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1  |  INTRODUCTION

Obstructive sleep apnea (OSA) is a common breathing 
disorder characterized by repeated pharyngeal collapse 
of the upper respiratory airways during sleep resulting 
in periodic apnea and hypopnea episodes. OSA is linked 
to many severe health consequences including increased 

neurocognitive, metabolic, cardiovascular morbidity, and 
mortality (Jean- Louis et al., 2008). While distinct physio-
logical and anatomical factors such as skeletal and/or soft 
tissue abnormalities affecting the mandibular or maxillary 
size and position, nasal cavities, tonsils and adenoids vary in 
their contribution to symptomatology (Owens et al., 2015), 
it has been suggested that ventilatory instability and low 
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Abstract
Obstructive sleep apnea (OSA) is characterized by collapse of the upper airways 
during sleep. The contribution of alterations in effort perception is not under-
stood. This study investigated the response of inspiratory and quadriceps muscles 
to repetitive loading on effort perception in OSA patients, pre and post contin-
uous positive airway pressure (CPAP) treatment, and in healthy individuals. 
Twenty- one OSA patients and 40 healthy participants completed protocols for 
repetitive inspiratory and leg muscle loading combined with intermittent rating 
of perceived exertion (RPE 14— somewhat hard/hard) to assess effort sensitivity. 
Electromyography, inspiratory pressure and isometric force were measured. OSA 
patients reported higher fatiguability of respiratory and leg muscles than con-
trols. OSA patients revealed lower effort sensitivity in the leg muscles compared 
with controls, while repetitive loading led to a decline in force production. In 
the respiratory system, OSA patients revealed similar effort sensitivity at base-
line compared with controls, but a large reduction in effort sensitivity after load-
ing. Baseline effort sensitivity was correlated with apnea- hypopnea index (AHI). 
After CPAP treatment, OSA patients revealed a decreased baseline effort sensitiv-
ity with a missing loading response. Effort sensitivity was differentially affected 
in the respiratory and leg systems with outcomes of CPAP treatment suggesting 
a full reversibility. Outcomes suggest that reversible adaptive response of effort 
perception in the respiratory system might contribute to the severity of OSA.
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arousal threshold in response to obstruction are mainly 
caused by changes to regulatory respiratory components. 
In particular, a higher loop gain with altered chemosensi-
tivity, an elevated plant gain, and a reduced dilator muscle 
recruitment are known to influence OSA severity (Deacon- 
Diaz & Malhotra, 2018; Eckert et al., 2013).

Obesity has long been recognized as the major epidemi-
ological risk factor for OSA (Carter & Watenpaugh, 2008; 
Young et al., 2004). Besides upper airway function which 
can be compromised by increased deposition of adipose 
tissue within the pharyngeal walls (Hudgel et al.,  1990; 
Schwartz et al.,  2010; Shelton et al.,  1993), alterations 
of mechanical properties of the chest wall and lungs by 
excessive fat accumulation can cause mass loading of 
the respiratory muscles (Horner et al.,  1989; Koenig & 
Thach,  1988; Peters & Dixon,  2018). A main feature of 
OSA is the cyclical pattern of upper airway instability fol-
lowed by strong inspiratory efforts with arousal, with the 
possibility of overloading the respiratory muscles (Wilcox 
et al., 1990). Indeed, Chien et al., (Chien et al., 2010) re-
ported that OSA patients demonstrate reduced inspiratory 
muscle capacity and increased fatigability in response to 
loading. Similarly, obese individuals revealed mechani-
cal inefficiency of the respiratory muscles with increased 
work of breathing and higher fatigability (Cherniack & 
Guenter, 1961; Lopata & Onal, 1982; Sharp et al., 1986). 
However, the impact of loading upon the respiratory mus-
cles and its consequences for effort perception is relatively 
unknown within OSA population.

Effort perception is thought to be directly linked to 
the size of the motor command generated for a task 
(Pageaux,  2016). The perception of effort has typically 
been suggested to be a direct function of collateral dis-
charge of a motor command that is produced for an ac-
tion and is viewed to have a smaller, supporting influence 
from afferent feedback via peripheral receptors (Proske & 
Allen, 2019). Corollary discharge refers to a copy of motor 
discharge sent to the sensory cortex in order to generate 
a perceived effort. Centrally mediated sensations are pre-
sumed to arise from internal neural correlates (i.e., corol-
lary discharges) of the descending motor command that 
provide an internal adjustment of the sensory centers 
and are thought to reflect the magnitude of the voluntary 
motor command (McCloskey,  1981). Afferent feedback 
generated within muscle spindles, tendon organs, and 
pressure- sensitive skin receptors are also thought to be 
key to providing and updating the central motor patterns 
with information regarding the force and effort required 
to complete a given task (Amann et al., 2010). The com-
plete afferent signal is suggested to have both exafferent 
and reafferent components (Proske & Allen, 2019). Effort 
perception is known to be strongly influenced by muscu-
lar fatigue and reduced capacity (Jones & Hunter, 1983) 

and is an important contributing factor to dyspnoea sensa-
tion in obstructive conditions (Manning & Mahler, 2001; 
O'Donnell et al.,  2007). While effort is perceived during 
wakefulness, the underlying mechanisms could also be 
important for controlling the size of the motor command 
in response to airway obstructions in OSA which may fur-
ther influence the arousal from sleep.

A higher negative inspiratory pressure for arousal from 
sleep was found in OSA patients and changes in the arousal 
threshold have been associated with OSA severity that is, 
apnea- hypopnoea index (AHI), with reversibility after 
continuous positive airway pressure (CPAP) (Edwards 
et al.,  2014). Moreover, Tun et al., (Tun et al.,  2000) re-
vealed that OSA patients have an impaired inspiratory 
effort sensation threshold to added inspiratory resistive 
loading that was reversed following CPAP therapy. In 
earlier work, OSA patients revealed an elevated thresh-
old in the detection of flow- resistive load (McNicholas 
et al., 1984), and a reduced ventilatory load compensation 
(Greenberg & Scharf, 1993). However, the way effort per-
ception is assessed influences the outcomes generated and 
previous work did not differentiate between the perceived 
effort during resistive breathing and the effort sensitivity 
alterations (i.e., force/pressure changes) seen after repet-
itive loading.

Possible effects of consecutive loading cycles of the 
respiratory system on effort perception (i.e., sensitivity) 
have also not been investigated, as well as its response to 
CPAP treatment. Moreover, the inclusion of muscular pa-
rameters (pressure/force and electromyography [EMG]) 
for establishing fatigue responses of respiratory and ac-
cessory muscles in OSA patients is lacking. Consequently, 
this study uses repetitive loading cycles of the inspiratory 
muscles for assessing the effort perception between load-
ing cycles with additional measures of inspiratory pres-
sure and EMG of inspiratory (intercostal) and accessory 
(trapezius) muscles in newly diagnosed OSA patients and 
healthy controls. In addition, an analogous loading proto-
col is applied to leg muscles (quadriceps) with measures of 
forces plus EMG for the investigation of potentially gener-
alized effects of OSA on effort perception. Protocols were 
repeated after 3- months of CPAP treatment to investigate 
potential adaptation of effort perception. In addition, 
healthy controls were separated into high and low fitness 
groups to investigate cardiovascular fitness as a potential 
factor for alterations seen in OSA patients. We hypothe-
sized that repetitive inspiratory and limb muscle loading 
would lead to a stronger elevation of muscular fatigue pa-
rameters in OSA patients compared with healthy controls. 
In addition, we hypothesized that OSA patients would 
reveal a stronger alteration of effort perception during re-
petitive loading cycles compared with healthy participants 
and that CPAP treatment ameliorates detected effects. In 
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addition, we expected that levels of effort sensitivity would 
be associated with OSA severity that is, AHI.

2  |  METHODS

2.1 | Participants

The study was approved by research ethics committees at 
the School of Human and Behavioural Sciences, Bangor 
University (P01- 16/17) and National Health Service 
(NHS) ethics committee East Midlands— Leicester South, 
Nottingham (17/EM/0162), conforming to the Declaration 
of Helsinki. Written informed consent was obtained from 
all participants before enrolling in the study. Data were 
anonymised after collection and individuals could not be 
identified by authors. For the combined cross- sectional 
and cohort study (Figure  1), newly diagnosed OSA 
male patients were enrolled in the Pulmonary Function 
Department (Ysbyty Gwynedd, Bangor) between July 
2017 and January 2019. An overnight home- based sleep 
study was completed patients to determine the AHI of all 
patients as per routine (Konica Minolta; Nox Medical). 
The diagnostic process was performed by registered clini-
cal physiologists according to the criteria of the American 
Academy of Sleep Medicine Task Force (Berry et al., 2012).

Newly diagnosed patients with OSA were deemed not 
eligible for study participation if they were aged >70 years 
old, with a body mass index (BMI) ≥ 40 kg/m2, taking 
pharmacological treatment (e.g., opioid- analgesics), re-
porting musculoskeletal/orthopedic injuries, and history 
of chronic disease. OSA patients were reassessed after 
3 months of CPAP treatment as per departmental guide-
lines (AirSense™, ResMed Limited). Healthy male par-
ticipants were recruited from the general population of 
North Wales, UK, aged between 18 and 45 years old from 
August 2016 to September 2017. Exclusion criteria were a 
BMI > 39.9 kg/m2, taking pharmacological treatment (e.g., 
opioid- analgesics), and reporting musculoskeletal/ortho-
pedic injury, medical condition, and/or sleep disorder 
according to the Epworth Sleepiness Scale (ESS >10) and 
Pittsburgh Sleep Quality Index (PSQI >5) (Buysse Charles 
et al., 1989; Johns, 1991).

2.2 | Overall study design

The study examined the impact of inspiratory and limb 
muscle loading on effort perception and muscle activity 
via surface EMG in OSA patients and healthy individuals. 
All participants were required to visit the laboratories on 
three separate occasions with at least 72 h between visits. 

