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1 | INTRODUCTION

Dynamic hyperinflation (DH) is a prognostically relevant factor in
chronic obstructive pulmonary disease (COPD) (Aalstad et al., 2018;
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Abstract

Dynamic hyperinflation (DH) determines symptoms and prognosis of chronic
obstructive pulmonary disease (COPD). The induction of DH is used to study cardio-
pulmonary mechanics in healthy subjects without COPD-related confounders like
inflammation, hypoxic vasoconstriction and rarefication of pulmonary vasculature.
Metronome-paced tachypnoea (MPT) has proven effective in inducing DH in healthy
subjects, but does not account for airflow limitation. We aimed to establish a novel
model incorporating airflow limitation by combining tachypnoea with an expiratory
airway stenosis. We investigated this expiratory resistance breathing (ERB) model
in 14 healthy subjects using different stenosis diameters to assess a dose-response
relationship. Via cross-over design, we compared ERB to MPT in a random sequence.
DH was quantified by inspiratory capacity (IC, litres) and intrinsic positive end-
expiratory pressure (PEEPi, cmH,O). ERB induced a stepwise decreasing IC (means
(95% ClI): tidal breathing: 3.66 (3.45-3.88), ERB 3 mm: 3.33 (1.75-4.91), 2 mm: 2.05
(0.76-3.34),1.5 mm: 0.73 (0.12-1.58) litres) and increasing PEEPi (tidal breathing: 0.70
(0.50-0.80), ERB 3 mm: 11.1 (7.0-15.2), 2 mm: 22.3 (17.1-27.6), 1.5 mm: 33.4 (3.40-
63) cmH,0). All three MPT patterns increased PEEPi, but to a far lesser extent than
ERB. No adverse events during ERB were noted. In conclusion, ERB was proven to
be a safe and efficacious model for the induction of DH and might be used for the

investigation of cardiopulmonary interaction in healthy subjects.

KEYWORDS
airflow limitation, elastic recoil, inspiratory capacity, positive end-expiratory pressure, pulmonary
mechanics

Casanova et al., 2005). DH is caused by airflow limitation and
loss of elastic recoil and is strongly associated with poor quality
of life, exercise intolerance (Cooper, 2006) and cardiac dysfunction
(Barr et al., 2010; Hohlfeld et al., 2018). The identification of

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution and reproduction in any
medium, provided the original work is properly cited and is not used for commercial purposes.
© 2020 The Authors. Experimental Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society

532 wileyonlinelibrary.com/journal/eph

Experimental Physiology. 2021;106:532-543.


https://orcid.org/0000-0002-7509-4983
https://orcid.org/0000-0002-2891-0271
mailto:georg-christian.funk@lungenzentrum.at
http://creativecommons.org/licenses/by-nc/4.0/
https://wileyonlinelibrary.com/journal/eph

URBAN ET AL.

patients susceptible to DH is a key objective in the diagnosis and
treatment of patients with COPD, especially in terms of cardiovascular
comorbidities (Klooster et al., 2015). However, there are substantial
safety issues when inducing DH in patients with COPD and the inter-
pretation of underlying mechanisms and prognosis is confounded by
the excess extrapulmonary comorbidity of COPD.

