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Abstract
Purpose

To evaluate whether the onset and duration of electromyography (EMG) activity of
different inspiratory muscles vary during an incremental inspiratory threshold loading
(ITL) in healthy adults and whether it is associated with dyspnea and inspiratory mouth
pressure (Pm) at task failure.

Methods

Twelve healthy adults (30 * 7 years, six females) performed incremental ITL starting at
warm-up (7.6 * 1.7 cmH,0), followed by 50 g increments every two minutes until task
failure in this cross-sectional study. EMG onset (relative to inspiratory flow) and activity
duration of the costal diaphragm/7th intercostal and extra-diaphragmatic inspiratory
muscles (scalene, parasternal intercostal, sternocleidomastoid) were quantified using a
validated algorithm. Ventilatory parameters, including Pm, were evaluated.

Results

With increasing ITL, Pm increased (p < 0.033), accompanied by increased EMG activity of
extra-diaphragmatic muscles (p < 0.016). Critically, the EMG onset of the
sternocleidomastoid (p < 0.001), parasternal intercostal (p = 0.002), and scalene (p =
0.002) occurred earlier relative to inspiratory flow at task failure compared to lower loads.
Earlier EMG onsets of these muscles were correlated with higher Pm at task failure
(sternocleidomastoid: r = —0.65; parasternal intercostal: r = -0.45; scalene: r = -0.29; p <
0.034). Notably, earlier EMG onsets of scalene at low loads were associated with higher
Pm at task failure (r < -0.75; p < 0.026). Furthermore, an earlier EMG onset of the
parasternal intercostal (r = —0.67; p =0.023) and sternocleidomastoid (r = -0.65; p =
0.023) at task failure was associated with greater dyspnea intensity.

Conclusion

Appreciation of timing of inspiratory muscle EMG may provide further insight into
understanding the contributors to ventilatory task failure and dyspnea.
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INTRODUCTION

Coordinated activation of the diaphragm and extra-di-
aphragmatic inspiratory muscles is required for efficient in-
spiration.! During quiet breathing in healthy individuals,
the diaphragm, together with the scalenes and parasternal
intercostals, is recruited.! However, increasing ventilatory
demand, such as during exertion or in the presence of respi-
ratory loading due to disease, additional muscles, including
the sternocleidomastoids, are recruited to generate greater
inspiratory pressures to maintain ventilation.2"7 This in-
creased muscle recruitment is also associated with greater
perceptions of dyspnea.2:38

Surface electromyography (EMG) provides quantification
of both the amplitude (via root mean square: RMS) and the
timing (onset and duration of activity relative to inspira-
tory flow) of inspiratory muscle activation.? 16 EMG tim-
ing patterns are shaped by both anatomical and consequent
mechanical contributions to chest wall motion, and/or task
demands.1.13.1516 For example, the diaphragm, when
recorded by needle EMG, activates earlier than the inter-
costals and scalenes during quiet breathing!3; moreover,
the recruitment order of intercostals differs across inter-
spaces.%15 Further, the scalenes are shown to be activated
earlier than the sternocleidomastoid during isovolumetric
and dynamic inspirations at different lung volumes.1®
Timely activation of these muscles is critical for maintain-
ing ventilatory efficiency.3:9-13

Inspiratory threshold loading (ITL) sustained at a con-
stant load of 50% of maximal inspiratory pressure (MIP)
demonstrated no change in the onsets of inspiratory mus-
cles throughout durations to task failure (TF).14 The costal
diaphragm/intercostals (measured by surface EMG over the
7th intercostal space) appeared later than scalene, paraster-
nal intercostal and sternocleidomastoid.!# Incremental ITL
can more closely mimic real-world conditions such as pro-
gressive inspiratory loads during short bouts of exertion or
respiratory decline in disease.2 However, the patterns of in-
spiratory muscle timing and the link between inspiratory
muscle timing and outcomes such as inspiratory mouth
pressure (Pm) generation, endurance time to TF, and dys-
pnea intensity remain unclear. A better understanding of
these timing relationships during incremental ITL in
healthy adults provides a physiological reference for inter-
preting compensatory muscle behaviour in those with res-
piratory conditions with altered ventilatory mechanics.

