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This study aimed to evaluate neuromuscular activation in the scalene and sternocleidomastoid muscles using surface
electromyography (EMG) during progressively increased inspiratory ﬂow, produced by increasing the respiratory rate
under inspiratory-resistive loading using a mask ventilator. Moreover, we attempted to identify the EMG inﬂection point
(EMGIP) on the graph, at which the root mean square (RMS) of the EMG signal values of the inspiratory muscles against
the inspiratory ﬂow velocity acceleration abruptly increases, similarly to the EMG anaerobic threshold (EMGAT) reported
during incremental-resistive loading in other skeletal muscles. We measured neuromuscular activation of healthy male
subjects and found that the inspiratory ﬂow velocity increased by approximately 1.6-fold. We successfully observed an
increase in RMS that corresponded to inspiratory ﬂow acceleration with ρ ≥ 0.7 (Spearman’s rank correlation) in 17 of
27 subjects who completed the experimental protocol. To identify EMGIP, we analyzed the ﬁtting to either a straight or
non-straight line related to the increasing inspiratory ﬂow and RMS using piecewise linear spline functions. As a result,
EMGIP was identiﬁed in the scalene and sternocleidomastoid muscles of 17 subjects. We believe that the identiﬁcation of
EMGIP in this study infers the existence of EMGAT in inspiratory muscles. Application of surface EMG, followed
by identiﬁcation of EMGIP, for evaluating the neuromuscular activation of respiratory muscles may be allowed to estimate
the signs of the respiratory failure, including labored respiration, objectively and non-invasively accompanied using
accessory muscles in clinical respiratory care.
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Introduction
Abnormally rapid respiration (tachypnea) may arise due to several pathophysiological
conditions, such as fever, arterial hypoxemia, metabolic acidosis, anxiety, atelectasis, and
pain (42). An extremely large increase in the inspiratory rate may lead to more serious
problems (30, 37). In such situations, the tidal volume moderately decreases and the
breathing frequency substantially increases with increases in minute ventilation (20, 38).
However, a further prominent increase in the respiratory rate with faster ﬂow velocity in the
airways increases the airﬂow resistance (3). In this instance of clinical setting, it is extremely
important to objectively evaluate changes in the strength and endurance of respiratory muscle
contraction in patients with tachypnea attempting to wean from a mechanical ventilator.
Prolonged tachypnea might lead to the deterioration of the physical status (e.g., respiratory
failure). However, attempts at evaluating respiratory muscle contraction via visual–tactile
examination based on recognition of the labored respiration pattern and accessory muscle
use, which is used in the clinical setting on a daily basis, usually result in failure, because
these procedures, although non-invasive, are not sufﬁcient for quantiﬁcation and they lack
reproducibility (13, 34).
Respiratory and other skeletal muscles are controlled by rate coding and recruitment of
motor units (MUs). Electromyography (EMG) can objectively and quantitatively evaluate
