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Abstract

Studying the inspiratory recruitment of the scalenes is clinically relevant, but the interpretation of surface electromyographic
(EMG) recordings is difficult. The aim of this study was to optimize an averaging method to analyze the surface EMG activity
of the scalenes. Ten healthy subjects were studied. Nasal flow and surface EMG of the right scalene were recorded during
15 min epochs of quiet breathing. In four subjects, needle scalene EMG was also recorded. The flow signal was used to trigger
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the ensemble averaging of the ventilatory wave forms from 80 consecutive breaths. In eight cases, this evidenced
inspiratory activation of the scalenes and permitted the determination of the electromechanical inspiratory delay (134± 55 ms)
and post-inspiratory activity (811± 233 ms). When simultaneously available, surface and intramuscular recordings pro
identical results. An averaging method triggered from a respiratory flow signal can identify and characterize a low
inspiratory activity of the scalenes within a noisy surface signal.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

During quiet breathing in humans, the diaphrag
is the main agonist of inspiration, but other inspirato
muscles are also activated. So, a phasic inspirat
activity can be detected in the scalenes (Raper et al.,
1966) during quiet inspiration in normal humans, bu
this activity is low in magnitude, inconstant amon
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subjects, and variable over time in a given subject.
The scalenes are recruited early in response to acute
respiratory loading (Raper et al., 1966). Chronic res-
piratory diseases placing the diaphragm at mechanical
disadvantage are often associated with a permanent
phasic inspiratory activity of the scalenes (De Troyer
et al., 1994), long known as the “respiratory pulse”
(Magendie, 1816). Yet, an increased activity of inspira-
tory neck muscles (including the scalenes) is associated
with respiratory discomfort, both during experimental
loading in healthy subjects (Ward et al., 1988) and dur-
ing quiet breathing in disease (Similowski et al., 2000).
All in all, it seems reasonable to consider that an in-
creased inspiratory activity of the scalenes can be both
a sign that the respiratory system is loaded and a source
of dyspnea. Studying this activity is thus clinically
relevant.

The electromyographic activity of the scalenes can
be studied using intramuscular or surface electrodes.
Intramuscular electrodes provide high quality signals,
but they sample a limited number of motor units and
their invasive nature limit their use in clinical practice.
Surface electrodes placed over anatomical landmarks
of the scalenes give a more global picture of muscle
function and are easy to use for prolonged or repeated
studies. However, the scalenes have a low level of
phasic activity during unloaded breathing and exhibit
a strong tonic activity because their primary function
is to contribute to the stability of the head. This
determines a low signal-to-noise ratio. Under loading
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this study, an average wave form corresponding to one
respiratory cycle was produced by ensemble averaging
of the wave forms from several consecutive breaths.
However, the authors reported difficulties to reliably
detect the beginning of an inspiration from the EMG
signal and acknowledged this as a limitation to their
approach. In particular,Bruce et al. (1977)were not
able to determine the relationship between the myo-
electrical activity of the diaphragm and its mechanical
activity namely the beginning of inspiration.

This obstacle can theoretically bypassed by trigger-
ing the EMG averaging from a respiratory mechanical
signal. This was performed in the present study,
conducted in healthy humans during quiet breathing
(hence with a presumably low level of scalene
inspiratory activity), with the objective of providing
an optimized tool for the study of the function of the
scalenes in clinical settings.

2. Methods

2.1. Subjects and experimental protocol

After completion of the French legal procedure
for biomedical research in human volunteers, 10
healthy subjects participated in the study (five men,
five women; aged 32.9± 6.4 years; height 171± 9 cm;
weight 68.3± 18.7 kg). The body mass index (BMI)
of the subjects was 19.8± 0.9 (range: 18.6–21.2) for
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onditions sufficient to activate the sternomastoid m
les, cross-talk is likely to occur and influence surf
MG signals. These factors make the interpretatio
urface recordings difficult in terms of the scalene
piratory activity. This is all the more so in the clini
eld where the lack of cooperation from the patie
nd the frequent occurrence of interferences fro
ariety of sources concur to worsen the signal-to-n
atio. This probably explains the scarcity of inform
ion on the function of the scalene muscles in clin
ituations.

