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Background: Subjects with COPD frequently develop considerable weakness and decondi
tioning of the inspiratory musculature, which can be corrected with inspiratory muscle 
training (IMT). While rehabilitation centers may be able to provide IMT as part of the rather 
complex management of COPD, there is currently a lack of rehabilitation services in the 
Czech Republic. Remote IMT may then benefit subjects with COPD who are unable to 
attend or do not have access to rehabilitation programs. We aim at evaluating the utility of 
the test of incremental respiratory endurance (TIRE) as an at-home IMT method in subjects 
with COPD, while comparing the effectiveness of this novel training approach to the 
outcomes of traditional, threshold loading IMT protocols.
Methods/Design: This prospective, randomized controlled trial will comprise 8 weeks of 
at-home IMT sessions with remote supervision followed by 4 months of unsupervised, 
independent IMT. Eligible subjects will be randomly assigned to one of the following 
three distinct home-based IMT protocols: (1) TIRE, (2) Threshold loading, and (3) Sham 
training. Subjects allocated to the TIRE group will train once daily using an advanced IMT 
electronic system (PrO2), while the other two groups will receive threshold devices. Study 
outcomes will include measures of inspiratory muscle strength and endurance, pulmonary 
function, COPD-specific symptomatology, functional exercise capacity, surrogate markers of 
mortality risk, mental health status and health-related quality of life.
Discussion: While we acknowledge the value of threshold loading IMT protocols, we 
believe that the TIRE training method has the potential to provide additional clinical benefits 
in COPD given its sophisticated remote tracking system and ability to modulate all aspects of 
muscular performance, including not only strength but also endurance, power and work 
capacity, allowing users to achieve considerably higher inspiratory pressures throughout the 
full range of inspiration when compared to other more traditionally used IMT methods.
Keywords: chronic obstructive pulmonary disease, pulmonary rehabilitation, telemedicine, 
quality of life, inspiratory muscle training, test of incremental respiratory endurance

Introduction
Chronic obstructive pulmonary disease (COPD) is a highly prevalent and complex 
disease characterized by a progressive decline in lung function, which is not fully 
reversible.1 The prevalence of COPD is increasing worldwide, with high rates of 
mortality and morbidity impacting the quality of life of affected subjects.2 Despite 
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optimal bronchodilator therapy, many patients suffer from 
intolerance of physical exercise and dyspnea of 
a multifactorial nature.3 In the Czech Republic, approxi
mately 800,000 people are estimated to have COPD 
(7–8% of the country’s entire population).4

Pulmonary rehabilitation represents one of the most 
important and effective therapies in COPD. It is aimed at 
restoring function and has been shown to increase exercise 
tolerance, reduce dyspnea and improve quality of life in 
participants.5 While pulmonary rehabilitation is a central 
component in the rather complex management of COPD, 
there is currently a lack of centers able to provide appro
priate rehabilitation services in the Czech Republic. 
Therefore, a great discrepancy between the theoretical 
need and the actual availability of these programs 
exists.2,6 The reasons for the absence of such outpatient 
programs in the Czech Republic include the lack of both 
experience and interest of health insurance companies in 
the context of secondary prevention programs, as well as 
unavailability of an adequate number of healthcare facil
ities specialized in the management of chronic respiratory 
conditions.6 In the United States (US), adherence to pul
monary rehabilitation is extremely low among subjects 
with COPD, despite all its benefits.7 This can be explained 
in part by the fact that pulmonary rehabilitation programs 
are typically hospital-based, which limits accessibility. 
Travel and transport issues have been cited as being the 
most common obstacles for program attendance.7,8 Home- 
based therapies like inspiratory muscle training (IMT) are 
then a promising approach found to yield beneficial effects 
on exercise capacity and exertional dyspnea in subjects 
with COPD.9

The Test of Incremental Respiratory Endurance (TIRE) 
is a novel method to assess the inspiratory musculature of 
subjects diagnosed with COPD. The TIRE has recently 
been validated for use in this population, providing reli
able measures of maximal inspiratory pressure (MIP), 
sustained maximal inspiratory pressure (SMIP) and 
inspiratory duration (ID).10 The same method can be 
used as a more comprehensive IMT regimen which has 
not been fully examined in COPD.11