the muscle contraction. Surface EMG (SEMG) is particularly useful because of its noninvasive characteristic. Analysis based on the EMG root mean square (RMS) is widely used
to evaluate the muscle contraction, including increases in ﬁring rates, MU recruitment, and
other variables (12, 26). Electrophysiological studies during progressive-resistance exercises such as cycling (5) have revealed that skeletal muscles recruit small MUs before
recruiting larger MUs. This is considered to be based on the load resistance according to the
size principle (11, 14), with the subsequent recruitment of larger MUs (fast ﬁbers) (1)
triggered by the anaerobic threshold (AT) related to anaerobic metabolism (28). Furthermore, SEMG can identify the EMGAT, as the point at which the RMS values increase
abruptly (4, 10, 21, 25).
Regarding previous studies of respiratory muscles related to increasing neuromuscular
activation against increases in resistive loading, animal experiments found that MUs of
respiratory muscles such as fast ﬁbers are recruited in response to tachypnea with an increase
in the inspiratory ﬂow (7, 8). Meanwhile, there are few studies in humans reporting the
existence of respiratory muscle EMGAT (2, 17, 24, 29, 33, 36).
Perlovitch et al. (31) reported increases in the SEMG signals of the sternocleidomastoid
and intercostal muscles in response to increases in the marching speed on the treadmill, and
identiﬁed a point at which the RMS values on the graph abruptly increase; however, they did
not link factors, such as changes of the respiratory rate, inspiratory time, and respiratory ﬂow,
to increased neuromuscular activation and the abrupt increase of RMS values on the graph. If
the concept of EMGAT can be considered for evaluating neuromuscular activation of the
respiratory muscles using SEMG, it may also be beneﬁcial to clinical patients requiring
respiratory care (e.g., for estimating signs of respiratory failure). This study attempted to noninvasively and quantitatively obtain basic data regarding neuromuscular activation in the
scalene and sternocleidomastoid muscles using SEMG during progressive increases in
respiratory rates in healthy male subjects. However, in humans, precise research on
respiratory muscle activity during spontaneous breathing requires incremental-resistive
exercise under a controlled constant tidal volume, which is technically difﬁcult to achieve.
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Therefore, this study used progressive increases in inspiratory ﬂow produced by increasing
the respiratory rate using a mask ventilator as an incremental-resistive loading of other
skeletal muscles. To minimize risks to participants, this study framed a voluntary rapid
respiration characterized by a progressive reduction in the inspiratory time with an increasing
respiratory rate under inspiratory-resistive loading (6). Therefore, it was contrived to make
the neuromuscular activation of the inspiratory muscles with increased inspiratory ﬂow
detectable in the shortest possible time.
In addition, we attempted to identify the EMG inﬂection point (EMGIP) of the
inspiratory muscles, deﬁned as the point of abrupt increases of the RMS values on the
graph, similar to the EMGAT observed in other skeletal muscles. We believe that the detection
of EMGIP in this study infers the existence of EMGAT in respiratory muscles.