F I G U R E  1  Flow diagram of the 
study design (adapted from CONSORT 
guidelines template).

Assessed for eligibility; 
inclusion and exclusion criteria 

(n = 247) 

Excluded (n = 186) 
� Not meeting criteria (n = 117) 
� Declined to participate (n = 58) 
� Other reasons (n = 11) 

Analyzed  
High Fitness  

(n = 21) 

Healthy (non-OSA) group (n = 40) 

OSA group – post-CPAP (n = 16)  
� Declined to participate - busy, 

illness, diet advice (n = 5) 

OSA group – pre-CPAP (n = 21) 

Analyzed  
OSA Post-CPAP  

(n = 16) 

 

Analysis 

 

Follow-Up 
OSA only 

 
 
 

Enrollment 

 
 

Allocation 

High Fitness  
(n = 21) 

Low Fitness 
(n = 19) 

Analyzed  
Low Fitness  

(n = 19) 

Analyzed  
OSA Pre-CPAP  

(n = 21) 
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During the first visit, participants' body composition and 
pulmonary function were recorded. In healthy (non- OSA) 
individuals, an incremental exercise protocol was then 
performed to determine cardiorespiratory fitness. During 
the second and third visits, all participants completed the 
inspiratory and limb muscle loading protocols assessing 
effort perception, muscular forces, and inspiratory pres-
sures, as well as muscular activity via surface EMG. An 
additional visit was scheduled for OSA patients after re-
ceiving 3 months of CPAP treatment to assess body com-
position, pulmonary function, and repeat the inspiratory 
loading protocol.

3  |  MEASUREMENTS

3.1 | Participants' characteristics

Participants' height and weight were measured using a 
stadiometer and digital platform scale (SECA). Spirometry 
measures consisting of forced expiratory volume in 1 s 
(FEV1), forced vital capacity (FVC), and FEV1/FVC 
ratio were assessed in line with established guidelines 
(MicroMedical Ltd) (Miller et al., 2005). The diffusion ca-
pacity for carbon monoxide (DLCO) and total lung capacity 
(TLC) of OSA patients were assessed in line with stand-
ardized procedures (Viasys VMAX Encore, SensorMedics 
Corporation) (Macintyre et al.,  2005). Healthy partici-
pants performed an incremental exercise test on a cycle 
ergometer to determine cardiorespiratory fitness (Lode 
Excalibur Sport) (ACSM,  2003; Murias et al.,  2018). 
Participants were instructed to cycle at 60– 90 rpm at 50 
W, with increments of 20 W occurring every 1 min until 
volitional exhaustion. Heart rate and rate of perceived ex-
ertion (RPE) were recorded during the final 15 s of each 
1- min stage using a heart rate monitor and Borg 6– 20 
scale (Polar Electro Oy) (Borg, 1998). Expired gases were 
measured breath- by- breath using a metabolic analyzer 
(CORTEX Biophysik GmbH, Germany) with the maximal 
oxygen uptake (VO2max) defined as the highest 30 s average 
of oxygen uptake (VO2). The criteria for VO2max were also 
achieved if two of the following occurred: plateau in VO2 
despite the increasing workload, heart rate within 10 beats 
of predicted maximum heart rate, respiratory exchange 
ratio ≥1.15, and cadence <60 rpm despite strong verbal en-
couragement (Edvardsen et al., 2014; Howley et al., 1995; 
Midgley et al., 2007). Participants were then stratified into 
either High fitness (VO2max > 55 mL/kg·min) or low fitness 
(VO2max < 40 mL/kg·min) groups according to their cardi-
orespiratory fitness (Astorino et al., 2012; Hassmén, 1990). 
Any participant with a VO2max that fell between the two 
classified groups was excluded from any further study par-
ticipation. The high fitness group was selected based on 

the possible adaptations elicited from endurance training 
to both sets of muscles and control of effort sensitivity dur-
ing loading. In contrast, low fitness group was recruited to 
ensure individuals would experience muscular fatigue as-
sociated more so with sedentary behavior, but no hypoxic 
stress as is typically observed in OSA.The safety considera-
tion in OSA patients (i.e., larger BMI and cardiac stress) 
and no supervision/oversight from other health profes-
sionals meant that maximal exercise testing was not per-
formed in this higher risk population.

3.2 | Electromyography (EMG)

Intercostal and trapezius EMG signals were acquired with 
bipolar pairs of silver/silver chloride electrodes placed 
on cleaned and abraded skin of the fifth intercostal space 
(posterior axillary line) for the intercostal muscle and be-
tween the spinous C7 process and acromion process for the 
upper trapezius muscle (Ambu® Neuroline 720– 45 × 22 mm, 
Denmark; MP150 system, BIOPAC Systems Inc) (Cescon 
et al., 2008; Hawkes et al., 2007). The ground electrodes were 
placed on the sternum and C7 process. All electrodes were 
positioned on the right side of the body to minimize inter-
ference from electrocardiogram currents and attempts were 
made to align electrodes with the orientation of muscle fib-
ers. The interelectrode distance was minimized to <2 cm. A 
clear EMG signal was obtained by asking participants to take 
a deep inspiration and shoulder shrug before securing cables 
with surgical tape to reduce motion artifacts. Many studies 
investigating the intercostal EMG activity during loaded 
and unloaded breathing have selected the external intercos-
tal muscles within the fifth intercostal space at the poste-
rior axillary line (De Troyer et al., 1998; Hawkes et al., 2007; 
Hershenson et al., 1989). While the upper trapezius muscle 
is a lesser- known accessory muscle of inspiration it is cru-
cial for supporting and stabilizing the ribcage during loaded 
breathing (Tokizane et al., 1952; Yokoba et al., 2003). Vastus 
medialis EMG signals of the dominant leg were acquired 
with bipolar pairs of silver/silver chloride electrodes placed 
longitudinally on shaved, cleaned, and abraded skin in ac-
cordance with SENIAM guidelines (Ambu® Neuroline 720– 
45 × 22 mm; Powerlab- 16 SP, ADInstruments) (Hermens 
et al., 2000). A ground electrode was placed on the superior 
aspect of the patella.

3.3 | Inspiratory muscle loading protocol

The experimental loading protocol and rating of perceived 
exertion (RPE 14— somewhat hard/hard) assessment 
were performed according to Earing et al., 2014  (2014) 
and designed to match the limb muscle loading protocol 
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reported below. The test– retest reliability of the inspira-
tory loading and RPE protocol has been assessed in a for-
mer study with 37 healthy participants (BMI: 23.1 ± 1.5 kg/
m2) and 26 overweight participants (BMI: 28.2 ± 2.5 kg/
m2). Test– retest intraclass correlation coefficients were 
assessed for the inspiratory pressures generated at RPE14 
after each set of 20 loaded breaths at 50% maximal inspira-
tory pressure (IPmax) using the Powerbreathe Plus device 
(POWERbreathe International Ltd). A second assessment 
was conducted after 1 week under identical testing condi-
tions. The protocol implemented by Earing et al., (2014) 
revealed an excellent test– retest reliability of 0.967 with a 
95% confidence interval (CI) of 0.953– 0.978.

The current study utilized the detailed methodology 
as described below. The IPmax was measured from re-
sidual volume using the Powerbreathe KH2 electronic 
inspiratory- muscle training device to determine partici-
pants' respiratory muscle strength and set the pressure of 
the loading protocol (POWERbreathe International Ltd) 
(Figure  2). Each participant was instructed to produce 
seven consecutive maximal efforts for 3 s while receiving 
strong verbal encouragement and visual feedback on a 
computer screen. A rest interval of 1 min separated each 
maximal effort. The highest pressure generated from the 
best trial was defined as the IPmax (cmH2O).

The loading protocol was then performed after 5 min 
of rest. Participants were instructed to generate five 

inspiratory pressures at a constant effort of RPE14 which 
corresponded to the verbal anchors of “somewhat hard” 
to “hard/heavy” on the 6– 20 Borg RPE scale (Borg, 1998) 
for 3 s without visual feedback. The inspiratory pressure, 
generated by inspiratory muscle activation, at a distinct 
effort scaling point can be understood as a measure of 
effort sensitivity. Higher muscle recruitment at the same 
level of perceived effort would generate higher inspiratory 
pressure, and therefore would constitute a lower effort 
sensitivity versus a reduced inspiratory pressure at the 
same effort level would constitute an elevated effort sen-
sitivity. A rest interval of 30 s separated each inspiratory 
pressure generated. The inspiratory loading protocol was 
performed consisting of five sets of 20 loaded breaths at a 
resistance equivalent to 50% IPmax. Participants were in-
structed to breathe naturally (not accelerated) during the 
loading protocol. The target force (50% IPmax) was set up 
on a monitor in full view of participants. After each set 
of loaded breaths, participants were instructed to produce 
the inspiratory pressure at RPE14 for 3 s without visual 
feedback.

3.4 | Limb muscle loading protocol

A custom- made isometric chair with an immovable 
pad located proximal to the ankle joint at a 90° angle 

F I G U R E  2  Schematic diagram of the limb and inspiratory muscle loading protocols. IF14, Isometric force at RPE14; IP14, Inspiratory 
pressure at RPE14; IPmax, Maximal Inspiratory Pressure; MVC, maximal voluntary contraction.
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was used to load the quadriceps muscles of participants 
(Model 615, Vishay Tedea- Huntleigh; ML110 Bridge 
Amplifier, Powerlab- 16 SP, ADInstruments). After fa-
miliarization and warm- up, the maximal voluntary con-
traction (MVC) was measured to determine participants' 
quadriceps muscle strength and adjust the force for the 
loading protocol (Figure 2). Participants were instructed 
to produce seven consecutive maximal efforts with the 
dominant leg for 3 s while receiving strong verbal en-
couragement and visual feedback on a computer screen. 
A rest interval of 1 minute separated each maximal ef-
fort. The maximal force generated from the best trial was 
defined as the MVC.