IMT has been shown to produce significant clinical 
benefits in obstructive lung disease.12 The positive effects 
of IMT in COPD make it an attractive therapy due to its easy 
applicability. Optimizing IMT methods to elicit the most 
functional improvements in COPD is therefore of significant 
importance.13 Traditional threshold loading IMT has impor
tant limitations, which are a limited workload (a maximal 

resistance of −41 cmH2O or less in such devices) and 
a limited inspiratory duration. By its nature, the TIRE pro
mises to be a more efficient training tool because it allows 
patients to achieve considerably higher inspiratory pressures 
(up to −300 cmH2O) throughout the full range of inspira
tion, as shown in Figure 1, adapted from Cahalin et al.14

The main objective of this trial is to fully evaluate the 
utility of the TIRE as an IMT method in subjects with 
COPD, while comparing the effectiveness of this novel 
training approach to the outcomes of traditional, threshold 
loading IMT protocols. We hypothesize that, as a home- 
based stand-alone rehabilitative therapy, TIRE might be 
superior to traditional IMT in improving inspiratory mus
cle performance and COPD-related outcomes.

Methods/Design
Study Design
The intended study will include two treatment groups and 
one sham intervention group in a 1:1:1 ratio. All subjects 
will undergo a certain type of IMT regardless of group 
assignment, which will be performed via two different 
devices. The study will be conducted in cooperation with 
the Rehabilitation Department and the Department of 
Respiratory Diseases of University Hospital Brno. The trial 
will comprise an 8-week at-home training period with 
remote supervision followed by 4 months of unsupervised, 
independent respiratory training. The study will be prospec
tive, controlled, and randomized. The patients will be 

Figure 1 Comparison of the maximal inspiratory effort slopes obtained via the 
TIRE method and traditional inspiratory muscle assessment utilizing a threshold 
device. 
Notes: The TIRE method elicits significantly higher inspiratory pressures that last 
throughout the entire inspiration, from residual volume (RV) to total lung capacity 
(TLC), while traditional IMT provides a square-shaped curve with limited pressures 
and inspiratory duration. SMIP derives as the area under the pressure-time curve in 
the TIRE assessment.
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assigned 1:1:1 using a computerized random allocation 
sequence, which will be done through the use of opaque, 
sealed and numbered envelopes. This process will be admi
nistrated by a skilled, independent expert at the hospital 
center. They will also collect and store informed consents, 
questionnaires and other trial information. Electronic data 
will be stored in the hospital’s private cloud and backed up 
to a flash drive. All data will be processed and backed up 
according to the currently valid General Data Protection 
Regulations. Although some healthcare providers will need 
to be informed about their patient’s group assignment, sub
jects will be asked not to disclose their group assignment to 
the physician performing initial and final examinations, who 
will be blinded. The overall training regimen and data col
lection time points are shown in Figure 2.

All subjects will be recruited from the outpatient services 
of the Department of Respiratory Diseases at the University 
Hospital Brno. Subjects are expected to meet the following 
criteria: (a) subjects over the age of 40 with a clinical and 
functional diagnosis of COPD according to the Global 
Initiative of Chronic Obstructive Lung Disease (GOLD) 
guidelines – stages I to IV, (b) evidence of inspiratory muscle 
weakness, defined as a MIP ≤ 80 cmH2O and a SMIP ≤ 427 
PTU (pressure time units),15 (c) ability to operate 
a computer, tablet or smartphone independently and follow 
the training instructions, (d) clinical stability with no history 
of infections or exacerbation of respiratory symptoms for at 
least two months prior to study enrollment, and (e) non- 
participation in exercise programs in the past 12 months. 
The above criteria for inspiratory muscle weakness were 
chosen based upon a previous study by our research group, 

which found a SMIP value of 427 PTU to be equivalent to 
the MIP cut-off value of 80 cmH2O for stratification of 
clinically important inspiratory muscle impairment proposed 
by the ATS/ERS statement on respiratory muscle testing.15,16

We will exclude subjects with history of lung surgery, 
lung cancer, as well as individuals with any diagnosed cog
nitive (ie, Mini Mental State Examination score <24), ortho
pedic, neurological or neuromuscular disorders that might 
prevent them from appropriately performing the required 
physical tests and/or completing the study questionnaires. 
Subjects will not be excluded based upon their current 
bronchodilator regimen. If subjects experience acute exacer
bations or respiratory infections during the training period, 
they will be examined by a pneumologist who will decide 
whether the participant should continue with the training or 
not. In the event that losses to follow-up or dropouts are 
observed, we will perform an intention-to-treat analysis.