Previous approaches to inducing DH in patients with COPD have
led to the method of metronome-paced tachypnoea (MPT) (Weigt,
Abrazado, Kleerup, Tashkin, & Cooper, 2008). Tachypnoea and a
consecutive shortening of expiratory time determine a stepwise
induction of DH. MPT has proved as a reliable tool for the diagnostic
induction of DH and is applied to test therapeutic interventions
in patients with COPD (Nakagawa et al., 2015). Recently, MPT
revealed the induction of DH in healthy subjects (Cooper et al.,
2014). In patients with COPD, many factors like inflammation
(Sode, Dahl, & Nordestgaard, 2011; Vanfleteren et al., 2013), hypo-
xic vasoconstriction (Barbera & Blanco, 2009; Lopez-Sanchez et al.,
2013) and rarefication of pulmonary vasculature (Barr et al., 2010;
Hueper et al., 2015; Liebow, 1959) confound the investigation of
DH and its role in cardiopulmonary interaction. Hence, the induction
of DH in healthy subjects represents a valuable tool to simulate
cardiopulmonary mechanics of a diseased lung without the above-
mentioned confounders. Well-established models of DH like the
Starling resistor have revealed some technical limitations apart from
a rather challenging application in practical use. For MPT, as an
easily applicable model, the lack of airflow limitation as the main
pathophysiological feature of COPD raises concerns about the validity
of induced DH in healthy subjects. Indeed, MPT-induced DH has only
been measured by means of inspiratory capacity (IC). An invasive
validation of DH via intrinsic positive end-expiratory pressure (PEEPi)
has not been conducted for MPT yet. The aim of this study was
to establish a model for the controlled induction of DH, combining
tachypnoea with expiratory airway resistance in healthy subjects.
Further, we aimed to compare this model with MPT via IC and PEEPi
measurement. We hypothesize that our model of expiratory resistance
breathing (ERB) significantly increases PEEPi. Further, we hypothesize
that ERB induces a significantly greater decrease in IC and increase
in PEEPi compared to MPT. Rejecting the null hypothesis would
characterize ERB as a valid tool to induce DH and to study cardio-

pulmonary consequences of DH in healthy subjects.

2 | METHODS

2.1 | Ethical approval

This study was conducted in accordance with the Declaration of Helsinki.
Prior to inclusion, each subject received detailed explanations on all
study-related procedures and gave written informed consent. The
study protocol as well as the participants’ information and the written
informed consent were approved by the Ethics Committee of the City
of Vienna (EK 15-209-1015). The study was registered with www.
clinicaltrials.gov, under NCT03500822.
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New Findings

* What is the central question of this study?
The study aimed to establish a novel model to study
the chronic obstructive pulmonary disease (COPD)-
related cardiopulmonary effects of dynamic hyper-
inflation in healthy subjects.

* What is the main finding and its importance?
A model of expiratory resistance breathing (ERB)
was established in which dynamic hyperinflation
was induced in healthy subjects, expressed both
by lung volumes and intrathoracic pressures. ERB
outperformed existing methods and represents
an efficacious model to study cardiopulmonary
mechanics of dynamic hyperinflation without po-

tentially confounding factors as present in COPD.

2.2 | Study subjects

For this randomized, cross-over interventional study, we enrolled a
total of 14 participants. Subject inclusion criteria comprised 18-40
years of age, male sex, a body mass index (BMI) below 27 kg m~2 and
lifelong non-smoking (i.e. non-smoking during recruitment and pre-
vious history of less than 100 cigarettes). Exclusion criteria covered
obstructive lung diseases (i.e. asthma, COPD), cardiovascular diseases
(i.e. heart failure, coronary artery disease, arterial hypertension)
or any other relevant pulmonary or cardiac disorder as judged by
the investigators. Prior to inclusion, each participant underwent
a detailed physical examination and recording of medical history.
Spirometry was conducted in each participant and airflow limitation
was ruled out via spirometry by means of a portable ultrasound-
based spirometer (Easyone, NDD Medical, Ziirich, Switzerland) using
the reference equations of the European Respiratory Society (Quanjer
et al.,, 1993). Subjects were recruited from the Medical University of
Vienna, from the investigators’ circle of acquaintance and via public

advertisements.

2.3 | Induction of dynamic hyperinflation

Participants had to breathe through a mouthpiece connected to a
conventional pneumotachograph (High-Flow PNT Series 3830, Hans
Rudolph, Shawnee, KS, USA). Downstream of the mouthpiece, a T-
connector coupled a one-way valve with an expiratory airway stenosis
(Figure 1a). Three different stenosis diameters (i.e. 1.5, 2.0 and 3.0 mm,
Figure 1b) were used to grade different amounts of airflow limitation.
During each ERB cycle subjects had to breathe at a constant rate of
30 bpm and a ratio of inspiration to expiration (I:E ratio) of 1:3 guided

by a metronome. MPT was used as the control intervention with three
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FIGURE 1 Mouthpiece with (a)
pneumotachograph, one-way valves (a) and

expiratory stenoses with various diameters (i.e.