The aim of this study was to evaluate whether the onset
timing and duration of EMG activity of different inspiratory
muscles vary during incremental ITL in healthy adults. A
secondary aim was to evaluate whether the onset timing
and duration of EMG activity of inspiratory muscles are as-
sociated with greater Pm achieved and dyspnea intensity,
and hence longer duration to task failure during an incre-
mental ITL to task failure. We hypothesized that: 1) on-
set timing of inspiratory muscles EMG activity would be-
come earlier relative to inspiratory flow during increasing
inspiratory loads; 2) earlier activation of inspiratory mus-
cle EMG activity would be associated with higher Pm, albeit
higher dyspnea intensity at task failure during ITL.
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METHODS

PARTICIPANTS

It was carried out in accordance with the Helsinki Decla-
ration guidelines and approved by the Ethics Board of the
University of Toronto Health Science Research (40294, ap-
proved on November 27, 2020). Twelve healthy adults (six
males and six females) were recruited through poster ad-
vertisements in the university and email announcements
distributed to students and working staff in the University
of Toronto. Inclusion criteria were: 1) healthy adults aged
between 18 and 45 years; 2) body mass index below 30
kg/m2. Exclusion criteria were: 1) current or history of res-
piratory, cardiovascular, or neurologic diseases that would
interfere with testing; 2) competitive elite athlete at the
university or national level; 3) pregnancy; 4) either active
or ex-smoker; 5) history of surgery or hospitalization be-
cause of respiratory, cardiovascular or neurologic symp-
toms; 6) skin sensitivity to adhesives (i.e., EMG elec-
trodes).217-20 An upper age limit of 45 years was applied
due to the greater risk of comorbidities at age 5021-22 and
elite athletes were excluded due to their higher prevalence
of unreported airway hyperreactivity and potential altered
physiological and perceptual perception of respirator mus-
cles.23 Participants were screened via telephone with the
American College of Sports Medicine screening question-
naire, in addition to confirming whether they met the in-
clusion criteria prior to scheduling a laboratory visit. This
was a secondary cross-sectional analysis of a previously
published study conducted between October and November
2022 in a laboratory setting at the University of Toronto.1?
Written informed consent was obtained from all partici-
pants after explaining the study.

EXPERIMENTAL PROTOCOL

On test day, age, height, mass, spirometry and MIP were as-
sessed. Forced expiratory volume in the first second (FEV,)
and forced vital capacity (FVC) were measured using a
portable spirometer (COPD-6, Vitalograph, Ennis, Ireland)
and FEV/FVC were calculated in accordance with the stan-
dard methodology.24 MIP was evaluated by using a respi-
ratory force meter (MicroRPM, CareFusion, Kent, UK) by
instructing participants to perform a maximal inspiration
at residual volume.25> MIP was reported in absolute values
(cmH,0) and as percent predicted.?® Spirometry and MIP
were measured 3 to 8 times as per American Thoracic Soci-
ety recommendations, and the test was deemed acceptable
when the highest three values were within 5% for spirome-
try24 and 10% for MIP, respectively.2>

Next participants had their chair and table heights ad-
justed so they were seated comfortably with their back
straight, facing forward with feet on the floor, and forearms
resting forward on the table. While wearing the nose clip,
the participant then sealed their lips around the mouth-
piece connected to a two-way non-rebreathing valve (1410,
Hans Rudolph, Kansas City, USA) with the inspiratory port
connected to a pneumotach (3813, Hans Rudolph, Kansas
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City, MO, USA) (Supplemental Figure 1) in line with a
threshold loading device,218:1927 and breathed against
loaded device. Participants were familiarized with thresh-
old loading by breathing against an inspiratory trainer
(Threshold™, Cardinal Health, Ontario, Canada) before the
test session, and considerable efforts were made to adjust
the table height and to position the chair and mouthpiece
to optimize comfort for the participant. Incremental ITL
began with a low warm-up followed by 50 g increments
every two minutes until TF.17 TF was defined as either the
person withdrawing from the mouthpiece or their inabil-
ity to lift the threshold valve to sustain adequate inspi-
ratory flow for two consecutive breaths.218:25.28 ITL time
from warm-up to task failure was defined as endurance
time (tj;,,)- Blood pressure, heart rate, dyspnea intensity
and dyspnea descriptors were evaluated before and just af-
ter ITL.

OUTCOME MEASUREMENTS

The continuous ventilatory parameters (inspiratory flow,
respiratory frequency: f, inspiratory time: T;, tidal volume:
Vo, Pm, and partial pressure of CO, expressed as end-tidal
CO, (ETCO,) were acquired by using previously described
devices and methods (Supplemental Figure 1).2:1418,19
Participants breathed through a flanged mouthpiece con-
nected to a two-way non-rebreathing valve. The pneumo-
tach measured inspiratory flow, which was utilized to de-
termine breathing frequency, tidal volume, and minute
ventilation. Continuous measures of Pm and ETCO, were
recorded from a port close to the mouthpiece via a pressure
transducer (MP45, Validyne Corp, Northridge, CA, USA) and
carbon dioxide analyzer (17630, VacuMed, Ventura, CA,
USA), respectively. Pm was expressed in cmH,O and later
normalized to MIP. All ventilatory parameters were sam-
pled at 1000 Hz through a data acquisition system (Power-
Lab and LabChart 8, ADInstruments).