Data will be collected in the following order: a) spiro
metry and body plethysmography, b) walking test, c) ques
tionnaires, and d) inspiratory muscle performance via the 
TIRE. Subjects will be randomly divided into groups and 
familiarized with the proposed training regimens and their 
respective devices.

Training Description
Eligible subjects will be randomly assigned to one of the 
following three distinct home-based IMT protocols: (1) 
TIRE, (2) Traditional (Threshold loading IMT), and (3) 
Sham (ie, Low Resistance). All subjects will undergo 8 
weeks of daily unsupervised IMT using either a PrO2 
device (Design Net, Smithfield, USA) or Threshold device 

Figure 2 Outline of study design. Subjects are assigned to one of three home-based inspiratory muscle training groups and expected to train for 8 weeks.
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at home. Table 1 presents a summary of the distinctive 
training characteristics per study group. All training mod
alities require the subjects to be seated and wearing a nose 
clip while performing the required breaths. Subjects will 
be instructed on their respective training procedures and 
complete their first training session in the presence of 
a research team member upon enrollment. Regardless of 
training method, subjects will be instructed to fill in diary 
cards at the end of each training session, in which they 
document how many breaths they were able to perform. 
This information will be later used for compliance assess
ment. They will be also provided with user guides devel
oped by our research team with detailed instructions 
regarding equipment set-up, training protocol and contact 
information. In addition, subjects will receive weekly 
phone calls from week 0 to week 8 to encourage compli
ance and adherence to the study protocol, to address any 
subject questions or concerns, and to collect information 
regarding their current symptomatology (Figure 2).

Group 1 – TIRE IMT
The TIRE training regimen will involve the use of a tablet 
provided to assigned subjects with the training software 
installed and a PrO2 device through which they will train. 
The software allows subjects to track their inspiratory muscle 
performance via real-time graphic representations of their 
efforts as training progresses. Training will consist of six levels 
(A-F) with six inspirations at each level for up to 36 breaths 
per session. Pre-set recovery times between breaths decrease 
as subjects advance each level from 60 seconds at level A to 
50, 40, 30, 20 and 10 seconds at levels B to F, respectively. 
TIRE data will be stored in the tablet and automatically synced 
to account on cloud-based online platform for subsequent 
interrogation and data retrieval. Each participant will get his 
or her own login and password to account. The research team 

will have access to the accounts of all subjects. This feature 
makes the TIRE system a powerful resource to ensure com
pliance and remotely track adherence to study protocol.

Before every training session, subjects will be required to 
complete one maximal and sustained inspiratory effort from 
which the training is based on for that day. This effort will be 
recorded on the software and visually redrawn on the tablet 
screen to a training template set at 50% of the entire effort. 
Subjects will be required to match or exceed the on-screen 
training template for their efforts to be considered successful, 
achieving pressures of at least 90% of the redrawn MIP and 
area under the curve (ie, SMIP). Although the achievement of 
the 50% pre-set training template is sufficient to allow for 
training continuation, subjects are instructed to perform max
imal maneuvers from RV to TLC, not only matching but 
exceeding the effort requirement whenever possible. After 
each successful breath, a countdown clock will be trigged, 
and the subject will have to wait to perform the next breath 
following the pre-set recovery time for that level. If at least 
90% of the redrawn MIP and SMIP are not achieved, the 
subject will receive a prompt that they had failed to generate 
the required pressures and will be automatically provided with 
two options: either terminate or continue the training. Subjects 
will be instructed to terminate the session in case of two 
consecutive failed inspiratory efforts. It is important to note 
that subjects will be instructed not to expire into the device. 
They will only use the device when prompted by the software 
to inspire at which time they will place the mouthpiece of the 
device in their mouth and perform the required sustained 
inspiratory effort.