1.5,2.0 and 3.0 mm) (b)

| Stenosis | |0ne-wayvalves|

(b)

Inspiration d

Expiration

Pneumotachograph | |Mouthpiece

different cycles (i.e. MPT1: respiratory rate of 40 bpm, I:E ratio of 1:1;
MPT 2: respiratory rate of 40 bpm, |.E ratio of 1:2; MPT 3: respiratory
rate of 30 bpm, I:E ratio of 1:2) as previously described (Cooper et al.,
2014; Weigt et al., 2008).

2.4 | Visit schedule

Study visits were conducted in a temperature-controlled room,
starting at 15.00 h with subjects fasting for at least 8 h. Following
local anaesthesia of the nasopharyngeal mucous membrane, an
oesophageal balloon catheter was administered as reported previously
(Benditt, 2005). Briefly, the deflated balloon catheter was inserted
while subjects were repeatedly swallowing in an upright position.
During inspiration, we verified gastric position via positive pressure
deflections. Following the inflation of 2 ml and deflation of 0.5 ml of
air, subsequent withdrawal of the balloon led to negative pressure
deflections indicative of intrathoracic position. Intra-oesophageal
placement of the total balloon was reached via a further withdrawal
for an additional 10 cm and the detection of the cardiac pulsation in

the pressure waveform. Participants were placed in a supine position

under tidal breathing for 15 min. Prior to DH, subjects had to breathe

through the mouthpiece for 3 min without metronome pacing.
Subjects were randomly allocated to start with either ERB or MPT.
Each cycle of hyperinflation was followed by 60 s of tidal breathing
without mouthpiece or metronome to let subjects return to tidal
breathing. After completion of the three respective cycles, subjects
from the ERB group crossed over to the MPT group and vice versa.
At the end of each 60 s cycle, as well as the consecutive phase of tidal
breathing, IC was measured via a pneumotachograph as recommended
in the current guidelines (Miller et al., 2005; Rossi et al., 2015). In
brief, following three constant tidal breaths, subjects were instructed
to inspire deeply until total lung capacity starting at the end of the
last expiratory manoeuvre. The preceding end-expiratory lung volume
(EELV) was taken as the anchor for the quantification of IC. PEEPi
was quantified via an oesophageal pressure balloon (Model C76050U,
Marquat Génie Biomédical, Boissy-Saint-Léger, France) and computed
via a specialized pressure box (ICU-Lab, KleisTEK Engineering, Bari,
Italy) following previously published standards (Milic-Emili, Mead,
Turner, & Glauser, 1964). To account for volume drift due to a
non-perfectly calibrated flow transducer we performed a calibration

towards the baseline value following the recommendations of the user
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FIGURE 2

Esophageal
balloon

Visit schedule with the sequence of dynamic hyperinflation with metronome-paced tachypnoea (MPT) and expiratory resistance

breathing (ERB) and outcome measurements. bpm, beats per minute; ERB, expiratory resistance breathing; I:E, inspiratory time :expiratory time;

MPT, metronome-paced tachypnoea

manual (ICU-Lab acquisition system, version 3.10), i.e. at the beginning
of each visit prior to data acquisition, after a continuous operating time
of 1 h and as soon as the pressure box has been moved. An overview

over the visit schedule is given in Figure 2.

2.5 | Sample size estimation and data analysis

Our study contained a continuous variable of matched pairs of sub-
jects as the primary outcome measure. In a pilot study, the difference in
the outcome measure of matched pairs showed a normal distribution.
For these matched pairs, we calculated a sample size of 10 subjects in
order to reject the null hypothesis with a probability of 0.9 (power).
Type 1 error is 0.05 (level of significance). The number of subjects
with incomplete data sets caused by technical problems or compliance
during recording is estimated at four. Hence, we projected an over-
all sample size of 14 participants. These results were calculated using
Stata software (StataCorp, College Station, TX, USA) and the ‘PS -
power and sample size’ program.