After 5 min of rest, participants were instructed to gen-
erate five isometric forces at a constant effort of RPE14. 
Each isometric force was held for 3 s and separated by 
30 s of rest. No visual feedback was provided during these 
measures to ensure participants focused entirely on their 
perceived effort as a gauge. This was followed by the limb 
muscle loading protocol which consisted of five sets of 20 
isometric contractions at 50% MVC. Each contraction was 
held for 3 s followed by a rest interval of 3 s and repeated 
continually until complete. The target force (50% MVC) 
during the loading was set up on a monitor in full view of 
participants. After each set of isometric contractions, par-
ticipants were instructed to generate an isometric force at 
RPE14 for 3 s without visual feedback. An example of limb 
and inspiratory muscles' responses to the loading protocol 
in an OSA patient (EMG and force/pressure) is shown in 
Figure 3.

3.5 | Data analysis

Inspiratory pressures generated at RPE14 were studied 
according to the absolute pressure (cmH2O) and relative 
values (normalized according to IPmax and expressed as 
% IPmax). The series of inspiratory pressures generated at 
RPE14 before and after loading were also averaged and re-
ferred to as IP14 baseline and IP14 loading. Isometric forces 
generated at RPE14 were studied according to absolute 
forces (N) and relative values (normalized according to 
MVC and expressed as % MVC). The series of isometric 
forces generated at RPE14 before and after loading were 
averaged and referred to as the IF14 baseline and IF14 load-
ing. EMG signals were amplified (gain x 1000), band- pass 
filtered between 35 and 500 Hz, digitized at a sampling 
rate of 2000 kHz, and later analyzed offline using either 
Power Lab Chart 4.2.3 or AcqKnowledge 3.9 software 
(ADInstruments, Australia; BIOPAC Systems Inc., US) 
(Deschenes et al., 2008; Roussos et al., 1979). Root mean 
square (RMS) amplitudes with a time constant of 100 ms 
were analyzed over a 0.5 s window (the point at which 

maximal pressure/force was generated). Data were re-
ported as amplitude (mV) and normalized according to 
the maximal EMG (% RMS).

3.6 | Statistical analysis

The sample size was calculated using G*Power software 
(version 3.1.2) with 80% power at a 5% significance level 
based on former cross- sectional study data examining 
the inspiratory effort perception after loaded breath-
ing in 26 healthy overweight participants and 24 OSA 
patients revealing an effect size of 0.49 (Earing, 2014). 
The present study, therefore, aimed to recruit a total 
of 40 healthy participants and 20 OSA patients to de-
tect a moderate effect size and account for the poten-
tial drop- out of participants. Data were expressed as 
mean ± SD unless otherwise stated. Statistical signifi-
cance was considered as p < 0.05. All variables of inter-
est were tested for parametric test assumptions. The 
group's characteristics were compared using one- way 
ANOVA. The slopes for limb and inspiratory muscles' 
EMG amplitudes during loading were assessed by lin-
ear regression analyses. The relative force/pressure 
generated at RPE14 and percentage change, the rela-
tive EMG amplitudes for inspiratory and limb muscles, 
were analyzed using one- way ANOVA or paired t- tests. 
Bonferroni tests were performed for all post hoc analy-
ses. The effect of CPAP treatment on body characteris-
tics, lung function, pressures generated at RPE14, and 
percentage change were analyzed using paired t- tests. 
Spearman's rho examined potential correlations be-
tween patients' AHI and IP14 at baseline and following 
loading. Statistical analyses were performed using SPSS 
version 25 for Windows (SPSS Inc.).

4  |  RESULTS

4.1 | Participant characteristics

Newly diagnosed patients with OSA had a significantly 
higher BMI (obese category) and were older than healthy 
controls (Table  1). The AHI of OSA patients was in the 
severe category (AHI ≥30) and sleep- related question-
naires (ESS and PSQI) were significantly higher in OSA 
patients compared with healthy individuals reporting 
normal scores. Pulmonary function (FEV1/FVC ratio) 
was significantly lower in OSA patients, however, in the 
range of age, height, and weight- corrected predictions 
(Roca et al., 1998). No significant differences were found 
between the groups' maximal inspiratory muscle strength 
(IPmax). However, the maximal strength of the quadriceps 
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   | 7 of 18GRIFFITH- MCGEEVER et al.

muscles (MVC) was found to be ~30% lower in OSA pa-
tients compared with healthy individuals.

The compliance of OSA patients receiving CPAP 
treatment was good over the course of 3 months (mean 
pressure: 8.67 ± 2.9 cmH2O, usage: 7.06 ± 1.4 h/night 
[4.11– 9.23 h/night], and days of usage >4 h: 93.7 ± 8.9%). 
CPAP treatment produced significant reductions in pa-
tients' AHI, ESS, and PSQI scores (Table 2). No alterations 
in pulmonary function and maximal inspiratory muscle 
strength (IPmax) were detected after CPAP treatment.

5  |  LOADING PARADIGM

5.1 | Limb and inspiratory muscle 
electromyography (EMG) during loading

The loading protocols for the limb and inspiratory muscles 
produced signs of fatigue as reflected by the change in EMG 
amplitudes (Figure  4). The vastus medialis EMG ampli-
tude increased during loading and increased between sets 
in both OSA patients (first set: B = 0.696 μV/set, p = 0.000; 

F I G U R E  3  Schematic diagram illustrating the individual limb and inspiratory muscle response to loading (20 and 80 repetitions/
breaths) in OSA patients. EMG, Electromyography; IF14, Isometric force at RPE14; INT, Intercostal; IP14, Inspiratory pressure at RPE14; 
IPmax, Maximal Inspiratory Pressure; MVC, Maximal Voluntary Contraction; VM, Vastus Medialis.
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8 of 18 |   GRIFFITH- MCGEEVER et al.

4th set: B = 0.997 μV/set, p = 0.000) and High fitness in-
dividuals (first set: B = 0.513 μV/set, p = 0.000; fourth set: 
B = 0.616 μV/set, p = 0.000) (Figure 4a). Whereas the Low 
fitness group demonstrated increases during loading (first 
set: B = 0.616 μV/set, p = 0.000; fourth set: B = 0.582 μV/set, 
p = 0.000). The data in full are shown in Table 3.

Repetitive loading of the inspiratory muscles led to 
an increased EMG amplitudes of the intercostal mus-
cles confirming effectiveness of the loading protocol. 
Newly- diagnosed OSA patients (first set: B = 0.380 μV/set, 
p = 0.000; 4th set: B = 0.296 μV/set, p = 0.000) and low fit-
ness individuals (first set: B = 0.431 μV/set, p = 0.000; fourth 
set: B = 0.229 μV/set, p = 0.016; Figure 4b) generated higher 
Intercostal EMG amplitude increases during loading. In 
contrast, High fitness individuals demonstrated only slight 
increases in Intercostal EMG amplitudes between sets (first 
set: B = 0.152 μV/set, p = 0.199; 4th set: B = 0.165 μV/set, 
p = 0.003). The trapezius EMG amplitudes increased only 
marginally during the fourth set of loading in OSA patients 
(first set: B = 0.056 μV/set, p = 0.267; 4th set: B = 0.109 μV/
set, p = 0.046; Figure  4c). However, results demonstrated 
that the OSA patients recruited the trapezius muscle to a 
significantly greater extent during loading in comparison 
with High fitness individuals. The relative trapezius EMG 
amplitude (% RMS) was significantly higher during loading 
in OSA patients than in high fitness individuals (first set: 
p = 0.003; fourth set: p = 0.001).

5.2 | Isometric force and inspiratory 
pressure measured at RPE14

The isometric limb forces and inspiratory pressures gener-
ated at a perceived effort of 14 (somewhat hard– hard) at 
baseline and following loading are shown in Figure 5. For 
the limb muscles, the relative isometric forces produced 
at RPE14 (IF14) were significantly different between the 
groups at baseline (p = 0.001). Patients with OSA gener-
ated significantly higher relative IF14 at baseline when 
compared with both high fitness (p = 0.001) and low fit-
ness individuals (p = 0.003; Figure 5a). Consequently, OSA 
patients used a higher proportion of their muscular capac-
ity at a fixed RPE of 14 than healthy individuals. Further 
analyses were performed to examine the impact of limb 
muscle loading on forces produced at RPE14 (IF14). No 
significant between- group differences in the relative IF14 
were observed following loading and no alterations were 
detected between sets (Figure 5b). We further examined 
the difference in IF14 between baseline and loading, with 
statistical analyses revealing that loading influenced IF14 
significantly (p = 0.028, Figure 5c). The percentage change 
between baseline and loading IF14 was significantly larger 
in OSA patients than in high fitness individuals (p = 0.027). 
OSA patients generated lower forces at RPE14 after load-
ing unlike the responses of healthy individuals who pro-
duced forces matching their IF14 at baseline after loading.

High fitness 
(n = 21 males)

Low fitness 
(n = 19 males)

OSA  
(n = 21 males)

Age (years) 35.1 (9.6) 27.8 (7.8)b 55.9 (9.1)d

Height (cm) 179.5 (6.8) 176.1 (8.6) 173.4 (6.0)c

Weight (kg) 76.5 (11.0) 79.7 (15.6)b 101.5 (19.9)d

BMI (kg/m2) 23.7 (3.0) 25.6 (3.60)b 33.7 (6.1)d

AHI (events/h) ND ND 42.8 (27.2)

ESS 5.4 (4.1) 2.9 (2.0)b 11.5 (5.6)d

PSQI 3.4 (2.0) 4.2 (2.1)b 8.6 (4.1)d

FEV1 (L/min) 4.48 (0.7) 4.17 (0.5)b 3.20 (0.49)d

FVC (L/min) 5.44 (0.7) 5.04 (0.6)b 4.16 (0.78)d

FEV1/FVC (%) 82.4 (6.4) 83.3 (8.4)a 76.6 (6.2)c

VO2max (ml/kg·min) 61.0 (8.4) 39.7 (5.8) ND

IPmax (cmH2O) 111.3 (21.8) 112.7 (27.4) 104.0 (19.5)

MVC (N) 411.7 (97.7) 382.4 (120.1) 280.8 (114.3)d

Note: Values shown are mean ± SD. Data were analyzed using one- way ANOVA.
Abbreviation: AHI, apnoea hypopnea index; BMI, Body mass index; ESS, Epworth Sleepiness Scale; PSQI, 
Pittsburgh sleep quality index; FEV1, forced expiratory volume 1 s; FVC, Forced vital capacity; VO2max, 
maximal oxygen uptake; IPmax, maximal inspiratory pressure; MVC, Maximal voluntary capacity; ND, 
Not determined.
ap < 0.05; bp < 0.01 OSA vs Low Fitness; cp < 0.05; dp < 0.01 OSA vs High Fitness.