Materials and Methods
Human subjects
This is a cross-sectional study in which 31 healthy non-smoking men involved in recreational
sports (e.g., basketball and cycling) participated in the experiment. All experimental subjects
were free of cardiorespiratory diseases, such as pulmonary emphysema, bronchial asthma,
pneumothorax, hyperventilation syndrome, angina, and myocardial infarction. In addition,
the subjects performed pulmonary function tests using a spirometer, revealing no abnormalities, such as obstructive, restrictive, and mixed pulmonary diseases. This study was approved
by the Ethics Committees of the University of the Ryukyus (approval no. 835) and performed
according to the ethical standards of the Declaration of Helsinki for human experimentation.
Each subject provided written informed consent after receiving a thorough explanation of the
experiment.
Apparatus and EMG capture system
A ventilator (NewportTM HT-70; Newport Medical, Costa Mesa, CA, USA) was used for
non-invasive mask ventilation. The inspiratory-resistive load was generated by setting the
pressure trigger of the ventilator to −9 cm H2O, the most insensitive inspiratory trigger setting
for this equipment. The ventilator setting was adjusted to the spontaneous respiration mode,
and a facial mask was used without an expiratory port (Amara-SE full face mask;
Respironics, Murrysville, PA, USA). This mask was tightly held in place by an elastic
band encircling the head. The pressure-support ventilation setting was deactivated and the
positive end-expiratory pressure was set to 0. Successful ventilation through the mask over
the inspiratory-resistive load was conﬁrmed by an inspiratory trigger light. EMG signals from
the scalene and sternocleidomastoid muscles were measured using pairs of transcutaneous
applied bipolar SEMG electrodes (20-mm diameter, silver/silver chloride, Natus®; Natus
Neurology, Middleton, WI, USA) connected to a Viking Quest version 12 recording
system (CareFusion, Middleton, WI, USA). Interelectrode impedance was minimized by
abrading the skin using an abrasive powder applied with an alcohol-treated cotton. To
minimize the interference from the sternocleidomastoid muscle when measuring the scalene
EMG signals, the electrode was placed on the skin above the right middle scalene muscle
under ultrasonographic observation (7.5-MHz linear probe) (39). The electrode for the
sternocleidomastoid muscle was placed on the skin 5 cm rightward at the thyroid cartilage
level. Electrodes were attached to the skin with vinyl tape at 2-cm distance. The reference
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Fig. 1. Locations of electrode
placed on the body surface. A:
Reference electrode on the
acromion. B: Measurement
electrode for the right middle
scalene muscle. C:
Measurement electrode for the
right sternocleidomastoid
muscle. D: Thyroid cartilage