Signal averaging is an efficient way to improve
ignal-to-noise ratio. This does apply to electromy
aphy in general. Although this method is freque
sed in EMG studies, few authors have applied
espiratory muscles.Bruce et al. (1977)described a
veraging method for reducing the electrocardiog
ECG) and noise artefacts on diaphragmatic EMG
omen and 26.2± 4.3 (range: 20.7–31.5) for me
he subjects were informed in detail of the purp
f the study and methods used, and gave wr
onsent.

Recordings were gathered during a 15 min epoc
uiet nose breathing through an air tight nasal m
Comfort classic, Respironics, USA), with the subje
itting in a comfortable chair and prealably instruc
ot to move or talk. Two subjects were studied on
eparate occasions.

.2. Measurements

.2.1. Ventilatory flow
Ventilatory flow was qualitatively estimated fro

he measurement of mask pressure, using a diffe
ial pressure transducer (DP 45-14, range:±4 cm H2O,
alidyne, Nothridge, CA, USA).
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2.2.2. Surface EMG recordings
A pair of skin-taped silver cup electrodes aimed at

recording a putative scalene phasic inspiratory activity
was placed in the posterior triangle of the neck at the
level of the cricoid cartilage with an inter-electrode
distance of 1 cm. Inter-electrode impedance was kept
below 2000� by careful skin shaving and abrasion
with an ether-saturated pad. The wires connected to the
electrodes were carefully secured with tape to avoid
artifacts from upper limb movements. The common
electrode was placed at the level of themanubrium
sternum.

2.2.3. Intramuscular EMG recordings
In four subjects, a concentric needle electrode

(Oxford medical instruments, London, England) was
implanted into the right scalene muscle, 1–2 cm above
the clavicle, just behind the clavicular fibers of the
sternomastoid according to the method described by
De Troyer et al. (1994). None of the subjects reported
significant discomfort attributable to the needle.

2.3. Signal processing

All signals were fed to a Nihon Kohden Neuropack
electromyograph (Nihon Kohden, Tokyo, Japan), with
a 10 kHz sampling rate and were filtered (between 40
and 500 Hz and between 40 and 3 kHz for surface and
intramuscular measurements, respectively). Then, they
were stored on an apple Macintosh computer for subse-
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In a second step, the procedure was repeated using
the flow signal to detect the end of the mechanical
inspiration rather than its start. The continuous signal
was split into epochs starting one second before
the end of the mechanical inspiration and ending
2 s after its start. This was performed to assess the
post-inspiratory activity (PIA), and in order to take into
account the breath-to-breath variability of ventilatory
timing.

Fig. 1depicts the successive steps of the averaging
method.

3. Results

In 8 out of the 10 subjects, the flow triggered aver-
aging of the continuous RMS signal recorded by the
surface electrodes unmistakably evidenced a phasic
inspiratory activity. In these subjects, the electrome-
chanical delay between the onset of the myoelectrical
activity and the beginning of actual inspiration
determined from the flow signal was 134± 55 ms
(mean± S.D.). A post-inspiratory activity was con-
sistently visible, lasting 811± 233 ms after the end of
inspiration.

Fig. 2depicts an example of the results obtained in
the four subjects where both needle and surface EMG
measurements were made. In three subjects (JM, TS,
LC), the averaging process identifies a clear phasic
inspiratory activity within the surface signal. Applying
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uent analysis (PowerLab, AD Instruments, Hasti
K). The root mean square (RMS), an index of glo
MG activity, was numerically calculated using fix
indows (duration = 1 ms).
For each subject, an ensemble averaging of 80

essive breaths was first performed after splitting
ontinuous RMS and flow signals in as many epo
tarting 1 s before the beginning of the mechanica
piration determined from the flow signal and ce
ng 1 s after its end (Chart 5.2, AD Instruments, H
ngs, UK). This treatment made it possible to iden

phasic activity within the continuous signal, if a
n such instance, the mean myoelectrical inspira
ctivity (i.e. mean RMS value during inspiration) w
alculated, and an electromechanical inspiratory d
orresponding to the time between the onset of m
lectrical activity and the beginning of inspiration w
easured.
his process to the intramuscular recordings shows
he surface activity is matched to the intramusc
ne, with comparable electromechanical inspira
elay and post-inspiratory activity (Table 1). In the

ourth subject (AD), processing the surface signa
escribed failed to evidence a clear phasic inspira

able 1
lectromechanical delay and post-inspiratory activity values c

ated in the three subjects where both needle and surface EMG
urements were detected