T A B L E  1  Participant characteristics.

 2051817x, 2023, 11, D
ow

nloaded from
 https://physoc.onlinelibrary.w

iley.com
/doi/10.14814/phy2.15732 by W

elsh A
ssem

bly G
overnm

ent, W
iley O

nline L
ibrary on [06/06/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



   | 9 of 18GRIFFITH- MCGEEVER et al.

For the inspiratory muscles, a contrasting set of results 
were observed compared with the limb muscle outcomes. 
At baseline, all groups produced a similar percent-
age of their IPmax at RPE14 (IP14 at ~50%– 60% of IPmax) 
(Figure  5d). However, unlike the limb muscles, loading 
induced significant increases in pressure generated at an 
RPE of 14 in all groups (p = 0.012). Indeed, OSA patients 
responded to loading with a significantly larger percent-
age increase of IP14 compared with high fitness individu-
als (p = 0.037, Figure 5f). Moreover, this effect was mainly 
induced by the first loading cycle; within the repeated 
bouts of loading, no further changes in IP14 were detected 
in all groups (Figure 5e). Consequently, the first loading 
cycle induced a strong increase of pressure generated at 
an RPE of 14 in the respiratory system with OSA patients 
showing the strongest response to loaded breathing. This 
change in effort sensitivity was specific to the respiratory 
system and not detected following limb muscle loading.

5.3 | Electromyography (EMG) of 
limb and inspiratory muscles at RPE14

Limb and inspiratory EMG amplitudes measured dur-
ing IF14 and IP14 respectively at baseline and following 
loading are presented in Figure 6. For the limb muscles, 

no significant between- group differences were found 
in the relative EMG amplitudes (% RMS) of the Vastus 
Medialis muscle at baseline and after loading (p > 0.05; 
Figure 6a,d). However, the relative EMG amplitudes for 
the vastus medialis muscle at RPE14 increased in re-
sponse to loading in the OSA group. Linear regression 
analysis revealed an increased slope of vastus medialis 
muscle recruitment at RPE14 following loading in OSA 
patients (B: 0.206 μV/N, p = 0.009). In contrast, healthy 
individuals maintained the vastus medialis EMG am-
plitude without any increase over the loading cycles 
(p > 0.05; Figure 6d).

For the intercostal muscles, there were no significant 
between- group differences in the relative IP14−EMG 
amplitudes (% RMS) at baseline and following loading 
(p > 0.05; Figure  6b,e). However, the relative trapezius 
IP14– EMG amplitude was found to be significantly larger 
at baseline in OSA patients than in high fitness individu-
als (p = 0.003). Furthermore, the relative EMG amplitudes 
of the trapezius muscles (% RMS) at RPE14 were different 
between groups following loading (p = 0.003), with post- 
hoc analyses indicating that OSA patients demonstrated 
a significantly higher IP14– EMG amplitude compared 
with high fitness individuals (all p < 0.05; Figure  6f). 
Furthermore, the higher recruitment of Trapezius mus-
cles was observed during all IP14 measures in OSA and low 
fitness groups (Figure 6f).

5.4 | Effect of CPAP treatment on 
inspiratory pressures generated at RPE14

Fifteen patients with OSA were retested with the inspira-
tory muscle loading paradigm after receiving 3- months 
of CPAP treatment. Following CPAP therapy, OSA pa-
tients generated significantly higher absolute and relative 
IP14 values at baseline (p = 0.000; Table 4 and Figure 7a) 
compared with pre- CPAP. After loading, patients gen-
erated identical levels of IP14 as before CPAP (p > 0.05, 
Figure  7b), revealing that CPAP treatment only influ-
enced the IP14 generated before loading (baseline meas-
ure). Consequently, the alterations in IP14 following 
loading in OSA patients dissipated after receiving CPAP 
treatment for 3 months. The percentage change in IP14 
between baseline and loading was significantly reduced 
after CPAP treatment (p = 0.000, Figure 7c).

To examine whether IP14 values are associated with 
OSA severity, the correlations between AHI and IP14 
values at baseline and after loading were investigated 
before and after receiving CPAP treatment. Spearman's 
rho revealed a significant correlation between AHI and 
IP14 at baseline before patients received CPAP treatment 
(r = −0.567, p = 0.022). No correlations were observed 

T A B L E  2  Effect of CPAP treatment on participant 
characteristics.

Pre- CPAP 
(n = 15 males)

Post- CPAP  
(n = 15 males)

Age (years) 55.2 (9.3) ND

Height (cm) 173.3 (5.3) 173.3 (5.3)

Weight (kg) 99.7 (22.3) 101.6 (22.4)b

BMI (kg/m2) 33.1 (6.7) 33.7 (6.7)b

AHI (events/h) 39.2 (23.2) 4.4 (3.4)b

ESS 11.5 (4.9) 4.3 (2.6)b

PSQI 9.4 (3.6) 4.5 (2.5)b

FEV1 (L/min) 3.26 (0.40) 3.26 (0.33)

FVC (L/min) 4.29 (0.62) 4.25 (0.52)

FEV1/FVC (%) 76.4 (5.9) 76.5 (5.8)

DLCO (ml/min/mmHg) 23.2 (4.7) 24.5 (5.0)

TLC (L/min) 6.14 (0.89) 6.75 (0.90)a

IPmax (cmH2O) 104.6 (16.8) 105.7 (17.1)

Note: Values shown are mean ± SD. Data were analyzed using paired t- tests.
Abbreviations: AHI, apnea hypopnea index; BMI, Body mass index; DLCO, 
diffusing capacity of the lung for carbon monoxide; ESS, Epworth sleepiness 
scale; FEV1, forced expiratory volume 1 s; FVC, Forced vital capacity; IPmax, 
maximal inspiratory pressure; ND, not determined; PSQI, Pittsburgh Sleep 
Quality Index; TLC, total lung capacity.
ap < 0.05; bp < 0.01 Pre vs Post- CPAP.
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10 of 18 |   GRIFFITH- MCGEEVER et al.

F I G U R E  4  Limb (A) and inspiratory electromyography (B,C) (EMG) during loading. EMG data is expressed as Mean ± SD. Data 
was analyzed using One- Way ANOVA. (white circles) = High fitness group (n = 18); (gray circles) = Low fitness group (n = 17); (black 
circles) = OSA group (n = 14). The dashed line represents the linear trend line. EMG, electromyography; RMS, root mean square. ##p < 0.01 
versus high fitness group.

 2051817x, 2023, 11, D
ow

nloaded from
 https://physoc.onlinelibrary.w

iley.com
/doi/10.14814/phy2.15732 by W

elsh A
ssem

bly G
overnm

ent, W
iley O

nline L
ibrary on [06/06/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



   | 11 of 18GRIFFITH- MCGEEVER et al.

between AHI and IP14 at baseline after CPAP treatment 
(p > 0.05). In addition, no significant correlations were de-
tected with IP14 values after loading pre and post CPAP. 
Consequently, a lower inspiratory pressure generated by 
inspiratory muscles for an RPE14 at baseline was associ-
ated with higher AHI.

6  |  DISCUSSION

6.1 | Main findings

In this study, we investigated the response of effort per-
ception to fatiguing loading cycles of the inspiratory and 
leg muscle system in OSA patients and healthy subjects. 
The fatigue response was confirmed by increasing EMG 
amplitudes over the duration of a loading cycle and with 
increasing number of loading cycles in both muscular sys-
tems, that is, Intercostal muscles and quadriceps muscles. 
Fatigue responses were particularly apparent in OSA pa-
tients who revealed the largest increases in EMG ampli-
tudes in both inspiratory and leg muscle systems during 
loading, corroborative of poor muscular endurance in both 
systems in OSA patients (Chien et al.,  2010). Increased 
EMG amplitudes at the same force/pressure generation 
are shown to be a hallmark of peripheral muscular fatigue 
and further reflects the compensatory response by the 
neuromuscular system which attempts to maintain the 
work output (Stulen & De Luca, 1978). Our findings are 
consistent with previous studies reporting the concurrent 
loss of force generating capacity and progressive increase 
in quadriceps EMG amplitude following intermittent, 
submaximal loading protocols (Adam & De Luca,  2003; 
Bigland- Ritchie et al., 1986; Carpentier et al., 2001).

Many factors have been proposed as potential cause of 
muscle activation changes from the central nervous system 
to the specific muscle groups. It has primarily been sug-
gested that muscle activation changes are thought to arise as 
a consequence of increased recruitment of additional motor 
units with higher firing rates, alterations in the contractile 
properties of motor units, and potentially improved synchro-
nization between discharge rates of motor units (Amann 
et al., 2010; Bigland- Ritchie & Woods, 1984). However, the 
underlying muscle properties and neural responses are 
specific to the muscle group studied, loading stimulus and 
protocol adopted. Further research is required to focus upon 
the exact underlying mechanism. We additionally found the 
maximal leg muscle forces at baseline were much lower in 
OSA patients (on average 30%) compared with individuals 
with high levels of fitness confirming the declined muscular 
capacity/strength within this population.