electrode was solidly attached to the right acromion. Electrode locations are shown in Fig. 1.
Before the experiments, the baseline noise of the SEMG wave was checked. Upon detecting
considerable noise, additional skin abrasion was attempted before electrode reattachment.
The input impedance of the ampliﬁer was set at 200 MΩ. The common mode rejection
ratio was 110 dB. The Ham ﬁlter was turned off, and the band-pass ﬁlter was set between
20 Hz and 3 kHz. Raw EMG signals are shown in Fig. 2. Analog EMG signals were digitized
at 16 bits and a maximal sampling rate of 100 kHz. Digitized signals were stored on a portable

Fig. 2. Raw electromyography (EMG) data and electrocardiogram (ECG). Representative raw EMG data of the
scalene and sternocleidomastoid muscles with ECG. Respiratory rhythm at A, 26 breaths/min. Inspiratory time of the
metronome, 1 s. B, 50 breaths/min. Inspiratory time of the metronome, 0.4 s. The top rows of the traces are ECGs,
and the second and third rows are scalene and sternocleidomastoid EMGs, respectively. The vertical axis shows the
amplitude (μV) of the EMG. The horizontal axis shows time (s)
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computer. When the respiratory rate became constant, which usually required approximately
ﬁve breaths, 10 s of raw EMG signals were calculated using an analysis function installed in
the acquisition system. The signal strength was quantiﬁed using RMS, which is the square
root of the average power of the raw EMG signal over a certain time interval. RMS was
calculated according to the following formula:
vﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
u
N =2
u1 X
x 2 ðk þ j Þ,
RMSðkÞ = t
N j = −N =2
where k is a midpoint time of analysis interval, N is the number of EMG samplings per
duration, and x is EMG signal.
For data analysis and presentation, as shown in the graph of the bottom panel of Fig. 3,
the respiratory rate (breaths/min) was set as the horizontal axis and the RMS (μV) served as
the vertical axis.
Experimental procedure
The experimental procedure for measuring the neuromuscular activation of the inspiratory
muscles by generating an increase in inspiratory ﬂow velocity was as follows.
During the experiment, the subjects were placed in the Fowler’s position at 45°.
Subjects were instructed to achieve a speciﬁed respiratory rate by following a
metronome. Once the electrodes and facial mask were attached, subjects were acclimated
to the experimental protocol by breathing at 16 breaths/min for 2 min with intermittent
breaks. Subjects were instructed to follow the metronome rhythm to adjust the respiratory
rhythm. Inspiration was performed against a constant −9 cm H2O resistive load.
However, the exact tidal volume was dependent on the inspiratory effort. The metronome
pace was adjusted to increase the respiratory rate by two breaths/min in a stepwise
manner. The inspiratory:expiratory time ratio of the metronome was 1:2. The total
respiratory cycle time was deﬁned as the time (s/breath) required for a complete
respiration cycle, which was calculated from the respiratory rate. The total respiratory cycle time was gradually decreased by 0.15 s steps from 3.75 (respiratory rate, 16
breaths/min) to 1.2 s (respiratory rate, 50 breaths/min), and inspiratory time was
decreased in parallel from 1.25 (respiratory rate, 16 breaths/min) to 0.4 s (respiratory
rate, 50 breaths/min) in 0.05-s steps. The average tidal volume was automatically
calculated and then displayed on the ventilator. Once the recording at a given respiratory
rate was completed, the rhythm of the metronome was stopped for approximately 20 s to
allow a brief period of quiet unpaced breathing before moving to the next measurement
session at a higher respiratory rate with a shorter cycle. This procedure was intermittently
repeated to a maximum of 50 breaths/min or until the subject complained of fatigue or
numbness/discomfort in ﬁngers, lips, and/or mouth, which may be due to hyperventilationinduced tetany.
Calculation of tidal volumes, inspiratory ﬂows, and RMS
After each recording, the mean inspiratory ﬂow (L/min) was calculated from the recorded
tidal volume (ml) and inspiratory time (s). The tidal volume (ml), the inspiratory ﬂow
(L/min), and the RMS are expressed as the mean ± standard deviation. The tidal volume
and RMS were analyzed using the Friedman test, and the differences were considered
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Fig. 3. Relationships of increases in the respiratory rate with the mean tidal volume, mean inspiratory ﬂow, and mean
root mean square (RMS). A (top): Changes in the mean tidal volumes and mean inspiratory ﬂow as the respiratory
rate increased (i.e., inspiratory time decreased) for all 27 subjects. The vertical axis on the left shows the tidal volume
(L). The vertical axis on the right shows the inspiratory ﬂow (L/min). The horizontal axis shows the respiratory rate
(breaths/min). The bar graph shows the mean tidal volumes. The dotted line shows the mean inspiratory ﬂow. Error
bars indicate standard deviation. B (bottom): Changes in the mean RMS of the scalene and sternocleidomastoid
muscles as the respiratory rate increased for all 27 subjects. The solid line shows the scalene muscle RMS, and the
dotted line shows the sternocleidomastoid muscle RMS. The vertical axis shows RMS (μV). The horizontal axis
shows the respiratory rate (breaths/min). Error bars indicate standard deviation