Surface EMG (Ultium sensor system, Noroxan, Scotts-
dale, AZ, USA), sampling of 1000Hz, gain of 500, was mea-
sured over the scalene, parasternal intercostal, sternoclei-
domastoid, and costal diaphragm/7th intercostal (Dia/IC) at
baseline, during a vital capacity maneuver and through-
out incremental ITL. Before attachment of the EMG elec-
trodes, the skin was prepared with brisk rubbing of an al-
cohol swab and shaving if required. Paired EMG electrodes
with a 2 cm inter-electrode distance (Duotrode, Myotronics,
Kent, WA, USA) were placed on the right neck/hemithorax
over: 1) scalene, in the posterior triangle of the neck at
the level of the cricoid process; 2) parasternal intercostal,
second intercostal space lateral to the sternum; 3) ster-
nocleidomastoid, midway between the suprasternal notch
and the mastoid process; 4) Dia/IC, the 7th or 8th intercostal
space between the anterior-axillary line and mid-clavicular
line based on the best signal capture (Supplemental Fig-
ure 1).21426 The signals of EMG and electrocardiogram
(ECG) (BioAmp, Model FE231; ADInstruments) were con-
verted into digital signals. There is a known delay of 300
ms between the point of activity measurement at the Ul-
tium EMG sensor electrode to the moment that the analog
outputs are streamed through the PowerLab and LabChart
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8 software. Since the EMG onset of inspiratory muscle was
analyzed relative to the onset of inspiratory flow—both
time-synchronized via LabChart 8—this delay could have
introduced systematic timing errors in our analysis. To en-
sure accurate temporal alignment between EMG and in-
spiratory flow signals, a time offset of -300 ms was im-
plemented to all EMG signals to correct the delay of
information coming through the analog outputs and then
stored by data acquisition software (PowerLab and
LabChart8, ADInstruments). This correction allowed us to
more accurately determine the true onset timing of muscle
activation relative to inspiratory flow.

Dyspnea intensity was assessed with the 10-point Borg
scale2? and qualitative evaluation of dyspnea was rated by
the selection of dyspnea descriptors.3%3! Borg scale was
measured at baseline and immediately after task failure,
and dyspnea descriptors were assessed only after task fail-
ure. Participants were asked to select any of 15 phrases that
matched their breathing discomfort at the moment of TF
during the ITL3! and to identify the top three descriptors
of breathing discomfort.32 There was no restriction on the
number of phrases that could be selected.

ALGORITHM FOR SURFACE ELECTROMYOGRAPHY
ANALYSIS

EMG, ECG and inspiratory flow signals were time aligned
and imported via txt file from data acquisition software into
the algorithm software (LabVIEW, National Instruments,
Austin, TX, USA). The previous validated algorithm was ap-
plied separately to the four respiratory muscles to remove
ECG artifacts and to detect the onset and offset time of the
EMG activities.1428.33 Briefly, a 20 Hz bidirectional high-
pass filter and a 2nd-order Butterworth filter were applied,
then expressed as RMS values. Then, the timing of inspi-
ratory muscle EMG activity was determined based on the
derivative function of each muscle’s EMG RMS. The onset
timing of inspiratory muscle EMG activity was defined as
the time point at which the RMS value reached 5% of its
peak activation (Figure 1). A 5% threshold was applied to
avoid identifying fluctuating baseline signals as the EMG
activity in the ITL task.1428 Duration of EMG activation was
calculated using the previously validated way as the differ-
ence between the onset timing of inspiratory muscle EMG
activity and 30% decrease from its peak activity34-30 as ex-
emplified in Figure 1. The algorithm had good to excel-
lent reliability with visual detection and enabled more than
60 times faster analysis than manual detection.!? If tim-
ings of inspiratory muscle EMG activity were not identifi-
able due to artifacts or muscle activities affected by other
movements besides inspiration (e.g., neck movement or ex-
halation), these were considered as missing values. All sig-
nals were double-checked visually to confirm those conta-
minated with artifacts or other movements.

DATA ANALYSIS
The pressure—time index (PTI) was calculated as a measure

of loading and pending respiratory muscle fatigue.37-40 PTI
was calculated by using previously described method37-49:
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Figure 1. Algorithmic detection of EMG and inspiratory flow onset and EMG duration.

The upper green tracing shows an example of a filtered derivative function of RMS of a respiratory muscle whereas the lower panel shows the associated inspiratory flow signal. Red
solid line: onset of EMG activity; red dashed line: 30% decrease in EMG activation from its peak; yellow solid line: onset of inspiratory flow, yellow dashed line: offset of inspiratory
flow; EMG: electromyography. Duration of EMG activation was defined as the difference between EMG onset (the time-point reaching 5% of EMG peak)!4 and 30% decrease from its

peak activity.30,51

PTI = (Pm/MIP) x (T/ total duration of the breathing cy-
cle)