For the inspiratory muscles, OSA patients used a higher 
proportion of accessory inspiratory muscle (trapezius) 
activation that is, % EMG amplitude, during the loading 
cycles compared with healthy individuals, suggesting that 
respiratory work is shared amongst several accessory mus-
cles due to reduced primary inspiratory muscle capacity. 
Higher use of accessory respiratory muscles has been pre-
viously reported in obstructive conditions, OSA, and obe-
sity (Cherniack & Guenter, 1961; O'Donnell et al., 2007; 
Sharp, 1976). In summary, our data showed that OSA pa-
tients in this study have a reduced muscular endurance 
and capacity in both, the respiratory and locomotor mus-
cle systems, which agrees with earlier work. In addition, 
outcomes showed that the paradigm utilized in this study, 
successfully induced signs of peripheral fatigue in both 
muscular systems in groups with lower cardiovascular fit-
ness and muscular strength.

T A B L E  3  Slopes of limb and inspiratory muscle EMG amplitudes during loading.

First set of loading (20 isometric loading/
loaded breaths)

Fourth set of loading (80 isometric loading/
loaded breaths)

Group B SE B β t p B SE B β t p

VM (μV/set) High fitness 0.513 0.077 0.845 6.693 0.000 0.616 0.072 0.895 8.523 0.000

Low fitness 0.616 0.074 0.891 8.341 0.000 0.582 0.061 0.914 9.531 0.000

OSA 0.696 0.065 0.930 10.742 0.000 0.997 0.054 0.975 18.595 0.000

INT (μV/set) High fitness 0.152 0.114 0.300 1.333 0.199 0.165 0.047 0.634 3.477 0.003

Low fitness 0.431 0.093 0.738 4.639 0.000 0.229 0.086 0.531 2.656 0.016

OSA 0.380 0.082 0.737 4.627 0.000 0.296 0.055 0.787 5.413 0.000

TRA (μV/set) High fitness 0.169 0.085 0.424 1.986 0.062 0.084 0.044 0.412 1.916 0.071

Low fitness 0.110 0.070 0.349 1.581 0.131 0.071 0.064 0.253 1.111 0.281

OSA 0.056 0.049 0.261 1.145 0.267 0.109 0.051 0.452 2.147 0.046

Note: The coefficients are shown per one- unit change for each independent variable. A positive coefficient reflects an increase in the outcome variable per unit 
of the predictor variable (e.g., VM EMG increases by 0.045 μV from the first to fourth set of loading in OSA patients).
Abbreviations: VM, Vastus Medialis; INT, Intercostal; TRA, Trapezius.
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12 of 18 |   GRIFFITH- MCGEEVER et al.

Our main objective was to examine effort perception 
after repetitive fatiguing loading of the inspiratory and 
locomotor muscles in OSA patients and healthy individ-
uals and its association with AHI in OSA patients. Our 
outcomes showed the load/pressure generated at a per-
ceived effort following repeated bouts of loading was dif-
ferent for both inspiratory and leg muscles. In the healthy 
groups, loading of the quadriceps muscles did not alter the 
level of effort perception, demonstrated by stable isomet-
ric forces and EMG amplitudes generated at a perceived 
level of RPE14 (IF14). Interestingly, this was irrespective 
of the fatiguing loading cycles showing clear signs of 
increased peripheral fatigue (EMG amplitude increase 
during loading). This was also apparent in OSA patients 
who, however, did not compensate for the significant 
force generation losses induced by the fatigue protocol as 
demonstrated by lower isometric force values recorded at 

the effort level of 14 (IF14). However, the corresponding 
EMG amplitudes of the quadriceps revealed a slight ele-
vation at IF14. The lower forces produced at IF14 in OSA 
patients can be interpreted as sustained peripheral fatigue 
which did not result in a correction of force during the 
task to generate forces matching the effort level of RPE14. 
This could be explained by a lack of integration of afferent 
feedback from force receptors in the generation of effort 
perception. As mentioned earlier, effort perception in the 
locomotor system is suggested to be independent of affer-
ent feedback from force receptors and solely a result of 
corollary discharge of the motor command in the brain 
(Proske & Allen,  2019). However, other peripheral feed-
back systems such as chemoreceptor stimulation may also 
be implicated in limiting/interfering with the feedback 
signals of group III and IV afferents from the exercising 
limb muscles (Amann et al.,  2009; Amann et al.,  2010). 

F I G U R E  5  Isometric forces and 
inspiratory pressures generated at 
RPE14: baseline (A,D), after loading 
(B,E), and percentage change (C,F). 
Force/pressure data are expressed as 
mean ± SD. Data were analyzed using 
one- way ANOVA. Limb data: (white 
bars/circles) = high fitness group (n = 18); 
(gray bars/circles) = low fitness group 
(n = 17); (black bars/circles) = OSA group 
(n = 14). Inspiratory data: (white bars/
triangles) = High fitness group (n = 21); 
(gray bars/triangles) = Low fitness group 
(n = 17); (black bars/triangles) = OSA 
group (n = 18). IPmax, maximal inspiratory 
pressure; MVC, maximal voluntary 
contraction. ††p < 0.01 versus OSA group. 
#p < 0.05 and ##p < 0.01 versus high fitness 
group.
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   | 13 of 18GRIFFITH- MCGEEVER et al.

Thus, the partial compensation of force production at a 
fixed effort perception may largely attributed to the mus-
cle afferents in concert with other peripheral signals as 
a consequence of changing metabolic state of the limb 
muscle, resulting yet again in further feedforward /central 
motor command responses.

Furthermore, results also show that OSA patients have 
a reduced relative effort sensitivity for the leg muscles 
evidenced by using a significantly higher percentage of 
their muscular force capacity for the effort perception of 
somewhat hard/hard (RPE14). This suggests an adaptive 
response to the requirement of producing forces for loco-
motion during daily tasks, disregarding a high body weight 
in context with low muscular endurance and capacity. 
High effort sensitivity would impair task performance and 

would potentially lead to task avoidance, which has been 
shown in various populations with higher fatigability 
(Huebschmann et al., 2015; Williamson & Hoggart, 2005). 
In our study, OSA patients demonstrate outcomes in effort 
perception of the locomotor system expected for people 
with low muscular endurance and capacity, such as indi-
viduals with sedentary lifestyles, obesity, and/or clinical 
conditions, that is, chronic fatigue syndrome suggesting 
no specific alteration of effort perception for the locomo-
tor muscles (Gandevia, 2001; Lloyd et al., 1991; Norregaard 
et al., 1995; Tomlinson et al., 2016; Zhu et al., 2007).

For investigating the effort perception of the inspira-
tory system in response to repetitive loading in OSA pa-
tients revealed rather different outcomes to the locomotor 
system. While the effort sensitivity seemed to be on similar 

F I G U R E  6  Limb and inspiratory 
EMG amplitude measured at RPE14: 
baseline (A– C) and after loading (D, 
E, F). EMG data are expressed as 
mean ± SD. Data were analyzed using 
One- Way ANOVA. VM data: (white bars/
squares) = high fitness group (n = 18); 
(gray bars/squares) = low fitness group 
(n = 17); (black bars/squares) = OSA group 
(n = 14). INT/TRA data: (white bars/
squares) = high fitness group (n = 21); 
(gray bars/squares) = low fitness group 
(n = 16); (black bars/squares) = OSA group 
(n = 14). #p < 0.05, ##p < 0.01 versus High 
fitness group. The dashed line represents 
the linear trend line. §p < 0.01, Slope of 
Vastus Medialis muscle activity in OSA 
patients analyzed using linear regression 
analysis.
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levels in all groups at baseline, shown by no significant 
difference in the levels of IP14 values between groups, the 
changes in effort sensitivity in response to repetitive load-
ing are profound. All groups reduced their effort sensitiv-
ity in response to repetitive loading, a significant increase 
in the inspiratory pressure generated at an effort level of 
somewhat hard/hard (IP14) was detected for all groups 
after loading. EMG analysis showed increasing EMG 
amplitudes during loading of Intercostal muscles, was 
particularly apparent in the OSA and low fitness groups. 
However, the increase in inspiratory pressure at RPE14 
(IP14) from baseline to after loading was the highest in 
OSA patients revealing a strong desensitization of effort 
perception after loading (about 15% increase in IP14).

The principal finding in all groups showing an increase 
in inspiratory pressure generation for RPE14 in response 
to loading could be interpreted as an adaptive response 
to increased work for breathing (during loading cycles). 
Since effort perception is an integral part of dyspnoea 
sensation (Laviolette & Laveneziana,  2014), a reduction 
in sensitivity during repetitive loading would enable the 
avoidance of aversive feelings, that is, dyspnoea and pos-
sible concurrent task disengagement. Increased respira-
tory work and potential muscular fatigue are known from 
high ventilation rates during aerobic exercise (Dempsey 
et al., 2006); therefore, an adaptive alteration of effort sen-
sitivity in the respiratory system would avoid early dys-
pnoea generation during exercise and tasks with higher 
ventilatory effort. The strongest reduction in effort sensi-
tivity in response to repetitive loading in OSA patients, as 
seen in our study, supports this interpretation as an adap-
tive mechanism. Indeed, desensitization follows the order 

in the magnitude of fatigue during loading with larger 
increases in EMG amplitudes during loading sets in OSA 
over low fitness over high fitness, and fitness with high 
fitness group increasing the least followed by low fitness 
group and OSA patients in IP14 after loading. However, 
cardiovascular fitness could not be measured directly in 
OSA patients due to safety concerns.