Group 2 – Threshold IMT
Subjects assigned to the threshold loading training regimen 
will receive a traditionally used Threshold inspiratory muscle 
trainer (Threshold IMT; Philips Respironics, USA). This 

Table 1 Proposed Training Characteristics per Study Group

Group Device Training Load Training Volume Training 
Frequency

TIRE IMT PrO2 On-screen training template set 

at 50% of the subject’s MIP and 
SMIP.

Six levels (A-F) with 6 inspirations per level for up to 36 efforts 

per session. Pre-set recovery times between breaths: 60 seconds at 
level A to 50, 40, 30, 20 and 10 seconds at levels B to F, respectively.

1/day, 8 

weeks

Threshold 
IMT

Threshold One-way spring-loaded valve 
set at 50% of the subject’s MIP.

36 inspirations performed using the device within a 30-minute 
period.

1/day, 8 
weeks

Sham IMT Threshold One-way spring-loaded valve set to 
its minimal resistance (- 9 cmH2O).

36 inspirations performed using the device within a 30-minute 
period.

1/day, 8 
weeks

Abbreviations: MIP, maximal inspiratory pressure; SMIP, sustained maximal inspiratory pressure; TIRE, test of incremental respiratory endurance.
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device features a one-way spring-loaded valve at one end and 
a mouthpiece on the other through which subjects will be 
required to breathe in hard enough to overcome the resistance 
provided by the spring-loaded valve, allowing correct 
inspiration to happen. In other words, air flow is blocked 
until subjects generate sufficient inspiratory pressure to 
exceed the device pre-set pressure in cmH2O. The resistance 
will be set using the device’s adjustable pressure setting 
which is fixed at 50% of the subject’s MIP at the time of 
enrollment. The resistance will be readjusted as needed at 
week 4 to still reflect 50% of their inspiratory muscle strength 
at that time. Subjects will be coached to perform up to 36 
breaths daily using the device. They will be also instructed to 
complete the training session within a 30-minute period.

Group 3 – Sham IMT (Low 
Resistance)
The Sham (Low Resistance) training regimen will use the 
same methods described above for the threshold loading 
IMT, except for the amount of resistance applied within 
the device. Subjects will receive a Threshold which has 
been set to its minimal resistance, which is 9 cmH2O. 
Again, subjects will be instructed to perform up to 36 
breaths daily using the device within a 30-minute period.

Outcome Measures
Key outcome measures in the trial will be assessed at 
baseline and 8 weeks post training start date at the 
University Hospital Brno. TIRE and COPD Assessment 
Test data will also be collected during the second study 
visit. Data collection per study visit will take approxi
mately 90 minutes.

The primary outcome measure will be SMIP, which 
will be obtained along with MIP and ID in every subject 
using the PrO2 device, an electronic pressure manometer 
which utilizes wireless technology to connect to a tablet 
containing the TIRE software.15 The software provides the 
user with a real-time graphic representation as they per
form the required inspiratory maneuver, as shown in 
Figure 3. The PrO2 has a 2 mm leak which provides 
a set resistance to inspiratory flow and avoids glottal 
closure during maximal inspiratory effort. Subjects will 
be instructed to exhale completely and then forcefully 
breathe in through the device generating as much pressure 
as possible within 1 to 2 seconds of inspiration and con
tinue to inhale deeply for as long as possible. SMIP will be 
measured from residual volume (RV) to total lung capacity 
(TLC) and represents the area under the curve in PTU, 
while MIP will be recorded in cmH2O and represents the 
highest pressure generated during inspiration from RV. ID 
will document the total duration of full inspiration per trial 
in seconds. A single assessment session will consist of 3 to 
5 sequential trials with rest intervals of 60 seconds 
between efforts. The greatest SMIP will be used to identify 
the best of the repeated trials within the session, providing 
the MIP and SMIP values to be documented and used for 
study purposes. All inspiratory maneuvers will be per
formed with the subjects seated in a chair and wearing 
nose clips according to American Thoracic Society (ATS) 
standards on respiratory muscle testing.16

Other key outcome measures will include pulmonary 
function tests which comprise post-bronchodilator spirome
try using SpiroScout® and whole-body plethysmography 
using the PowerCube® Body+ (Ganshorn, Niederlauer, 