For each breathing cycle, the onset timing of inspiratory
muscle EMG activity (corrected for the delay of the signal
transmission through the analog output) relative to inspi-
ratory flow onset (in milliseconds) were determined for the
four respiratory muscles. The onset timing of inspiratory
muscle EMG activity of zero indicated that EMG of the
inspiratory muscle and inspiratory flow were initiated at
the same time, whereas negative or positive values indi-
cated that onset timing of inspiratory muscle EMG activity
preceded or occurred after inspiratory flow onset, respec-
tively.14

For analysis, all data were averaged for each load from
the warm-up to isoload and at TF. Pseudo-steady state was
not obvious amongst all participants during the last 30 sec-
onds of each stage. Warm-up was defined as the first 2 min-
utes with the initial low ITL. Isoload was defined as the
maximum load that all participants completed for the en-
tire 2 minutes. TF load was defined as the maximum load
that each participant was able to complete for 2 minutes.
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STATISTICAL ANALYSIS

Statistical analyses were performed using Statistical Pack-
age for the Social Sciences (SPSS Inc., version 25.0,
Chicago, IL, USA). A two-tailed significance level of p < 0.05
was used for all tests. Prior to analysis, the Shapiro-Wilk
test was used to examine the normality of the data.

Data are presented as mean * standard error for EMG
and ventilatory parameters since the group data is the
mean of means. In other words, the mean data is derived
from several breaths for each participant, and then the
group mean is calculated from the mean data from each
participant. For dyspnea descriptors, frequencies and per-
centages were reported due to their categorical nature.

Repeated-measures comparisons of inspiratory muscle
EMG timing (onset and duration), EMG RMS amplitudes,
and ventilatory parameters across the incremental ITL
stages (warm-up to isoload, and TF loading) were per-
formed using two-way repeated-measures analysis of vari-
ances (ANOVA). Post-hoc tests were performed using Bon-
ferroni’s correction. This test was selected due to its
suitability for evaluating within-subject changes across
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multiple time points and muscle groups when assumptions
of normality are met.

In cases where assumptions of normality were violated,
non-parametric alternatives were used. Specifically, the
Wilcoxon signed-rank test was used to compare Borg dysp-
nea ratings between baseline and task failure due to the or-
dinal nature and non-normal distribution of Borg dyspnea
scores.

Pearson correlation coefficients were used to assess as-
sociations between 1) EMG onset timing and inspiratory
effort (measured as Pm and Pm/MIP) and EMG RMS am-
plitude, 2) EMG parameters (onset, duration, and RMS am-
plitude) and tj;,,. Spearman’s correlation was applied to
assess associations between EMG parameters and Borg dys-
pnea intensity at TF load of each muscle since Borg dyspnea
did not follow a normal distribution.

Using G*Power 3.1, a sample size of 11 was estimated
based on a power (1-B) = 0.80, a=0.05 and an effect size of
0.84 calculated from previous data.2 We aimed to recruit a
sample of 12 in order to have equal numbers of males and
females.

RESULTS

DESCRIPTIVE CHARACTERISTICS OF PARTICIPANTS AND
INCREMENTAL ITL

Characteristics of 12 participants are shown in Table 1.
They had a mean age of 29.5 * 7.1 years, with equal num-
bers of males and females, and were within normal ranges
for body mass index, spirometry and MIP, suggesting pre-
served ventilatory capacity. Participants may have been
recreationally active but not involved in competitive athlet-
ics. Females were younger and had lower spirometry, both
absolute and percent predicted, than males, whereas there
were no sex differences in other variables (Table 1). Partic-
ipants started ITL at warm-up of 7.7 £ 3.5 % of MIP (Figure
2B). The mean t);, to TF was 1012 * 428 sec (16.9 * 7.1 min)
and the mean TF load was 350 * 164 g (46.8 = 16.3% of MIP;
Figure 2). No participants stated that they withdrew from
the mouthpiece due to discomfort, fatigue of facial muscles,
excessive saliva or for other reasons besides failure to over-
come the inspiratory load. The isoload (highest load ob-
tained by all participants) was 150 g, which equated to 25.4
* 11.8 % of MIP (Figure 2B). The correlation between MIP
and t;;,, during inspiratory threshold loading was not sta-
tistically significant (r= 0.57, p = 0.054).

Compared to the warm-up, Pm and Pm/MIP were higher
at the isoload (p < 0.033) and highest at the TF load com-
pared to earlier loads (p < 0.001; Figure 2A, B). There were
no significant changes in f3, T;, V1 and ETCO, throughout
the incremental ITL (Figure 2C, D, E, H) (p > 0.223). PTI
increased only at the TF load compared to other loads (p <
0.006; Figure 2G).

The EMG RMS of parasternal intercostal, scalene and
sternocleidomastoid increased throughout the incremental
ITL (p < 0.016, Figure 2H). RMS of Dia/IC did not increase
throughout the incremental ITL (p > 0.241, Figure 2H).
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EMG TIMINGS OF INSPIRATORY MUSCLES DURING
INCREMENTAL ITL

A total 1,511 breaths from twelve participants were ana-
lyzed (mean 126 *61 breaths per participant). The onset
timing of inspiratory muscle EMG activity of each muscle
was assessed, totaling 6,044 potential EMG activities (1,511
breaths x 4 muscles). On average, 6% of the 6,044 potential
EMG activities could not be detected due to movement ar-
tifact or low amplitude.