Descriptive statistics are expressed as means and 95% confidence
intervals. To account for repeated measurements in individual sub-
jects, we used robust standard errors. To compare the mean values
between MPT and ERB, we used a generalized estimation equation
with exchangeable correlation structure within the respective group.
In case of drop-out (because of technical reasons or adverse events,
etc.), subjects were able to restart the intervention until cross-over.
In the case of a drop-out after the cross-over, subjects were excluded
from the study. All parameters were analysed after anonymization by
an investigator blinded for the breathing pattern.

The effects of ERB and MPT on respiratory mechanics were
displayed by means of a Campbell diagram (Campbell, 1958). This was
created by plotting mean oesophageal pressures against lung volumes

under each of the six interventional conditions (i.e. ERB1, -2, -3; MPT1,

TABLE 1
participants

Baseline anthropometrics and spirometry data of study

Characteristic Mean (95% Cl)

Anthropometrics

Age (years) 27 (19-34)

Height (cm) 181(169-192)

Weight (kg) 78 (61-96)
Spirometry

FVC (%pred) 5.55(4.01-7.09)

4.63(3.21-6.05)
0.83(0.72-0.95)

FEV (%pred)
FEV (%FVC)

n = 14. BMI, body mass index; FEV4, forced expiratory volume in 1's; FVC,
forced vital capacity; pred, predicted.

-2,-3). Lung compliance was evaluated by the intersection line through
the minimum and maximum lung volume of tidal breathing. Chest
wall compliance was estimated to be 200 ml cmH,O~1 (Tobin, 1998).
The intersection of the two pressure-volume relationships represents
EELV during tidal breathing. DH is represented by the distance
between the intersection of lung compliance and chest wall compliance
with the respective pressure-volume cycle.

3 | RESULTS

3.1 | Study sample

Fourteen participants were enrolled in the study. The mean age
was 27 + 4 years and the mean BMI was 24 + 2.3. None of the
participants showed signs of airflow limitation on spirometry. Baseline

anthropometrics and parameters of lung function are listed in Table 1.
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FIGURE 3 Linechart of individual dynamic (a) TB1 ERB1 B2 ERB2 B3 ERB3 TB4
changes in IC during hyperinflation by ERB (a) 1 )
and MPT (b). ERB, expiratory resistance 7SUbJ_GCt 1
breathing; MPT, metronome-paced 0 —subject 2
. : : = —subject 3
tachypnoea; TB, tidal breathing =
> subject 5
= 1
2 —subject 6
% —subject 7
o
> 2 —subject 8
% —subject 9
E_ 3 —subject 10
2 —subject 11
2 —subject 12
—subject 13
-5
(b) TB1 MPT1 TB2 MPT2 TB3 MPT3 TB4
1 —subject 1
—subject 2
0 —subject 3
= subject 4
=z ;
S -1 —subject 5
% —subject 6
; 2 —subject 7
o) —subject 8
o
g —subject 9
Z,‘ -3 —subject 10
- —subject 11
-4 —subject 12
—subject 13
5

Each participant was randomized to one of the two intervention groups
and all participants finalized the entire visit and were available for
analysis.

3.2 | Efficacy of ERB for induction of DH

The mean PEEPI in subjects during tidal breathing amounted to 0.7
cmH,O. During ERB, we observed a significant stepwise increase of
PEEPi with decreasing stenosis diameter from 11.2 (3 mm stenosis) to
22.3 (2 mm stenosis) and 33.4 cmH, O (1.5 mm stenosis). Similar results
were found for IC, which amounted to 3.66 litres during tidal breathing
and decreased significantly with ERB from 3.33 (3 mm stenosis) to 2.05
(2 mm stenosis) to 0.73 litres (1.5 mm stenosis). A detailed overview of
changes in PEEPi and IC during ERB is given in Table 2.

33 |
DH

Comparison between ERB- and MPT-induced

One out of the three different MPT patterns (i.e. respiratory
rate = 40 bpm, |:E ratio = 1:1) showed a significant reduction in
IC compared to tidal breathing. A graphic illustration of subjects’
individual IC response to MPT and ERB is depicted in Figure 3a,b.