signiﬁcant at p < 0.05 within the range of the initial RMS at 18 breaths/min (inspiratory
time, 1.2 s) and the last measured RMS at 50 breaths/min (inspiratory time, 0.4 s). We
calculated RMS ratios by comparing each RMS with that measured at an inspiratory time
of 1.2 s (18 breaths/min). Regarding whether the inspiratory ﬂow increased with the
progressively increasing respiratory rate in our experimental system, the correlation
between the increase in the respiratory rate (i.e., decreasing inspiratory time) and that of
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the inspiratory ﬂow was analyzed using the Spearman’s rank correlation. Correlation
coefﬁcients (ρ) ≥ 0.7 (p < 0.05) indicated a strong correlation.
Identiﬁcation of EMGIP
For subjects with strong correlations between the increase in the respiratory rate and the
inspiratory ﬂow, we examined whether the relationship between the inspiratory ﬂow and the
RMS could be represented as a straight line using piecewise linear spline functions (9, 43)
such as

RMS = β0 þ β1 x þ β2 ðx − knot Þþ

0,
if x − knot < 0
x − knot , if x − knot ≥ 0,

where β is the regression coefﬁcient, x is the inspiratory ﬂow, and knot is a point at which the
slope of the line changed.
Knot represented EMGIP in this study. A set of candidates of knot was set one by one
from the 10th to the 90th percentile, and we ﬁtted 31 models consisting of one simple
regression and 30 piecewise linear regression models. We selected the best model by
comparing the adjusted coefﬁcient of determination. The JMP® statistical package (version
196 13.1; SAS Institute, Tokyo, Japan) was used for all statistical analyses.
Results
Tidal volumes, inspiratory ﬂows, and RMS values
The subjects’ mean age, height, weight, and vital capacity were 31 ± 6 years, 171 ± 7 cm,
67 ± 8 kg, and 4.596 ± 600 ml, respectively. Twenty-seven subjects successfully completed
the experimental protocol with no adverse events, such as numbness and/or discomfort in the
ﬁngers, lips, or mouth, due to hyperventilation-induced tetany. Three subjects withdrew from
the experiment before completing all respiratory experimental conditions due to fatigue, and
one subject refused to continue during the warm-up phase because of an oppressive feeling
associated with the facial mask. Panel A in Fig. 3 shows the changes in the mean tidal volume
and inspiratory ﬂow as the respiratory rate increased (i.e., decreasing inspiratory time) for 27
subjects. The tidal volume progressively decreased with shorter inspiratory times. Conversely,
the inspiratory ﬂow velocity for these 27 subjects increased by approximately 1.6-fold as
the inspiratory time decreased from 1.2 (18 breaths/min) to 0.4 s (50 breaths/min). Panel B in
Fig. 3 shows the change in the mean RMS with increasing respiratory rates for 27 subjects.
RMS progressively increased as the respiratory rate increased in all tested muscles. The RMS
ratio at 50 breaths/min in the scalene muscle was 3.9-fold higher than that at 18 breaths/min,
whereas that in the sternocleidomastoid muscle increased by 4.4-fold over the same range.
These changes in tidal volume and RMS values from the lowest to the highest respiratory rate
were statistically signiﬁcant (p < 0.0001). The results of the correlation analysis between the
increase in the respiratory rate (i.e., decreasing inspiratory time) and that in the inspiratory
ﬂow are presented in Table I. A strong correlation (ρ ≥ 0.7) between these variables was
observed in 17 subjects.
Identiﬁcation of EMGIP
The results for the analysis of the relationship between the inspiratory ﬂow and RMS using
piecewise linear spline functions are shown in Table II. All 17 subjects who exhibited
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Table I. Correlation of the increase in respiratory rate with inspiratory ﬂow
Increase in respiratory rate versus inspiratory ﬂow
ρ

p value

1

0.9988

<0.0001

2

1.0000

<0.0001

3

0.9994

<0.0001

4

0.9994

<0.0001

5

0.6515

0.0046

6

0.9920

<0.0001

7

0.9772

<0.0001

8

1.0000

<0.0001

9

0.5612

0.0191

10

0.4512

0.0794

11

0.6663

0.0035

12

0.9988

<0.0001

13

0.9113

<0.0001

14

0.3054

0.2332

15

1.0000

<0.0001

16

0.7301

0.0009

17

0.6495

0.0048

18

0.6523

0.0045

19

0.9822

<0.0001

20

0.6313

0.0066

21

1.0000

<0.0001

22

1.0000

<0.0001

23

0.9914

<0.0001

24

0.6499

0.0047

25

0.9994

<0.0001

26

0.6363

0.0060

27

0.9994

<0.0001

Subject number

Correlation coefﬁcient (ρ): Spearman’s rank correlation coefﬁcient; p value: p value of the correlation

a strong correlation between the increase in the respiratory rate and the inspiratory ﬂow had
a non-straight line featuring a knot on the graph. The results for knot are also presented
in Table II, and representative graphs of knot are shown in Figs 4 and 5.
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Table II. Detection of EMGIP
Scalene muscle