With poor respiratory muscle endurance and capacity, 
effort- related task disengagement could be avoided by re-
duction of respiratory effort sensitivity and by recruitment 
of accessory respiratory muscles (higher recruitment of 
Trapezius). Indeed, a lower sensitivity to respiratory load-
ing was seen in OSA patients (Tun et al., 2000), as well as a 
lower detection threshold for restrictive flow in earlier work 
(McNicholas et al., 1984). However, the effort sensitivity IP14 
at baseline was higher than expected for the low respiratory 
muscle endurance of inspiratory muscles; as mentioned 
before, OSA patients revealed a stronger EMG amplitude 
increase to repetitive loading than the healthy groups, sug-
gesting peripheral fatigue. If the same rules would apply to 
the inspiratory muscle system as to the locomotor muscles, 
as seen in the limb muscle paradigm, it would be expected 
that OSA patients would use a higher percentage of their 
muscular (pressure) capacity for RPE14 at baseline; how-
ever, this was not detected. Moreover, the baseline IP14 val-
ues of OSA patients were significantly negatively correlated 
with AHI, revealing that OSA patients with higher inspira-
tory effort sensitivity at baseline were shown to have more 
severe obstructive sleep apnea with higher frequency of ob-
structive events and awakenings from sleep.

Furthermore, OSA patients revealed a pronounced 
change in their baseline IP14 values after 3 months of CPAP 
treatment shifting up to the level seen after repetitive load-
ing and to a higher percentage of the maximal inspiratory 
pressure, with no association with AHI. This alteration re-
sembles a move toward the expected values seen from the 
limb paradigm; poorer muscular endurance would change 
effort sensitivity towards lesser sensitivity using a higher 
percentage of their force/pressure capacity for RPE14. 
Consequently, although speculative, it is suggested that 
CPAP reversed the adaptive response which may contrib-
ute to higher frequency of obstructive events during sleep 
and could therefore be maladaptive and OSA- specific.

On the contrary, the principal difference in the re-
sponse of effort sensitivity to loading between the respi-
ratory and limb muscle system, seen in the tested groups, 
reveals that effort perception is more flexible in the way it 
can integrate afferent feedback from receptors of various 
muscle systems. The limb muscle system seems robustly 
“neglecting” afferent receptor information about fatigue- 
related force losses and seemingly only using corollary 
discharge for the effort perception, while the respiratory 
system appears to integrate afferent receptor feedback 

T A B L E  4  Effect of CPAP treatment on inspiratory pressures 
generated at RPE14.

Inspiratory muscle data (cmH2O)

Pre- CPAP  
(n = 15)

Post- CPAP 
(n = 15)

IPmax 104.6 (16.8) 105.7 (17.1)

IP14 baseline 56.7 (10.2) 77.0 (13.8)c

IP14 20 breaths 68.7 (11.7)a 74.6 (21.8)

IP14 40 breaths 72.8 (11.8) 75.5 (22.2)

IP14 60 breaths 74.3 (12.8) 73.6 (19.7)

IP14 80 breaths 74.4 (15.0) 73.9 (22.0)

IP14 loading 72.5 (10.8)b 74.4 (20.2)

Note: Data shown are Mean ± SD. All measures were analyzed using paired 
t- tests.
Abbreviations: IP14, Inspiratory pressure at RPE14; IPmax, maximal 
inspiratory pressure.
ap < 0.01 significantly greater IP14 after 20 breaths than IP14 baseline;
bp < 0.01 Significantly greater IP14 loading than IP14 baseline; cp < 0.01 
Significantly greater IP14 baseline after CPAP.
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induced during the fatiguing loading cycles. An upregula-
tion of motor command for a specific perception of effort 
within a system of various respiratory muscles (primary 
and accessory respiratory muscles) is only feasible if affer-
ent feedback is used. (Figure 7a).

6.2 | Methodological considerations

While this study provides further insight into the percep-
tual and muscular responses to loading in healthy male 
volunteers with different fitness levels, newly diagnosed 
OSA patients, and the effects of CPAP therapy, some limi-
tations warrant discussion. First, we did not conduct sleep 
studies in our healthy group to exclude the possibility of 
OSA due to the limited resources available. Instead, we 
performed a series of sleep- related questionnaires to high-
light any signs/symptoms of OSA in our healthy groups. 
The Epworth Sleepiness Score (ESS) and Pittsburgh Sleep 
Quality Index (PSQI) were revealed to be significantly 
lower in both high and low fitness groups compared with 
OSA patients and classified as normal according to nor-
mative data (Buysse Charles et al.,  1989; Johns,  1991). 
Therefore, we are confident the healthy participants re-
cruited for the present study were not demonstrating 
signs/symptoms of OSA.

In spite of our best efforts to recruit healthy participants 
matched for age and weight we found the recruited OSA 
patients were considerably older and heavier than our 
high and low fitness participants. Future studies should 
attempt to recruit older and/or overweight participants 
without OSA in order to address whether age and weight 
differences exist. Furthermore, the current study did not 
assess female participants given the scarcity of newly di-
agnosed female patients with OSA within the sleep de-
partment at that present time. Future studies are required 
to determine whether sex differences within OSA exist in 
response to loading protocols. We also did not conduct an 
incremental exercise test to measure the maximal rate of 
oxygen uptake in OSA patients given the lack of medical 
supervision/assistance for testing patients with larger 
BMI and known cardiovascular risk factors. The CPAP 

F I G U R E  7  Effect of CPAP treatment on inspiratory pressures 
generated at RPE14: baseline (a), after loading (b), and percentage 
change (c). Pressure data are expressed as Mean ± SD. (black bars/
triangles) = pre- CPAP group (n = 15); (red bars/triangles) = Post- 
CPAP group (n = 15). IPmax, Maximal Inspiratory Pressure. 
Significant differences reported Post- CPAP as shown by ¶¶p < 0.01 
analyzed using paired t- tests.
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treatment period of 3 months is considered short- term 
when attempting to observe changes in the perceptual re-
sponse to loading. Future studies should strive to examine 
the long- term effect of CPAP therapy (>12 months) for 
further refinement of this study.

Finally, while surface EMG is an advantageous tool 
for measuring the amplitude of skeletal muscles during 
loading in a non- invasive manner, the technique is limited 
by factors such as; noise, cross- talk from nearby muscles, 
skin- electrode contact (e.g., sweating), and thickness of 
subcutaneous fat (Reaz, Hussain, & Mohd- Yasin, 2006). 
In order to reduce the influence of these factors we ad-
opted a thorough cleaning procedure of the skin and fol-
lowed standardized positions for electrode placement. 
Participants were further instructed not to excessively 
move the dominant leg during the loading protocol. We 
also followed standardized procedures by normalizing the 
EMG amplitudes according to the maximal RMS (% RMS) 
(Orozco- Levi et al., 1995; Yokoba et al., 2003). Moreover, 
due to the interest for enabling a measure for load induced 
fatigue, we focused on the RMS of the EMG amplitude. 
However, an additional spectral analysis of the EMG sig-
nal could have given additional support in detecting signs 
of fatigue. A future spectral analysis could enable further 
insights in the process of fatigue in both muscular systems.

7  |  CONCLUSIONS

In summary, repetitive loading cycles revealed poor mus-
cular endurance in both the limb and respiratory muscle 
system of OSA patients. Perception of effort showed dif-
ferent responses to inspiratory and limb loading protocols. 
In particular, the respiratory system of OSA patients was 
strongly downregulated with higher baseline sensitivity, 
which was correlated with AHI, and suggesting a possible 
maladaptive response of effort perception in OSA. Baseline 
respiratory effort sensitivity was reduced to post- loading 
levels following 3- months of CPAP treatment. Findings 
in the respiratory system of OSA and healthy populations 
suggest an active adaptive use of afferent feedback infor-
mation for the adjustment of effort sensitivity. Future stud-
ies need to investigate the connection between neuronal 
systems relevant for effort perception and their influence 
on inspiratory force production during sleep in OSA.

AUTHOR CONTRIBUTIONS
Claire Griffith- Mcgeever: contributed to conceptualiza-
tion and design of this study; collection, analysis, and 
interpretation of the data; and preparation of the manu-
script. Hans- Peter Kubis and Julian Owen: contributed 
to conceptualization and design of this study; interpre-
tation of the data; and preparation of the manuscript. 

Christopher Earing and Damian McKeon: contributed to 
patient recruitment and acquisition of data. All authors 
read and approved the final manuscript.

ACKNOWLEDGMENTS
The authors wish to thank Alaw Holyfield, Julia Roberts, 
Laura Warburton, and Annette Evans for their helpful as-
sistance during the recruitment of patients and Dr. Yvette 
Hayman, Dr. Jason Edwards, and Kevin Williams for their 
technical support throughout data collection. They further 
acknowledge both Gurjiven Singh and Matthew Gummer 
for their invaluable assistance during testing. The authors 
also wish to thank all the participants for volunteering to 
take part in the study.

FUNDING INFORMATION
Claire Griffith- Mcgeever received a Coleg Cymraeg 
Cenedlaethol PhD research scholarship (500497) in 2015.

ETHICS STATEMENT
The study was approved by research ethics committees 
at School of Sport, Health and Exercise Sciences, Bangor 
University (P01- 16/17) and East Midlands- Leicester South, 
Nottingham (17/EM/0162), conforming to the Declaration 
of Helsinki. Written informed consent was obtained from 
all participants before enrolling into the study.

ORCID
Hans- Peter Kubis   https://orcid.
org/0000-0001-6224-6581 

REFERENCES
ACSM. (2003). ACSM's guidelines for exercise testing and prescription. 

Lippincot Williams and Wilkins.
Adam, A., & De Luca, C. J. (2003). Recruitment order of motor units 

in human vastus lateralis muscle IsMaintained during fatigu-
ing contractions. Journal of Neurophysiology, 90, 2919– 2927.

Amann, M., Blain, G. M., Proctor, L. T., Sebranek, J. J., Pegelow, D. 
F., & Dempsey, J. A. (2010). Group III and IV muscle afferents 
contribute to ventilatory and cardiovascular response to rhyth-
mic exercise in humans. Journal of Applied Physiology, 109(4), 
966– 976.