Levels of PEEPi showed a significant increase during all three patterns
of MPT. The PEEPi response with MPT was less pronounced compared
to ERB as depicted via individual line charts in Figure 4a,b. For
illustration purposes, an individual breath-to-breath curve of IC and
PEEPi including the onset of inspiratory effort and inspiratory flow
is plotted in Figure 5. One respiratory cycle during the MPT1
pattern is depicted in Figure 5a, and one respiratory cycle during
the ERB1 pattern is depicted in supporting Figure 5b. The respective
compliance curves of the lungs and chest wall are illustrated by
plotting lung volumes against the corresponding oesophageal pressure
(Figure 6).

3.4 | Determinants of ERB-induced dynamic
hyperinflation

Multivariate linear regression analysis with anthropometric as well as
baseline spirometric parameters as the independent variables during
ERB revealed a significant association of PEEPi response to FVC
(regression coefficient —2.798, P < 0.005) and FEV,/FVC (regression
coefficient —3.653, P < 0.05), without significant associations to
age, height and body weight. IC response was significantly positively
associated with age (coeff. 0.030, P < 0.05), but not height, weight or
spirometric determinants during ERB.
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FIGURE 4 Line chart of individual dynamic (@) 70
changes in PEEPi during hyperinflation by ERB —subject 1
(a) and MPT (b). ERB, expiratory resistance 60 —subject 2
breathing; MPT, metronome-paced —subject 3
tachypnoea; TB, tidal breathing 50 subject 4
o) - —subject 5
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w - o
e - subject 9
—subject 10
10 —subject 11
—subject 12
0 —subject 13
TB1 ERB1 TB2 ERB2
(b) 70
—subject 1
60 —subject 2
—subject 3
. 50 subject 4
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:g 40 —subject 6
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— 30 )
o —subject 8
ot )
& 5 —subject 9
—subject 10
10 —subject 11
—subject 12
0 > — — —_— —subject 13
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3.5 | Safety results 4.1 | Previous literature on induced DH

There were no adverse events (neither serious nor severe) recorded
during study-related interventions and measurements. None of the
participants had to discontinue the study visit due to subjective
discomfort or objective safety reasons. Most participants perceived
DH during ERB as a type of strenuous breathing comparable to intense
endurance sports. In the group starting with MPT, data from two
participants had to be excluded from the analysis due to technical
problems with the flow transducer. These difficulties were identified
by the investigators during subsequent off-line analysis and were not
perceived by the participants, nor did they cause them any adverse

events.

4 | DISCUSSION

In the present study, we established a novel model for the induction
of DH. ERB substantially increased PEEPi and decreased IC in healthy
participants. DH was much more pronounced during ERB compared
to the established method of MPT. ERB is a safe and effective model
to study pathophysiological mechanisms and test therapeutic inter-

ventions against DH.

In our sample of healthy subjects, we observed significant changes of IC
and PEEPi by all three airway stenoses applied. One of the first studies
to modify IC via respiratory rate was Gelb et al. (2004). The authors
investigated the effects of ventilation at doubled resting respiratory
rate in patients with COPD and observed a mean decrease in IC of
400 ml, indicative of DH. Weigt et al. (2008) established a standardized
application of the same approach by predetermining respiratory rates
of 20, 30 and 40 bpm. They observed stepwise decreases in IC and
suggested this so-called MPT as a useful method to test DH in patients
with COPD. Cooper et al. (2014) further elaborated this concept
by including predefined I:E ratios in their MPT protocol. This study
identified expiratory time as the most important determinant of DH.
Databy van Leuteren et al. (2018) revealed a significant MPT-mediated
IC reduction, but no association to physical activity in patients with
COPD was found. The authors claimed a more reliable method for
the induction of DH. None of the above-mentioned studies conducted
measurements of PEEPi for amore appropriate characterization of DH
during MPT. In contrast, our model of DH was validated by the gold
standard of DH measurement, i.e. PEEPi. PEEPi can be measured by
different techniques depending on study subjects and the underlying

circumstances. In mechanically ventilated patients, an end-expiratory
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continuous lines represent oesophageal pressure (cmH,O). PEEP,
positive end-expiratory pressure

