decreases whilst alveolar pressure does not
change, so the right ventricle must generate higher pressures,
i.e., right ventricular afterload increases in order to
counterbalance negative transmural pressure, [31] which could
lead to a potential leftward shift of the septum that causes a
decrease in LV dimension and filling (SV reduced).

In our study, we describe for the first time a new method how
to measure the oxygen consumption of the inspiratory muscles.
Oxygen cost of breathing can be measured by subtracting the
oxygen consumption at rest from that observed during an
increased respiratory activity [32]. Most commonly it is obtained
from the slope of the oxygen uptake and ventilation relationship
[33-35]. In our study we employed an entirely different method:
changes of the oxygen consumption of the inspiratory muscles
may also be obtained by sampling blood during right heart
catheterization (mixed-venous blood). The oxygen cost of
breathing during IMT may be estimated then by measuring the
difference of the pulmonary oxygen saturation before and at the
end of a period of IMT. This method is described for the 1st time
(in terms of proof of concept). It was only possible to obtain the
blood gas sample of a minority of patients because we intended
to obtain the blood sample exactly two minutes after the start of
an on-going period of IMT. Most of the patients stopped the IMT
before blood sampling was possible. In cases where a
measurement was possible, we found that the PA saturation was
reduced by 6% due to IMT. The extent of this change was
surprising for us because we believe that the intensity of the
IMT was modest. There is another reason why these findings are
remarkable: in earlier studies a high negative inspiratory
pressure increased the diffusion capacity for carbon dioxide by
6% due to recruitment of the pulmonary capillary bed which in
turn should rather increase the saturation [36]. Further studies
should evaluate the potential of pulmonary arterial saturation
derived oxygen cost of breathing as a monitoring tool for
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respiratory muscles in intensive care (e.g., during spontaneous
breathing trials).

In quiet breathing, the oxygen cost of breathing is extremely
small, being less than 5% of the resting oxygen consumption.
However with voluntary hyperventilation, it is possible to
increase it up to 30%. In patients with COPD, the oxygen cost of
breathing may limit their exercise ability [37]. In CHF, a
maladaptive breathing pattern (increase in inspiratory and
decrease in expiratory time) [28] and structural changes of the
diaphragm with fast to slow heavy chains with a decrease in
glycolytic capacity [38] develop. Taken all together,
diaphragmatic work and therefore oxygen cost of breathing is
dramatically increased in patients with HF and approaches levels
shown to generate fatigue. This contributes to the sensation of
dyspnea which is closely related to respiratory muscle function
[39]. As demonstrated by a recent study, [40] cardiac and
pulmonary function may be improved by exercise training.

Limitations
First of all, IMT was performed only with a single adjustment.

Because we did not perform IMT without threshold it is
impossible to estimate the influence of deep inspiration on the
oxygen cost of breathing. Secondly, due to methodological
reasons assessment of CO and oxygen cost of breathing was not
obtained in all patients. Thirdly, the standard deviation of our
results is high, so that the conclusions have to be drawn
carefully. And finally, the patients in our study had a moderate
PH and it remains unclear if our findings are reproducible in
patients with a normal PA pressure.

Conclusion
Performing IMT in patients with moderate PH has no impact

on the PA pressure and cardiac output is also not affected.
Moderately performed IMT increases the oxygen cost of
breathing by 6%.
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