At TF (compared to the warm-up), the onset timing of
inspiratory muscle EMG activities occurred earlier relative
to the flow for the sternocleidomastoid (p < 0.001), scalene
(p = 0.002) and parasternal intercostal (p = 0.002) (Figure
3). In contrast, the onset timing of Dia/IC EMG relative to
the flow did not change throughout the incremental ITL (p
> 0.05, Figure 3). Activity duration of the EMG signals of
all muscles did not change significantly with increasing ITL
loads (p > 0.147; Figure 3). The onset timing (p > 0.083) and
duration of inspiratory muscle EMG activity (p > 0.189) did
not differ among four muscles.

CORRELATION WITH EMG TIMINGS

Earlier onset timing of the parasternal intercostal, stern-
ocleidomastoid and scalene EMG activities relative to flow
were associated with higher Pm/MIP (p < 0.034) (Figure 4)
and higher EMG RMS (p < 0.015) (Supplemental Figure 2).
Earlier onset timings (relative to flow) of the scalene EMG
activity during initial stages of the incremental ITL (warm-
up and 50 g) were correlated with achieving a high Pm at
TF and a longer tj;,,, (v < 0.026, Table 2). Duration of EMG
activities were not associated with t;;, (p > 0.308).

DYSPNEA SENSATION

Dyspnea intensity (10-point Borg scale) was greater at TF
than at the baseline (5 + 3 vs. 0.1 * 0.3, respectively, p <
0.001). Onset timing of the parasternal intercostal and ster-
nocleidomastoid EMG activity relative to flow at TF load
was correlated with Borg dyspnea intensity after ITL task
failure (r = -0.67, -0.65, p = 0.023 both) (Table 2). Duration
of EMG activations and RMS amplitudes of all four inspi-
ratory muscles at TF load were not correlated with Borg
dyspnea intensity (p > 0.089) (Table 2). The top two de-
scriptors were within the work/effort cluster (“Breathing in
requires more effort”: 66.6% and “My breathing requires
more work”: 50.0%). Unsatisfied inspiration (“I cannot get
a deep breath in”), Heavy ("My breathing is heavy ") and In-
spiratory difficulty (“My breath does not go in all the way”)
were the next descriptors (33.3%, respectively).

DISCUSSION

This is the first study to examine timing of surface EMG
activities from four inspiratory muscles during incremental
ITL to task failure to further define the contribution of the
extra-diaphragmatic muscles. Consistent with our hypoth-
esis, increasing ITL load to task failure induced earlier on-
set timings of parasternal intercostal, sternocleidomastoid
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Table 1. Characteristics of participants

Total (n=12) Male (n = 6) Female (n = 6)

Age, years 295+7.1 342+64 242+64*
Height, cm 171+£12 179+13 164+12
Weight, kg 71+18 81+17 61+17
Body mass index, kg/m?2 23.7+37 24.9+2.6 22.6+2.6
FEV,, L 35+0.8 4.2+0.5 28+05*
FEV4, % predicted 94+ 13 95+11 93+10
FVC,L 42+12 52+0.7 32+07*
FVC, % predicted 95+ 14 96+8 93+8
FEV,/FVC,% 86+7 82+6 90+ 6
MIP, cmH,0 118+ 61 149+ 54 87+54
MIP, % predicted 118 £ 60 141+ 54 94 +54
tjim S€C 1012+428 1050+ 447 974 + 447
Pm at TF load, cmH,0O 52+30 73+34 44+ 34
TF load, g 350+ 164 367 +168 338+ 168

Data are presented as mean * standard deviation or as n. FEV: forced expiratory volume in the first second, FVC: forced vital capacity, MIP: maximal inspiratory pressure, t}; : en-

durance time to task failure during inspiratory threshold loading, Pm: mouth pressure, TF: task failure. Percent predicted equations used for MIP were 120-0.41*age for males,

108-0.61*age for females. *: significant difference between male and female (p < 0.05).

and scalene relative to inspiratory flow whereas this on-
set timing of the Dia/IC relative to flow did not change
throughout the ITL. Early activations of parasternal in-
tercostal, scalene and sternocleidomastoid were associated
with larger magnitude of the inspiratory effort (Pm) and
EMG RMS. Early activations of parasternal intercostal and
sternocleidomastoid relative to flow at task failure of ITL
were associated with greater dyspnea intensity. Earlier on-
set timings of scalene EMG activity relative to flow during
the earlier stages of incremental ITL were associated with a
longer t);,, and higher Pm achieved at task failure.