hold manoeuvre is used to quantify PEEPi (Brochard, 2002; Perchiazzi,
Rylander, Pellegrini, Larsson, & Hedenstierna, 2017). However, the pre-
requisites for this approach are deep sedation, absence of spontaneous
breathing and controlled mechanical ventilation. In non-sedated
spontaneously breathing subjects, measurement of PEEPi requires the
application of an oesophageal balloon, as in our study sample. A sub-
stantial difference between the two approaches is that end-expiratory
hold manoeuvre yields static PEEPi, whereas oesophageal pressure
measurement results in dynamic PEEPi. Simultaneous comparison
of the two techniques showed that static PEEPi exceeded dynamic
PEEPi to a substantial amount in COPD patients under mechanical
ventilation (Petrof, Legare, Goldberg, Milic-Emili, & Gottfried, 1990).
However, when investigating patients without airflow limitation,
a subsequent study revealed a negligible difference between the
two techniques (Maltais et al., 1994). Hence, in our spontaneously
breathing participants, a rather modest difference between static
and dynamic PEEPi can be assumed (Zakynthinos, Vassilakopoulos,
Zakynthinos, Mavrommatis, & Roussos, 2000).

We observed a significant reduction of IC during ERB2 and ERB3
with 2.05 and 0.73 litres, respectively. A study investigating over 400
patients with COPD revealed a mean IC at rest between 1.9 and 2.5
litres depending on the severity of airflow limitation. During exercise
IC was reduced at 1.45 to 2.25 litres (O’Donnell, Guenette, Maltais, &
Webb, 2012). The increase in PEEPi during ERB was similar, ranging
from 11.1 (ERB1) to 22.3 (ERB2) and 33.4 cmH,O (ERB3). Data by
Tschernko et al. (1997) and colleagues found resting PEEPi levels of

39
WILEY——2

5 cmH,0 in COPD, which increased to 12.3 cmH,O during exercise.
Patients during acute exacerbation of COPD showed a PEEPi of up
to 20 cmH,O during sedation and mechanical ventilation (Ranieri,
Dambrosio, & Brienza, 1996). In summary, the amount of hyperinflation
through our ERB model is comparable to various clinical scenarios of
COPD with ERB3 even exceeding the PEEPi reported patients with
irreversible airflow limitation.

A visual integration of DH and work of breathing during tidal
breathing, MPT and ERB is depicted via the Campbell diagram in
Figure 6. Briefly, the area between the dashed and the continuous line
indicates the work against the elastic forces of the chest wall and the
lungs. The part of the pressure-volume curve left of the dashed line
shows the work required to overcome resistance. Relaxation volume,
where recoil pressure of the chest wall and the lungs is equivalent, is
located at the intersection of the dashed line (lung compliance) and
continuous line (chest wall compliance). The vertical distance of the
lower margin of the respective cycles to the intersection represents
elevated EELV indicative of DH, which increases stepwise from tidal
breathing to ERB1, ERB2 and ERB3. The horizontal distance at the
lower arc of the cycles (from right to left side) illustrates the change
in pleural pressure generated by inspiratory muscles. With increasing
PEEPI, higher work of breathing has to be provided before the onset of
inspiratory flow. The dynamic changes of the pressure-volume curve
from tidal breathing to ERB1, ERB2 and ERB3 are comparable to
previous data from patients with COPD illustrated via the Campbell
diagram (Chen, Li, Zheng, Luo, & Chen, 2016). Especially the resistive
work of breathing is substantially increased during ERB as is the case
in rapidly breathing patients with COPD (Loring, Garcia-Jacques, &
Malhotra, 2009). In a distinct form, this results in ineffective or wasted
effort of inspiration as previously identified in patients with COPD
during DH (Vassilakopoulos, 2008).

In the present study, we enrolled exclusively healthy subjects. The
study by Cooper et al., (2014) was the first to identify DH in healthy
participants. The amount of IC reduction was much lower in healthy
subjects compared to COPD patients. However, a direct comparison
between the two study groups was methodologically imprecise due to
a substantially lower age in the healthy group. Similarly, the effects
of MPT on IC were modest in our sample and the reduction of IC
was much more pronounced during ERB compared to MPT. Two pre-
viously published experimental studies by Cheyne et al. investigated
cardiopulmonary interaction during DH (Cheyne, Williams, Harper, &
Eves, 2016, 2017). The authors induced DH by inspiratory as well
as expiratory restrictive loading in healthy subjects. They observed a
reduction in IC comparable to our ERB model. During resistive loading
participants revealed significant increases in oesophageal pressure
(Cheyne et al., 2016). However, with up to 7.5 cmH,O, these effects

were much lower compared to the observations in the present study.