Amann, M., Proctor, L. T., Sebranek, J. J., Pegelow, D. F., & 
Dempsey, J. A. (2009). Opioid- mediated muscle afferents in-
hibit central motor drive and limit peripheral muscle fatigue 
development in humans. The Journal of Physiology, 587(1), 
271– 283.

Astorino, T. A., Cottrell, T., Talhami Lozano, A., Aburto- Pratt, K., 
& Duhon, J. (2012). Effect of caffeine on RPE and perceptions 
of pain, arousal, and pleasure/displeasure during a cycling 
time trial in endurance trained and active men. Physiology & 
Behavior, 106(2), 211– 217. https://doi.org/10.1016/j.physb 
eh.2012.02.006

Berry, R. B., Budhiraja, R., Gottlieb, D. J., Gozal, D., Iber, C., Kapur, 
V. K., Marcus, C. L., Mehra, R., Parthasarathy, S., Quan, S. F., 

 2051817x, 2023, 11, D
ow

nloaded from
 https://physoc.onlinelibrary.w

iley.com
/doi/10.14814/phy2.15732 by W

elsh A
ssem

bly G
overnm

ent, W
iley O

nline L
ibrary on [06/06/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://orcid.org/0000-0001-6224-6581
https://orcid.org/0000-0001-6224-6581
https://orcid.org/0000-0001-6224-6581
https://doi.org/10.1016/j.physbeh.2012.02.006
https://doi.org/10.1016/j.physbeh.2012.02.006


   | 17 of 18GRIFFITH- MCGEEVER et al.

Redline, S., Strohl, K. P., Ward, S. L. D., & Tangredi, M. M. 
(2012). Rules for scoring respiratory events in sleep: Update of 
the 2007 AASM manual for the scoring of sleep and associated 
events. Journal of Clinical Sleep Medicine, 8(5), 597– 619.

Bigland- Ritchie, B., Furbush, F., & Woods, J. J. (1986). Fatigue of 
intermittent submaximal voluntary contractions : Central 
and peripheral factors. Journal of Applied Physiology, 61(2), 
421– 429.

Bigland- Ritchie, B., & Woods, J. J. (1984). Changes in muscle con-
tractile properties and neural control during human muscular 
fatigue. Muscle & Nerve, 7(9), 691– 699.

Borg, G. (1998). Borg's perceived exertion and pain scales. Champaign.
Buysse Charles, F., Reynolds Ill, D. J., Monk, T. H., Berman, S. R., & 

Kupfer, D. J. (1989). The Pittsburgh sleep quality index: A new 
instrument for psychiatric practice and research. Psychiatry 
Research, 28(2), 193– 213.

Carpentier, A., Duchateau, J., & Hainaut, K. (2001). Motor unit be-
haviour and contractile changes during fatigue in the human 
first dorsal interosseus. The Journal of Physiology, 543(1), 
903– 912.

Carter, R., & Watenpaugh, D. E. (2008). Obesity and obstructive sleep 
apnea: Or is it OSA and obesity? Pathophysiology, 15(2), 71– 77.

Cescon, C., Rebecchi, P., & Merletti, R. (2008). Effect of electrode 
array position and subcutaneous tissue thickness on conduc-
tion velocity estimation in upper trapezius muscle. Journal of 
Electromyography and Kinesiology, 18(4), 628– 636.

Cherniack, R. M., & Guenter, C. A. (1961). The efficiency of the re-
spiratory muscles in obesity. Canadian Journal of Biochemistry 
and Physiology, 39(8), 1215– 1222.

Chien MY, Wu YT, Lee PL, Chang YJ and, Yang PC. Inspiratory 
muscle dysfunction in patients with severe obstructive sleep 
apnoea. The European Respiratory Journal 2010;35(2):373– 80.

De Troyer, A., Legrand, A., Gevenois, P. A., & Wilson, T. A. (1998). 
Mechanical advantage of the human parasternal intercostal 
and triangularis sterni muscles. The Journal of Physiology, 
513(3), 915– 925.

Deacon- Diaz, N., & Malhotra, A. (2018). Inherent vs. induced loop 
gain abnormalities in obstructive sleep apnea. Frontiers in 
Neurology, 9, 1– 10.

Dempsey, J. A., Romer, L., Rodman, J., Miller, J., & Smith, C. (2006). 
Consequences of exercise- induced respiratory muscle work. 
Respiratory Physiology & Neurobiology, 151(2– 3), 242– 250.

Deschenes, M. R., Holdren, A. N., & Mccoy, R. W. (2008). Adaptations 
to short- term muscle unloading in young and aged men. 
Medicine and Science in Sports and Exercise, 40(5), 856– 863.

Earing, C. (2014). Factors Associated With the Severity of Apnoea 
Hypopnoea.

Eckert, D. J., White, D. P., Jordan, A. S., Malhotra, A., & Wellman, A. 
(2013). Defining phenotypic causes of obstructive sleep apnea: 
Identification of novel therapeutic targets. American Journal of 
Respiratory and Critical Care Medicine, 188(8), 996– 1004.

Edvardsen, E., Hem, E., & Anderssen, S. A. (2014). End criteria for 
reaching maximal oxygen uptake must be strict and adjusted 
to sex and age: A cross- sectional study. PLoS One, 9(1), 18– 20.

Edwards, B. A., Eckert, D. J., McSharry, D. G., Sands, S. A., Desai, A., 
Kehlmann, G., Bakker, J. P., Genta, P. R., Owens, R. L., White, 
D. P., Wellman, A., & Malhotra, A. (2014). Clinical predictors of 
the respiratory arousal threshold in patients with obstructive 
sleep apnea. American Journal of Respiratory and Critical Care 
Medicine, 190(11), 1293– 1300.

Gandevia, S. C. (2001). Spinal and supraspinal factors in human 
muscle fatigue. Physiological Reviews, 81, 1725– 1789.

Greenberg, H. E., & Scharf, S. M. (1993). Depressed ventilatory load 
compensation in sleep apnea: Reversal by nasal CPAP. The 
American Review of Respiratory Disease, 148(6), 1610– 1615.

Hassmén, P. (1990). Perceptual and physiological responses to cy-
cling and running in groups of trained and untrained subjects. 
European Journal of Applied Physiology and Occupational 
Physiology, 60(6), 445– 451.

Hawkes, E. Z., Nowicky, A. V., & McConnell, A. K. (2007). Diaphragm 
and intercostal surface EMG and muscle performance after 
acute inspiratory muscle loading. Respiratory Physiology & 
Neurobiology, 155(3), 213– 219.

Hermens, H. J., Freriks, B., Disselhorst- Klug, C., & Rau, G. (2000). 
Development of recommendations for SEMG sensors and sen-
sor placement procedures. Journal of Electromyography and 
Kinesiology, 10(5), 361– 374.

Hershenson, M. B., Kikuchi, Y., Tzelepis, G. E., & McCool, F. D. 
(1989). Preferential fatigue of the rib cage muscles during 
inspiratory resistive loaded ventilation. Journal of Applied 
Physiology, 66(2), 750– 754.

Horner, R. L., Shea, S. A., McIvor, J., & Guz, A. (1989). Pharyngeal 
size and shape during wakefulness and sleep in patients with 
obstructive sleep apnoea. The Quarterly Journal of Medicine, 
72(268), 719– 735.

Howley, E. T., Bassett, D. R., & Welch, H. G. (1995). Criteria for max-
imal oxygen uptake: Review and commentary. Medicine and 
Science in Sports and Exercise, 27(9), 1292– 1301.

Hudgel, D. W., Harasick, T., & Hudgel, W. (1990). Fluctuation in timing of 
upper airway and chest wall inspiratory muscle activity in obstruc-
tive sleep apnea. Journal of Applied Physiology, 69(2), 443– 450.

Huebschmann, A. G., Kohrt, W. M., Herlache, L., Wolfe, P., 
Daugherty, S., Reusch, J. E., Bauer, T. A., & Regensteiner, J. 
G. (2015). Type 2 diabetes exaggerates exercise effort and im-
pairs exercise performance in older women. BMJ Open Diabetes 
Research & Care, 3(1), e000124.

Jean- Louis, G., Zizi, F., Clark, L. T., Brown, C. D., & McFarlane, S. 
I. (2008). Obstructive sleep apnea and cardiovascular disease: 
Role of the metabolic syndrome and its components. Journal of 
Clinical Sleep Medicine, 4(3), 261– 272.

Johns, M. W. (1991). A new method for measuring daytime sleepi-
ness: The Epworth sleepiness scale. Sleep, 14(6), 540– 545.

Jones, L. A., & Hunter, I. W. (1983). Perceived force in fatiguing iso-
metric contractions. Perception & Psychophysics, 33(4), 369– 374.

Koenig, J. S., & Thach, B. T. (1988). Effects of mass loading on the 
upper airway. Journal of Applied Physiology, 64(6), 2294– 2299.

Laviolette, L., & Laveneziana, P. (2014). Dyspnoea: A multidi-
mensional and multidisciplinary approach. The European 
Respiratory Journal, 43(6), 1750– 1762.

Lloyd, A. R., Gandevia, S. C., & Hales, J. P. (1991). Muscle perfor-
mance, voluntary activation, twitch properties and perceived 
effort in normal subjects and patients with the chronic fatigue 
syndrome. Brain, 114, 85– 98.

Lopata, M., & Onal, E. (1982). Mass loading, sleep apnea, and the 
pathogenesis of obesity hypoventilation. The American Review 
of Respiratory Disease, 126(4), 640– 645.

Macintyre, N., Crapo, R. O., Viegi, G., Johnson, D. C., van der 
Grinten, C. P., Brusasco, V., Burgos, F., Casaburi, R., Coates, A., 
Enright, P., Gustafsson, P., Hankinson, J., Jensen, R., McKay, 
R., Miller, M. R., Navajas, D., Pedersen, O. F., Pellegrino, R., & 

 2051817x, 2023, 11, D
ow

nloaded from
 https://physoc.onlinelibrary.w

iley.com
/doi/10.14814/phy2.15732 by W

elsh A
ssem

bly G
overnm

ent, W
iley O

nline L
ibrary on [06/06/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



18 of 18 |   GRIFFITH- MCGEEVER et al.