Figure 3 Graphic presentation of a sustained maximal inspiratory effort performed using the PrO2 device and software. In this example, the user achieved a MIP of 90 
cmH2O, a SMIP of 606 PTU reflecting the area under the pressure-time curve. The entire maneuver lasted 15 seconds.
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Germany) following European Respiratory Society - ERS/ 
ATS standards,17 providing measures of forced expiratory 
volume in the first second (FEV1), forced vital capacity 
(FVC), inspiratory capacity (IC), RV and TLC, obtained 
15–20 min after 400µg salbutamol will administered via 
a metered dose inhaler through a spacer. Functional exercise 
capacity will be determined using the six-minute walk test 
(6MWT), which will be performed as recommended by ERS/ 
ATS guidelines.18 The severity of dyspnea, mental health 
status and health-related quality of life of the subjects will 
be assessed via the modified Medical Research Council 
(mMRC) dyspnea scale, the Hospital Anxiety and 
Depression scale (HADS) and the St. George’s Respiratory 
Questionnaire, respectively.19–21 The impact of disease- 
specific symptoms on the health status of the subjects will 
be quantified by the CAT,22 while comorbidity burden will be 
assessed using the Charlson Comorbidity Index.23 The 
BODE index will be also calculated and will serve as 
a surrogate marker of mortality risk in COPD.24 The above 
scales, questionnaires and indices will use point-based grad
ing systems with higher total scores indicating more severe 
conditions. Occurrence of adverse events and reasons for 
early termination of trial will be evaluated.

Data regarding medications and past medical history 
will be extracted from each individual’s electronic medical 
record. A full tobacco history will be obtained at baseline, 
with subjects being asked to report the total number of 
years smoked, average number of cigarettes smoked 
per day, and current smoking status. Finally, subjects will 
be provided with a 5-item self-completed questionnaire 
developed by our research team that will measure their 
satisfaction with the intervention they received and the 
study in general. The items will be presented in the form 
of statements to which subjects will be asked to respond 
using a 1–5 Likert scale (“strongly agree”, “agree”, “not 
sure”, “disagree”, and “strongly disagree”).

Sample Size
We performed a power analysis based on the report of 
previous studies on TIRE measures. Normative TIRE data 
yielded effect sizes ranging between 0.50–1.00 when com
paring SMIP to different age groups.25 A meta-analysis for 
inspiratory muscle strength demonstrated a significant 
summary effect size of 0.68 (95% CI 0.54–0.82; p = 
0.001) for MIP.26 Thus, we believe that an effect size of 
about 0.75 is a good estimate. We examined the number of 
subjects necessary to achieve such an effect size using 
Portney & Watkins test and concluded that the sample 

size needed for our statistical analyses is of at least 12 
subjects in each of the three groups with 2 degrees of 
freedom and a power of 0.9 with an alpha level of 0.05. 
Subjects that are eventually excluded or decide to drop out 
will be replaced with new enrollees to ensure completion 
of at least 12 subjects per group.

Statistical Analysis
Baseline characteristics of the study sample will be ana
lyzed and summarized using descriptive statistics. 
Differences in recorded variables between the three groups 
at baseline, and after four and eight weeks of training will 
be analyzed by a mixed-design analysis of variance and 
multiple linear regressions. Training compliance informa
tion will be expressed as a percentage. Statistical signifi
cance will be set at an alpha-level of 0.05. All analyses 
will be performed with IBM SPSS Statistics 24 (Armonk, 
New York, USA 10,504–1722) and Statistica 12 (TIBCO 
Software, INC Palo Alto, US).

Trial Status
This study will be performed in accordance with the World 
Medical Association Declaration of Helsinki and was 
approved by the Ethical Committee of the University 
Hospital Brno, Czech Republic. This trial follows the 
SPIRIT 2013 checklist standards of reporting trials and is 
registered at ClinicalTrials.gov with identifier: 
NCT04415788.