4.2 | Mechanisms of dynamic hyperinflation
The differences of pulmonary mechanics during forced respiration
between healthy subjects and patients with COPD are predominantly

determined by airflow limitation. In healthy lungs, tidal volume along
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with respiratory rate increases in consequence of physical exercise
(Henke, Sharratt, Pegelow, & Dempsey, 1988). In the presence of air-
flow limitation and reduced elastic recoil, as in patients with COPD,
the time needed for passive deflation of the lungs is substantially
prolonged. Hence, parts of the potentially removable gas remain in
the lungs resulting in increased EELV (Gagnon et al., 2014; Rossi et al.,
2015). Increased EELV during forced respiration can be measured
indirectly by means of pneumotachographic assessment of IC. IC
measurement is a non-invasive and easily conducted method and
hence widely used in clinical practice (Rossi et al., 2015). In our sample
of healthy subjects, IC response to ERB was associated with age, but
not with parameters of airflow limitation. The accurate assessment
of DH via pressure measurement in spontaneously breathing sub-
jects, however, requires the application of an oesophageal balloon
(Akoumianaki et al., 2014). Its widespread use is hampered by a high
technical effort and the need for experienced investigators. In our data,
we observed a good conformity between IC and PEEPi during ERB.
However, PEEPI, but not IC, was significantly negatively associated
with FEV1/FVC as a marker for airflow limitation during ERB. Yan &
Kayser (1997) conducted an evaluation of IC measurement via PEEPi
quantification by an oesophageal balloon. These data identified IC as a
reliable proxy for DH at least for the application in clinical practice.
The induction of DH via expiratory flow limitation has been studied
extensively by means of a Starling resistor. Numerous studies revealed
a valid and reproducible hyperinflation verified by increased intra-

thoracic pressures and compromised ventilation in healthy subjects

(Aliverti et al., 2002, 2005; landelli et al.,, 2002; Kayser, Sliwinski,
Yan, Tobiasz, & Macklem, 1997; Rolland-Debord, Morelot-Panzini,
Similowski, Duranti, & Laveneziana, 2017). However, we sought to
establish a technically less demanding, yet valid and reliable, approach
for the induction of DH in clinical routine. Further, the application of the
Starling resistor might be compromised by non-linear and difficult to
control flow rates, especially during higher pressure gradients for the
simulation of severe airflow limitation (Jan, Kamm, & Shapiro, 1983;
Jordanoglou & Pride, 1968; Mead, Turner, Macklem, & Little, 1967). In
summary, our model might represent an easily applicable way to induce
DH with constant flow rates even during high-grade expiratory flow
limitation.

A potentially relevant mechanism for the interpretation of DH via
PEEPi might be confounding through abdominal muscle recruitment.
The available literature on this topic covers the electromyographic
assessment of abdominal muscle activity during the respiratory cycle
in patients with COPD (Ninane, Rypens, Yernault, & De Troyer, 1992).
The authors indicated that the evaluation of PEEPi during expiration
could lead to an overestimation of DH. We did not conduct an electro-
myographic evaluation of abdominal muscle activity in our study.
However, data by Laveneziana, Webb, Wadell, Neder, & O’Donnell
(2014) demonstrated that muscle activation during expiration does
not substantially influence DH quantified by EELV. In our study, we
found a consistent deviation of lung volumes and pressures during
ERB, indicating the presence of DH without relevant confounding by

abdominal muscles.
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4.3 | Consequences of dynamic hyperinflation

The pathophysiological consequences of DH comprise various effects
within and beyond the respiratory system which are accountable for
several clinically relevant comorbidities in COPD. During inspiration
from an increased EELV, respiratory muscles are required to over-
come PEEPI in order to generate the pressure gradient accountable
for inspiratory flow. This muscular work spent to overcome PEEPi
represents a major determinant of increased work of breathing in
patients with COPD (Sliwinski, Kaminski, Zielinski, & Yan, 1998). The
simulation of this concept is clearly depicted in the Campbell diagram
(Figure 6) of our healthy participants. From spontaneous breathing to
each of the three ERB models, there is a substantial stepwise increase
in the pressure gradient required to generate a corresponding volume
change. The amount of increased work of breathing is depicted by the
area between the intersection points of the respiratory cycle with the
compliance curves of the lung and the chest wall.