Altered onset timings of extra-diaphragmatic muscles
are in contrast to those demonstrated by Rodrigues et al,14
during constant ITL (50% MIP) to task failure when the on-
set timings of all inspiratory muscle EMG activities did not
change throughout the task.l4# We began ITL with a low
warm-up load (7.7 £ 3.5 % of MIP) followed by the load in-
creasing up to 46.8 = 16.3% of MIP at task failure, compa-
rable to the constant ITL load applied in the study by Ro-
drigues et al.14 The physiological implications of altered
onset timings of extra-diaphragmatic muscles suggest that
earlier recruitment of these muscles at low loads act as a
reserve to enable force production against progressively in-
creasing threshold pressures. Early activation in addition
to greater recruitment of extra diaphragmatic inspiratory
muscles during ITL may serve to optimize chest wall me-
chanics, reduce the load on the diaphragm, and maintain
ventilatory efficiency.1641 Evaluative and treatment strate-
gies of respiratory muscle function are often centered on
inspiratory strength with a primary function on the di-
aphragm. An appreciation of the coordinated timing of in-
spiratory muscles in healthy people will provide a founda-
tion for examining the value of treatment approaches in
those with respiratory compromise. Thus, our results build
on previous studies3164142 py showing that timing—not
just amplitude—of several inspiratory muscles in addition
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to the diaphragm contribute to endurance during respira-
tory loading.

The timings of extra-diaphragmatic inspiratory muscles
appear to change with increasing load, that is, higher loads
lead to earlier recruitment (relative to flow). This does not
seem to occur during constant load ITL.14 Since constant
load ITL does not necessarily induce muscle fatigue,20:43
this finding does not rule out the possibility that the timing
of extra-diaphragmatic inspiratory muscle activations
could change in the presence of fatigue - this remains to
be studied. What it does suggest is that earlier activation
of these muscles may signal that the respiratory system
is experiencing increased loads, potentially contributing to
a heightened sensation of dyspnea and prompting partici-
pants to stop the test. This interpretation aligns with ear-
lier studies showing that premature sternocleidomastoid
activation was associated with respiratory failure in me-
chanically ventilated patients.>

Earlier scalene onset during the initial stages of incre-
mental ITL was associated with achieving longer t;;,, with
greater Pm at task failure (Table 2). Scalenes are recruited
for inspiration not only during quiet breathing,! but also
during loaded breathing.361643 Scalenes act as a flow
reservoir until sternocleidomastoid muscle recruitment in-
creases substantially during increasing inspiratory loads to
augment ventilation provided by the primary muscle of in-
spiration, the diaphragm.316 Increased sternocleidomas-
toid activation reduces the need for scalene activation
when ventilatory demands increases.2 Muscle activities of
both sternocleidomastoid and scalene increased at TF load
(Figure 2H) but onset timings between the sternocleido-
mastoid and scalene EMG activities were not different.
Thus, regardless of recruitment timing of sternocleidomas-
toid, our results suggest that the complementary contribu-
tion of earlier onsets of scalene at low, early loads may in-
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Figure 2. Ventilatory parameters and electromyography (EMG) root mean square (RMS) amplitude during

incremental inspiratory threshold loading

A: Pm, mouth pressure, B: Pm/MIP, mouth pressure normalized by maximum inspiratory pressure, C: fy, respiratory frequency, D: T;, inspiratory time, E: Vr, tidal volume, F: ETCO,,
Partial pressure of end-tidal CO,, G: Pressure-time index, H: EMG RMS. Warm-up: the first 2 minutes with the lowest load; Isoload: the highest load sustained for 2 minutes by all
participants; TF load: the maximum load that each participant was able to complete for 2 minutes; Dia/IC: costal diaphragm/7th intercostal, Dashed line in pressure-time index
(panel G) indicates the value of 0.15. Pressure-time index can be indicative of the threshold to induce respiratory muscle fatigue when it exceeds 0.15.3> Open symbols: different from

TF load at p < 0.05; * different from warm-up at p <0.05. Means * standard errors are shown.

fluence endurance against higher loads together with the
primary contribution of the diaphragm.

The onset timings of extra-diaphragmatic inspiratory
muscles appear to change with increasing load, that is,
higher loads lead to earlier recruitment (relative to flow).
This strategy does not appear to reflect muscle fatigue, as
PTI values remained below (Figure 2G) the fatigue thresh-

Canadian Journal of Respiratory Therapy

old 0.15.39 The mean values of PTI in our study did not ex-
ceed 0.15 even at TF (Figure 2G). The mean t;;,, was more
than double in the studies that imposed a constant load
(50% £ 5% of participant’s MIP) compared to ours (maxi-
mum 46.8 * 16.3% of MIP); mean of 38.1 min ~ 2283 sec20
and 40.1 min ~ 2406 sec*3 vs. 1012 sec in our study. How-
ever, the duration of our study and type of loading was sim-
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ilar to the mean t;;,, (mean 17 min ~1020 sec) of another
report that found no evidence of respiratory muscle fatigue
after incremental ITL to TF.2 This is further supported by
the absence of significant change in breathing frequency or
tidal volume (Figure 2C, D), suggesting that earlier muscle
activations occur independently of gross ventilatory adjust-
ments with increasing inspiratory load. This finding does