Sternocleidomastoid muscle

Subject
number

R2−1

p value

R2−2

p value

Knot

R2−1

p value

R2−2

p value

Knot

1

0.9123

<0.0001 0.9992

<0.0001

49

0.9781

<0.0001 0.9995

<0.0001

48

2

0.8869

<0.0001 0.9956

<0.0001

53

0.9357

<0.0001 0.9996

<0.0001

43

3

0.917

<0.0001 0.9974

<0.0001

51

0.9878

<0.0001 0.9948

<0.0001

51

4

0.6559

<0.0001 0.9996

<0.0001

53

0.7154

<0.0001 0.9724

<0.0001

53

6

0.9654

<0.0001 0.9982

<0.0001

44

0.9704

<0.0001 0.9755

<0.0001

51

7

0.8914

<0.0001 0.9117

<0.0001

49

0.7993

<0.0001 0.817

<0.0001

50

8

0.8666

<0.0001 0.9985

0.009

55

0.6101

<0.0001 0.8242

0.0038

59

12

0.954

<0.0001 0.9936

<0.0001

33

0.8727

<0.0001 0.978

<0.0001

33

13

0.9258

<0.0001 0.9702

0.0011

51

0.9377

<0.0001 0.9879

<0.0001

53

15

0.9673

<0.0001 0.9938

<0.0001

53

0.9512

<0.0001 0.9998

0.0091

46

16

0.8764

<0.0001 0.9585

<0.0001

49

0.935

<0.0001 0.9707

<0.0001

53

19

0.836

<0.0001 0.9401

0.0044

50

0.789

<0.0001 0.9314

0.0058

50

21

0.9629

<0.0001 0.9997

0.013

49

0.9099

<0.0001 0.9974

<0.0001

53

22

0.8605

<0.0001 0.9392

0.0004

53

0.8328

<0.0001 0.9197

0.0009

53

23

0.9142

<0.0001 0.9852

<0.0001

41

0.9171

<0.0001 0.9896

<0.0001

39

25

0.8883

<0.0001 0.9998

<0.0001

47

0.8474

<0.0001 0.9933

<0.0001

53

27

0.6254

<0.0001 0.9687

0.0058

52

0.9861

<0.0001 0.9998

<0.0001

52

R2–1: adjusted coefﬁcient of determination; R2–2: adjusted coefﬁcient of determination based on the piecewise
linear spline; p value: signiﬁcance probability of each explanatory variable; Knot: electromyographic inﬂection point
(EMGIP) on the x axis calculated using mathematics

Discussion
The major ﬁnding of this study was the graphical identiﬁcation of EMGIP in inspiratory
muscles. We believe that this is the ﬁrst study to identify EMGIP in the scalene and
sternocleidomastoid muscles using SEMG under the condition of progressive inspiratory
ﬂow velocity produced by increasing the respiratory rate and shortening the inspiratory time
using a mask ventilator (2, 17, 24, 29, 31, 33, 36). In addition, the existence of EMGIP infers
the existence of EMGAT in inspiratory muscles.
Citterio et al. (8) studied the activity of single parasternal intercostal muscle ﬁbers and
single diaphragm ﬁbers in rabbits and found that increasing the respiratory rate under
hyperthermia was accompanied by a comparatively faster respiratory movement speed,
resulting in rapid muscle ﬁber recruitment. Similarly, we found that the average inspiratory
ﬂow was increased by progressively reducing the inspiratory time. Although it is purely
speculative, because this study used SEMG, considering the increase in the inspiratory
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Fig. 4. Representative graphs of knot obtained from the scalene muscle of subject no. 15. The vertical and horizontal
axes show the root mean square (RMS, μV) and inspiratory ﬂow (L/min), respectively. The black cross mark
indicates the position of knot. The dotted line A represents the regression line from the minimum inspiratory ﬂow
value to knot, and the dotted line B represents the regression line from knot to the maximum inspiratory ﬂow value

Fig. 5. Representative graphs of knot obtained from the sternocleidomastoid muscle of subject no. 4. The vertical
and horizontal axes show the root mean square (RMS, μV) and inspiratory ﬂow (L/min), respectively. The black
cross mark indicates the position of knot. The dotted line A represents the regression line from the minimum
inspiratory ﬂow value to knot, and the dotted line B represents the regression line from knot to the maximum
inspiratory ﬂow value