Discussion
Patients with COPD commonly develop significant dete
rioration in exercise capacity in association with weakness 
and deconditioning of the respiratory muscles. Particular 
impairment has been described in inspiratory muscle per
formance reflected by decreases in MIP.27,28 Whereas 
inspiratory muscle function in COPD has mostly been 
described in terms of inspiratory muscle strength, the day- 
to-day relevance of measures like MIP is debatable. In 
fact, studies suggest greater clinical, perceptive, func
tional, psychological and prognostic values in the assess
ment of single-breath work capacity when compared to the 
evaluation of inspiratory muscle strength alone in 
COPD.15,29,30 Besides the traditionally studied measure 
of MIP, the TIRE provides values of single-breath work 
capacity such as SMIP and ID, allowing for a more pro
found assessment of the musculature involved with 
inspiration. Moreover, the TIRE can serve as a novel 
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training method likely to result in better clinical outcomes 
in the COPD population.

While we acknowledge the value of traditional IMT 
protocols, which use Threshold devices, we believe that 
the TIRE training has the potential to provide added clin
ical benefits since it is able to modulate all aspects of 
muscular performance, including strength, endurance and 
work capacity. The real-time biofeedback and a training 
template that encourages the generation of higher pres
sures throughout the entire inspiration are also unique 
and superior features of the TIRE training, which facilitate 
a more controlled breathing pattern and possibly improved 
gas exchange during and post-training.

Additionally, we will be able to remotely and electro
nically track training compliance of the subjects assigned 
to the TIRE protocol, a distinct and important character
istic of this training approach that might allow us to 
reliably assess the subject’s adherence to study protocol, 
unlike the other groups whose training compliance will be 
self-reported. We believe that more accurate conclusions 
as to changes observed in clinical outcomes from baseline 
can be drawn when actual compliance is accounted for; 
therefore, the TIRE device and software is a promising 
tool.

Whereas other inspiratory flow resistive loading 
(IRFL) techniques and devices exist, from simple dial- 
based equipment such as the Pflex (Philips Respironics, 
the Netherlands) to more sophisticated electronic instru
ments like the POWERbreathe (POWERbreathe 
International Ltd, United Kingdom), the TIRE method 
implemented via the PrO2 device is novel as it provides 
original features not available in other training approaches. 
The TIRE offers the possibility of assessing and training 
the unique SMIP, which can be defined as single-breath 
inspiratory work capacity, reflecting the ability of the 
inspiratory muscles to maintain force over time through 
a great resistive load imposed by a fixed 2 mm inspiratory 
orifice.10,15 Other distinctive characteristic of the TIRE is 
its modern remote tracking system and cloud-based online 
platform, making the PrO2 an attractive alternative to 
devices such as the POWERbreathe which are currently 
unable to remotely interrogate and retrieve data as training 
happens. Finally, due to its fixed flow resistive load, the 
TIRE allows subjects to produce considerably higher pres
sures for longer periods of time (ie, total duration of 
inspiration can exceed 10 seconds), possibly resulting in 
greater improvements in inspiratory muscle endurance and 
work capacity.

Remote alternatives to traditional rehabilitation pro
grams are important for subjects with COPD who are 
unable (or not willing) to attend such services. In 2015, 
the ERS/ATS published a political statement in which they 
commit to the promotion and expansion of home-based 
pulmonary rehabilitation.31 Meta-analyses have shown 
that telerehabilitation technologies are of great importance 
in managing COPD as they can improve respiratory mus
cle pressures, functional lung capacity and the quality of 
life of those who are treated remotely.32,33 Several tele
medicine benefits have been reported following the reha
bilitation of patients with other diseases.34

In conclusion, the main objective of this study will be 
to fully evaluate the utility of TIRE as an at-home inspira
tory muscle training method in subjects with COPD, while 
comparing the effectiveness of this novel training 
approach to the outcomes of more traditional IMT proto
cols. We hypothesize that, as a home-based stand-alone 
rehabilitative therapy, TIRE will be superior to traditional, 
threshold loading IMT in improving measures of inspira
tory muscle performance, pulmonary function, dyspnea, 
functional exercise capacity, overall and mental health, 
health-related quality of life and surrogate markers of 
mortality risk in COPD. We expect to publish the findings 
of this investigation in due course.

Abbreviations
ATS, American Thoracic Society; CAT, COPD assessment 
test; COPD, chronic obstructive pulmonary disease; ERS, 
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