Canadian Journal of Respiratory Therapy

not rule out the possibility that the timing of extra-di-
aphragmatic inspiratory muscle activations could change in
the presence of fatigue - this remains to be studied. What it
does suggest is that earlier activation of these muscles may
signal that the respiratory system is experiencing increased
loads, potentially contributing to a heightened sensation of
dyspnea and prompting participants to stop the test. This
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inspiratory pressures (MIP); r: correlation coefficient, Dia/IC: costal diaphragm/7th intercostal.

interpretation aligns with earlier studies showing that pre-
mature sternocleidomastoid activation was associated with
respiratory failure in mechanically ventilated patients.
Dyspnea could be another potential reason for task fail-
ure during incremental ITL. Earlier onset timing of
parasternal intercostal and sternocleidomastoid EMG rel-
ative to flow at TF load were associated with higher Borg
dyspnea intensity (Table 2). The top three dyspnea discom-
forts selected in this study were similar to those chosen
by patients with chronic obstructive pulmonary disease
(COPD) or interstitial lung disease (ILD).”2744 The top two
descriptors within the work/effort cluster are consistent
with previous findings from threshold loading.4> Unsatis-
fied inspiration (“I cannot get a deep breath in”), consid-
ered to be aligned with air hunger, the uncomfortable or
unpleasant urge to breathe,4> was the next most common
descriptor. This increase in dyspnea intensity may be at-
tributed to neuromechanical dissociation induced by a rise
in respiratory drive with no concurrent increase in Vr.31

Canadian Journal of Respiratory Therapy

45 In summary, incremental ITL can induce earlier onset
timings of EMG relative to flow to facilitate stronger in-
spiratory effort (Pm) (Figure 4) together with recruitment
of other respiratory muscles including the diaphragm, to
address increased inspiratory loads (Supplemental Figure
2), but also induces higher dyspnea intensity and in some
emotional discomfort simultaneously, contributing at least
in part to TF.

Clinically, the altered timing of inspiratory muscles ob-
served in this study has several important implications.
First, these findings provide a physiological reference for
comparison of potentially dysfunctional coordination in
respiratory conditions such as COPD or ILD. In particular,
the recruitment patterns of scalene and sternocleidomas-
toid muscles have been reported to be altered in people
with COPD to complement recruitment of other respiratory
muscles, including the diaphragm.3:¢ Further appreciation
of the timing in addition to the magnitude of inspiratory
muscle activation may enable differentiation between com-
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Table 2. Associations of the electromyography (EMG) onset timing of inspiratory muscles during initial
incremental threshold loading (ITL) stages and task failure load to endurance time to task failure (t;,,,) (upper)
and relationships of Borg Dyspnea Intensity to EMG outcomes at task failure (lower).

Parasternal

Sternocleido-

intercostal mastoid Dia/IC Scalene
Onset timing of EMG activity to t;;,
-0.70
Warm-up -0.42(0.264) -0.30(0.436) 0.28(0.650) (0.026)
-0.39 -0.75
50g -0.28 (0.428) -0.21(0.561) (0.513) (0.019)
-0.43 -0.60
TF load -0.18 (0.606) -0.46 (0.132) (0.400) (0.053)
Borg Dyspnea Intensity at Task Failure to EMG outcomes
-0.62 -0.41
Borg and EMG onset at TF -0.67 (0.023) -0.65 (0.023) (0.191) (0.207)
Borg and duration of EMG activity at } ) -0.09 -0.53
TF 0.44(0.170) 0.48(0.118) (0.868) (0.092)
Borg and EMG RMS at TF 0.23(0.473) 0.46(0.134) 0.05(0.870) 0.54(0.089)

Upper data are shown as Pearson correlation coefficient (p value) and below data are shown as Spearman’s correlation (p value). Dia/IC: costal diaphragm/7th intercostal; EMG: elec-
tromyography; RMS: root mean square; TF: task failure. Warm-up: the first 2 minutes with the lowest load; TF load: the maximum load that each participant was able to complete for

2 minutes. Bolded characters indicate significant differences at p < 0.05.

pensatory strategies versus impending respiratory failure.
Moreover, timing changes of inspiratory muscles may help
to identify individuals’ readiness to wean from mechanical
ventilation during a spontaneous breathing trial. It was
noted that earlier and greater sternocleidomastoid recruit-
ment of weaning from mechanical ventilation may be a sign
of pending failure during a spontaneous breathing trial.5
Our study provides that the timing of scalene activity, in
addition to sternocleidomastoid, may influence the ability
to endure higher levels of inspiratory loads. In addition,
qualitative descriptors of dyspnea during ITL at TF were
similar to those expressed by COPD and ILD patients,”30
44 which provides some inference of the clinical relevance
of the incremental ITL stimuli. Therefore, appreciation of
inspiratory muscle timing may provide further insight into
pending ventilatory failure and interventions that could re-
verse or prevent respiratory muscle dysfunction to meet in-
creased demands.