Wanger, J. (2005). Standardisation of the single- breath determi-
nation of carbon monoxide uptake in the lung. The European 
Respiratory Journal, 26(4), 720– 735.

Manning, H. L., & Mahler, D. A. (2001). Pathophysiology of dyspnea. 
Monaldi Archives for Chest Disease, 56(4), 325– 330.

McCloskey DI. Corollary discharges: Motor commands and per-
ception. In: Brookhart JM, Mountcastle VB (sec. eds.), Brooks 
VB (vol. ed.), Handbook of physiology. Sec. 1. Vol. II. pt 2. The 
nervous system: Motor control. American Physiological Society; 
1981. 1415– 1448.

McNicholas, W. T., Bowes, G., Vamel, N., & Phillipson, E. A. (1984). 
Impaired detection of added inspiratory resistance in pa-
tients with obstructive sleep apnea. The American Review of 
Respiratory Disease, 129(1), 45– 48.

Midgley, A. W., McNaughton, L. R., Polman, R., & Marchant, D. 
(2007). Criteria for determination of maximal oxygen uptake: A 
brief critique and recommendations for future research. Sports 
Medicine, 37(12), 1019– 1028.

Miller, M. R., Hankinson, J., Brusasco, V., Burgos, F., Casaburi, 
R., Coates, A., Crapo, R., Enright, P., van der Grinten, C. P., 
Gustafsson, P., Jensen, R., Johnson, D. C., MacIntyre, N., 
McKay, R., Navajas, D., Pedersen, O. F., Pellegrino, R., Viegi, G., 
Wanger, J., & ATS/ERS Task Force. (2005). Standardisation of 
spirometry. The European Respiratory Journal, 26(2), 319– 338.

Murias, J. M., Pogliaghi, S., & Paterson, D. H. (2018). Measurement 
of a true VO2max during a ramp incremental test is not con-
firmed by a verification phase. Frontiers in Physiology, 9, 1– 8.

Norregaard, J., Bülow, P. M., Vestergaard- poulsen, P., Thomsen, C., 
& Danneskiold- samsøe, B. (1995). Muscle strength, voluntary 
activation and cross- sectional muscle area in patients with fi-
bromyalgia. Rheumatology, 34(10), 925– 931.

O'Donnell, D. E., Banzett, R. B., Carrieri- Kohlman, V., Casaburi, R., 
Davenport, P. W., Gandevia, S. C., Gelb, A. F., Mahler, D. A., & 
Webb, K. A. (2007). Pathophysiology of dyspnea in chronic ob-
structive pulmonary disease: A roundtable. Proceedings of the 
American Thoracic Society, 4(2), 145– 168.

Orozco-Levi, M., Gea, J., Monells, J., Aran, X., Aguar, M. C., & 
Broquetas, J. M. (1995). Activity of latissimus dorsi muscle 
during inspiratory threshold loads. European Respiratory 
Journal, 8(3), 441– 445.

Owens, R. L., Edwards, B. A., Eckert, D. J., Jordan, A. S., Sands, S. A., 
Malhotra, A., White, D. P., Loring, S. H., Butler, J. P., & Wellman, 
A. (2015). An integrative model of physiological traits can be 
used to predict obstructive sleep apnea and response to non 
positive airway pressure therapy. Sleep, 38(6), 961– 970.

Pageaux, B. (2016). Perception of effort in exercise science: 
Definition, measurement and perspectives. European Journal 
of Sport Science, 16(8), 885– 894. https://doi.org/10.1080/17461 
391.2016.1188992

Peters, U., & Dixon, A. (2018). The effect of obesity on lung function. 
Expert Review of Respiratory Medicine, 12(9), 755– 767.

Proske, U., & Allen, T. (2019). The neural basis of the senses of effort, 
force and heaviness. Experimental Brain Research, 237(3), 589– 
599. https://doi.org/10.1007/s0022 1- 018- 5460- 7

Reaz, M. B. I., Hussain, M. S., & Mohd-Yasin, F. (2006). Techniques 
of EMG signal analysis: Detection, processing, classification 
and applications. Biological Procedures Online, 8(1), 11– 35.

Roca, J., Burgos, F., Sunyer, J., Saez, M., Chinn, S., Antó, J. M., 
Rodríguez- Roisin, R., Quanjer, P. H., Nowak, D., & Burney, P. 
(1998). References values for forced spirometry. The European 
Respiratory Journal, 11(6), 1354– 1362.

Roussos, C., Fixley, M., Gross, D., & Macklem, P. T. (1979). Fatigue 
of inspiratory muscles and their synergic behavior. Journal of 
Applied Physiology, 46(5), 897– 904.

Schwartz, A. R., Patil, S. P., Squier, S., Schneider, H., Kirkness, J. P., 
& Smith, P. L. (2010). Obesity and upper airway control during 
sleep. Journal of Applied Physiology, 108(2), 430– 435. https://
doi.org/10.1152/jappl physi ol.00919.2009

Sharp, J. T. (1976). Respiratory muscle function and the use of respi-
ratory muscle electromyography in the evaluation of respira-
tory regulation. Chest, 70(1), 150– 154.

Sharp, J. T., Druz, W. S., & Kondragunta, V. R. (1986). Diaphragmatic 
responses to body position changes in obese patients with 
obstructive sleep apnea. The American Review of Respiratory 
Disease, 133(1), 32– 37.

Shelton, K. E., Woodson, H., Gay, S., & Suratt, P. M. (1993). 
Pharyngeal fat in obstructive sleep apnea. The American Review 
of Respiratory Disease, 148(2), 462– 466.

Stulen, F. B., & De Luca, C. J. (1978). The relation between the myo-
electric signal and physiological properties of constant- force 
isometric contractions. Electroencephalography and Clinical 
Neurophysiology, 45(6), 681– 698.

Tokizane, T., Kawamata, K., & Tokizane, H. (1952). 
Electromyographic studies on the human respiratory muscles. 
The Japanese Journal of Physiology, 2(3), 232– 247.

Tomlinson, D. J., Erskine, R. M., Morse, C. I., Winwood, K., & 
Onambélé- Pearson, G. (2016). The impact of obesity on skeletal 
muscle strength and structure through adolescence to old age. 
Biogerontology, 17(3), 467– 483.

Tun, Y., Hida, W., Okabe, S., Kikuchi, Y., Kurosawa, H., Tabata, M., & 
Shirato, K. (2000). Inspiratory effort sensation to added resistive 
loading in patients with obstructive sleep apnea. Chest, 118(5), 
1332– 1338.

Wilcox, P. G., Paré, P. D., Road, J. D., & Fleetham, J. A. (1990). 
Respiratory muscle function during obstructive sleep apnea. 
The American Review of Respiratory Disease, 142(3), 533– 539.

Williamson, A., & Hoggart, B. (2005). Pain: A review of three com-
monly used pain rating scales. Journal of Clinical Nursing, 
14(7), 798– 804.

Yokoba, M., Abe, T., Katagiri, M., Tomita, T., & Easton, P. A. 
(2003). Respiratory muscle electromyogram and mouth pres-
sure during isometric contraction. Respiratory Physiology & 
Neurobiology, 137(1), 51– 60.

Young, T., Skatrud, J., & Peppard, P. E. (2004). Risk factors for ob-
structive sleep apnea in adults. Journal of the American Medical 
Association, 291, 2013– 2016.

Zhu, Y., Fenik, P., Zhan, G., Mazza, E., Kelz, M., Aston- jones, G., & 
Veasey, S. C. (2007). Selective loss of catecholaminergic wake– 
active neurons in a murine sleep apnea model. The Journal of 
Neuroscience, 27(37), 10060– 10071.

How to cite this article: Griffith- Mcgeever, C., 
Owen, J., Earing, C., McKeon, D., & Kubis, H.-P. 
(2023). Differential effects of repeated inspiratory 
and limb muscle loading on effort perception in 
patients with obstructive sleep apnea and healthy 
males. Physiological Reports, 11, e15732. https://doi.
org/10.14814/phy2.15732

 2051817x, 2023, 11, D
ow

nloaded from
 https://physoc.onlinelibrary.w

iley.com
/doi/10.14814/phy2.15732 by W

elsh A
ssem

bly G
overnm

ent, W
iley O

nline L
ibrary on [06/06/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1080/17461391.2016.1188992
https://doi.org/10.1080/17461391.2016.1188992
https://doi.org/10.1007/s00221-018-5460-7
https://doi.org/10.1152/japplphysiol.00919.2009
https://doi.org/10.1152/japplphysiol.00919.2009
https://doi.org/10.14814/phy2.15732
https://doi.org/10.14814/phy2.15732

	Differential effects of repeated inspiratory and limb muscle loading on effort perception in patients with obstructive sleep apnea and healthy males
	Abstract
	1|INTRODUCTION
	2|METHODS
	2.1|Participants
	2.2|Overall study design

	3|MEASUREMENTS
	3.1|Participants' characteristics
	3.2|Electromyography (EMG)
	3.3|Inspiratory muscle loading protocol
	3.4|Limb muscle loading protocol
	3.5|Data analysis
	3.6|Statistical analysis

	4|RESULTS
	4.1|Participant characteristics

	5|LOADING PARADIGM
	5.1|Limb and inspiratory muscle electromyography (EMG) during loading
	5.2|Isometric force and inspiratory pressure measured at RPE14
	5.3|Electromyography (EMG) of limb and inspiratory muscles at RPE14
	5.4|Effect of CPAP treatment on inspiratory pressures generated at RPE14

	6|DISCUSSION
	6.1|Main findings
	6.2|Methodological considerations

	7|CONCLUSIONS
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	FUNDING INFORMATION
	ETHICS STATEMENT
	REFERENCES