Especially, the interrelation of hyperinflated lungs with the heart
has gained particular clinical relevance over the past years (Alter et al.,
2018; Hohlfeld et al., 2018). The effects of induced DH on the heart
were elaborated by Cheyne and co-workers. In a recent publication,
they were able to reduce stroke volume of the left ventricle via hyper-
inflation of healthy participants and counted direct ventricular inter-
dependence as a key mechanisms for this cardiopulmonary interaction
(Cheyne et al., 2016; Cheyne, Gelinas, & Eves, 2018). In short, thereis a
plethora of clinically important consequences of DH, which emphasizes
the relevance of appropriate models to study DH under controlled
conditions.

4.4 | Strengths and limitations of this study

A strength of the present study is the application of an oesophageal
balloon during the induction of DH. Our method of ERB represents
the first model for DH validated via invasive quantification of PEEPi.
In the course of the study, we faced some technical problems with the
flow transducer of the pneumotachograph, which led to the exclusion
of IC values from two participants. However, the remaining data
had sufficient power to show significant DH and the corresponding
PEEPi values underline this interpretation. The detailed investigation
of ventilatory parameters (e.g. respiratory rate, inspiratory and
expiratory time) as listed in Table 2 indicated that participants were
able to accurately reproduce the scheduled breathing pattern during
ERB. IC measurements were conducted at the end of each 60 s
cycle with the preceding EELV as the anchor. The anticipation of
an upcoming IC manoeuvre might confound the participant’s tidal
breathing. However, the instruction for IC manoeuvres was given
immediately when inspiration was scheduled to minimize a potential
confounder by participant anticipation. The evaluation of the within-
subject trial-to-trial variability would have been expedient in terms of
the validation of ERB. However, the scheduled comparison between
MPT and ERB required in six different cycles of hyperinflation

per participant and the repeated conduct of each cycle would not
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have been intolerable in a single study visit. Similarly, we did not
test ERB in different postures, which represents an important task
for future studies on ERB. A potential static hyperinflation in our
study participants was not evaluated via plethysmography prior to
enrolment. However, participants were apparently healthy and air-
flow limitation was ruled out via spirometry. The external validity and
applicability of our findings in patients with airflow limitation might
be limited. Hence, subsequent studies to investigate the use of ERB in
patients with COPD are required. Moreover, we did not test potential
interventions to reduce DH induced by ERB, like, for example, helium
breathing. Based on our findings, ERB might be a suitable model for
interventional studies to test the reversibility of induced DH in healthy
subjects. We enrolled only male participants in this study. First, women
were shown to perceive more dyspnoea and less exercise tolerance
at comparable amounts of airflow limitation (Martinez et al., 2007).
Second, men are more prone to emphysema-related hyperinflation
compared to women (Halbert et al., 2006). We did not measure
respiratory sensation by Borg scale or visual analogue scale during the
application of ERB. However, our novel approach to inducing DH could
be applied to investigate the association of respiratory mechanics to
the perception of dyspnoea. For practical reasons we decided against
monitoring of vital functions other than respiration during the study
procedure. Therefore, changes in haemodynamics and gas exchange

cannot be excluded.

5 | CONCLUSION

We established ERB as a safe and efficacious model for the simulation
of DH in healthy subjects. We observed significant increases in PEEPi
and corresponding decreases in IC. DH by ERB was significantly higher
than by MPT. ERB is a tool to study DH in healthy lungs isolated
from confounding factors as present in COPD. No adverse events
were observed during ERB. A potential application of ERB to safely
investigate the effects of DH on cardiopulmonary interaction in healthy
subjects as well as the safety and efficacy of ERB in patients with COPD
should be tested in subsequent studies.
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