The onset timing and RMS of surface EMG Dia/IC did not
change throughout the ITL (Figure 2H and Figure 3). The
diaphragm is the primary muscle of inspiration and works
during quiet breathing.! Even loaded breathing, diaphragm
may work by stabilizing the lower ribcage in addition to
generate inspiratory flow.1,6:41,43 Some explanation for the
differences in our findings is the surface electrodes were
placed over the costal diaphragm/7th or 8th intercostal, not
needle EMG. Surface EMG of Dia/IC may include the neural
activity of the costal diaphragm and intercostals in addition
to influences of fat tissue or skin movement. Although nee-
dle EMG may reduce cross talk it is limited to a relatively
small number of motor units, poses more risk which limits
its application to many participants and patients. Surface
EMG, on the other hand, has the potential for more wide-
spread application. Other previous studies have reported
that there was little change in the diaphragm, but activity
of extra-diaphragmatic inspiratory muscles increased dur-
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ing loaded breathing.1:3:6:16,41-43 Qur results appear to be
similar to these previous reports. It should be noted that
the focus of this report is on the extra-diaphragmatic mus-
cles, which does not negate the vast literature delineating
the contribution of the primary muscle of ventilation, the
diaphragm.

A potential factor that may affect the interpretation of
results is breathing patterns. It has been noted that inspira-
tory muscle fatigue, which may influence task failure is af-
fected by breathing frequency and duty cycle.2 Even though
we did not control breathing frequency or breathing pattern
during ITL, breathing frequency did not change through-
out ITL (Figure 2C). Although we have guided the breath-
ing frequency in previous reports, 14192443 our goal for this
study was to further understand and appreciate the variable
response that participants exhibit during loaded breathing.
The rationale for this approach is because breathing pat-
tern is not controlled for patients in respiratory distress
associated with acute or chronic respiratory muscle load-
ing. The variation of breathing pattern in patients may in
fact be an important predictor that maintains ventilation or
contributes to ventilatory failure or task failure.

A limitation of this study was the small sample of males
and females, which limited our ability to determine if sex
differences influenced EMG timings and tj;,,, in our sample
(six males and six females). Compared to males, females
have been reported to have narrower airways, smaller lung
and rib cage dimensions, and shorter diaphragm muscle
length.46-48 Further, the contribution of the thoracic and
neck muscles (e.g. sternocleidomastoid and scalene mus-
cles) to the diaphragm muscle was greater in females than
males.49:50 Moreover, the greater recruitment of sternoclei-
domastoid and scalene muscles during loaded breathing
was observed in females.! Of interest, greater sternoclei-
domastoid recruitment was observed in a sample of males
who fail to wean from mechanical ventilators.5 Sex differ-
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ences warrant further investigation, as well as examination
of other factors in healthy people and in those with dis-
ease that might affect respiratory muscles’ contributions to
chest wall mechanics.

CONCLUSION

This study provides novel findings that earlier activation of
extra-diaphragmatic inspiratory muscles—specifically the
scalene, parasternal intercostal, and sternocleidomas-
toid—can be a compensatory strategy to achieve higher
loads during incremental ITL in healthy adults. Earlier on-
sets of extra diaphragmatic inspiratory muscle were associ-
ated with achieving larger inspiratory efforts and increased
EMG amplitudes suggesting a functional role in maintain-
ing ventilation under increasing load. Onset of scalene in
the early stages of the ITL was associated with higher Pm
and longer endurance time at task failure whereas earlier
onset timing relative to flow of parasternal intercostal and
sternocleidomastoid at task failure was associated with
higher dyspnea intensity. These results further our under-
standing of the coordination of respiratory muscles under
inspiratory load and suggest that timing—not just ampli-
tude of activation effectively contributes to ventilatory per-
formance and dyspnea perception.

Clinically, these findings provide physiological reference
for interpreting altered timings of respiratory muscles in
conditions such as COPD, ILD, or during weaning from me-
chanical ventilation. Earlier recruitment of extra-diaphrag-
matic muscles may serve as a non-invasive marker of in-
spiratory load compensation or risk to ventilatory failure.
Appreciation of inspiratory muscle timing may provide fur-
ther insight into understanding the contributors to ven-
tilatory task failure and dyspnea in efforts to forestall or
prevent respiratory muscle failure in those with acute and
chronic respiratory conditions. Future research should ex-
plore how these timing adaptations differ in populations
with respiratory disease, assess potential sex differences,
and determine whether interventions (e.g., inspiratory

muscle training) can modulate timing to improve clinical
outcomes.
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