movement speed, we suppose it is possible that both the ﬁring rate and the recruitment
of relatively larger MUs within the inspiratory muscles, such as fast ﬁbers, increased
in accordance with the ﬁndings of previous studies on other skeletal muscles (7, 8).
The concomitant increase in RMS with the progressive increase in the respiratory rate
(i.e., progressive reduction in inspiratory time) implies that the recruitment of larger and
greater numbers of MUs was induced by inspiratory loading concomitant with increases in
inspiratory ﬂow. MU recruitment is based on the size principle (11, 14), with the later
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recruitment of larger MUs such as fast ﬁbers triggered by anaerobic metabolism and lactate
accumulation (40).
The aforementioned lactate threshold related to anaerobic metabolism can be identiﬁed using SEMG. This threshold is correlated with increased blood lactate levels and it has
been conﬁrmed in other skeletal muscles as EMGAT during incremental-resistive exercise
(22). Therefore, we examined the graphical relationship between the inspiratory ﬂow and
the RMS for each subject and found that exhibited an IP at which the RMS value abruptly
increased (Figs 4 and 5), suggesting the existence of the AT as identiﬁed in other skeletal
muscles.
We used mathematical methods to identify EMGIP as described previously (10, 19).
Arbitrary elements cannot be denied in the detection of EMGIP, which relied only on graphs
and visual judgment. We used piecewise linear spline functions (9, 43) to ensure objectivity
and reproducibility. However, it is undeniable that EMGIP is only a graphical variable
calculated using a mathematical method as we did not directly determine blood lactate levels.
Further studies are necessary to fully demonstrate the existence of EMGAT in respiratory
muscles by focusing on the relationship between RMS and blood lactate levels. In addition,
our subjects had variable different EMGIP thresholds. One explanation for this variability is
that there may have been differences in the exercise and training experiences of each subject,
leading to differences in muscle properties, such as the aerobic–anoxic metabolic threshold
(27) and the intramuscular lactate shuttle system (18).
Clinically, it is extremely valuable to apply SEMG as an objective and non-invasive
evaluation tool for the neuromuscular activation of respiratory muscles in clinical respiratory
care (35) as the evaluation of abnormally rapid respiration was previously based on the
subjective assessment of respiratory muscle contraction, on the pattern of labored respiration,
or the use of accessory muscles via visual observation and palpation (16, 23). In addition,
respiratory failure due to excessive respiratory muscle use is often recognized at a deteriorated state using invasive arterial blood gas analysis. The ﬁndings of this study may be
applicable to patients in the clinical setting who exhibit increased inspiratory ﬂow and
respiratory rates. In particular, if EMGAT can be used to evaluate the neuromuscular
activation of respiratory muscles using SEMG, it may be possible to non-invasively estimate
the signs of respiratory failure.
This study had several limitations. The ﬁrst limitation was that EMGIP could only be
identiﬁed in a limited number of subjects. We believe this is related to the limits of the
experimental system, such as the control of the tidal volume and the increase in the
inspiratory ﬂow velocity. However, in humans, precise research on respiratory muscle
activity during spontaneous breathing requires incremental-resistive exercise performed
under a controlled constant tidal volume, which is technically difﬁcult to perform. Therefore,
although this study was performed under limited conditions during experimental voluntary
rapid respiration with progressive increases in inspiratory ﬂow velocity produced by
increasing the respiratory rate, our ﬁndings suggest the existence of EMGIP in inspiratory
muscles during increased neuromuscular activation of inspiratory muscles. Further studies
are necessary to verify these ﬁndings under conditions of a nearly constant tidal volume
during spontaneous breathing. Second, SEMG was used in this study; therefore, it is
necessary to recognize that contamination of the action potential from other adjacent muscles
cannot be completely prevented.
Third, a few subjects withdrew from the study. Inspiratory-resistive loading was
added; therefore, we believe that fatigue was inevitable. However, we considered that
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with appropriate rest time and randomization of the experimental protocols, it might be
possible to reduce the withdrawal rate in future studies. Fourth, to capture neuromuscular activation based on increases in the RMS over a short period to minimize the risks
to participants, the experiments were performed under controlled but non-physiological
conditions, including a progressive increase in the respiratory rate with a corresponding
reduction of the inspiratory duration under constant respiratory-resistive loading. In
other words, the conditions may have differed from those of normal tachypnea.
Similarly, all subjects were relatively young healthy males, because subjects who can
endure a load due to increased inspiratory ﬂow were necessary to identify EMGIP .
Therefore, in terms of respiratory physiology, the rapid respiration performed by
subjects in this study may not be strictly analogous to that in typical respiratory care
patients. However, in the clinical setting, patients facing long-term inactivity with longterm mechanical ventilator support may experience muscle atrophy (15, 32). Thus,
increased ﬁring rate and the recruitment of larger MUs (41) may occur at smaller
increases in the inspiratory ﬂow velocity.

Conclusions
This study graphically identiﬁed EMGIP of inspiratory muscles based on the relationship
between progressive increases in inspiratory ﬂow velocity and RMS. The inspiratory muscles
analyzed in this study were suggested to possess the AT.
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