JM TS LC

eedle EMID (ms) 235 53 115
urface EMID (ms) 199 93 110
eedle PIA (ms) 1050 980 1024
urface PIA (ms) 735 815 1035

MID, electromechanical inspiratory delay; PIA, post-inspira
ctivity.
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Fig. 1. The step-by-step averaging technique. Five consecutive cycles of the raw surface EMG and flow signals are depicted (1). The root mean
square was calculated using fixed windows (duration = 1 s)(2). Then, the flow signal was used to detect the beginning (3a) and the end (3b) of
each inspiration phase. An ensemble averaging of 80 successive breaths was performed after splitting the continuous RMS and flow signals in
as many epochs starting 1 s before the markers and ceasing 1 s after inspiration (4a) or 2 s after the end of inspiration (4b). The averaging results
show the mean inspiratory activity, the electromechanical inspiratory delay (5a) and the post–inspiratory activity (5b). EMID, electromechanical
inspiratory delay; PIA, post-inspiratory activity; RMS, root mean square; Insp, inspiration.
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Fig. 2. Example of the results obtained, with the averaging method, in the four subjects where both needle and surface EMG measurements
of the scalene were made. Three consecutive cycles of the raw flow, needle and surface EMG signals are depicted for each subject (A). The
averaging technique permitted an easy detection of the scalene inspiratory activity and the electromechanical delay in three subjects (JM, TS,
LC) (B). A post-inspiratory activity was also determined in these three subjects (C). Despite a weak needle EMG activity in the fourth subject
(AD), the surface recording failed to show a clear phasic inspiratory activity. EMD, electromechanical inspiratory delay; PIA, post-inspiratory
activity; RMS, root mean square.

activity in spite of the presence of a weak such activity
on the intramuscular recording.

Two subjects (AD and TS) were studied twice at a
several weeks interval. In both cases, the second ex-
periment confirmed the results of the first. Of note, the
pattern of the phasic activity picked up by the surface
electrodes was similar in shape on the two occasions.

4. Discussion

This study shows that triggering a surface EMG
averaging from a mechanical respiratory signal is
a simple way to detect and characterize the phasic
inspiratory activity of the scalene. This approach gives
access, seemingly for the first time, to a non-invasive

measure of the corresponding electromechanical
inspiratory delay and post-inspiratory activity.

4.1. Source of the averaged inspiratory activity

The source of the inspiratory activity that was iso-
lated by the processing of the surface recordings in our
subjects is most likely the scalene muscle. The elec-
trodes were positioned above the anatomical landmark
of the upper insertion of the scalene, above its divi-
sion in anterior, middle and posterior scalenes. This
alone would not exclude cross-talk, mostly from the
sternomastoid. However, the presence of an inspiratory
activity of the sternomastoid during quiet breathing in
healthy humans is highly unlikely (Magendie, 1816;
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Raper et al., 1966; De Troyer et al., 1994). Most impor-
tantly, the concordance of the intramuscular and surface
recordings in those of the subjects so tested attests the
origin of the surface signal in the scalene. Of note, we
were unable to extract a reliable inspiratory signal in
two of our subjects, although one of them exhibited a
low intensity phasic activity of the scalene according
to the intramuscular recording (see bottom trace in the
rightmost lower panel ofFig. 2). Note that these two
subjects were not those with the highest body mass in-
dex within the study population. Available data in the
literature suggest that there is a considerable degree
of interindividual variability regarding the activation
of the scalenes during quiet breathing. Our results are
compatible with this notion. The observation in subject
AD suggests that, although the flow triggered averag-
ing method that we used is efficient in extracting an
inspiratory activity of the scalene from a noisy surface
signal, it may not be sensitive enough in all cases. Of
note, our subjects were studied sitting: the expected
changes in the tonic and phasic activity of the scalenes
in the supine posture could influence the performance
of our technique. We have tested this in two subjects
studied first sitting and then supine (data not shown).
We indeed observed an important deterioration in the
signal to noise ratio, principally due to a reduction in
the intensity of the phasic activity, but this was not
sufficient for the averaging approach to fail. The sensi-
tivity issue is however not likely to be a problem during
loaded breathing.
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et al. (2004)also used an averaging technique to
improve the detection of a scalene inspiratory activity.
Using a chest band signal to define the beginning of
inspiration these researchers failed to detect a phasic
activity of the scalenes during both quiet breathing and
during a moderately loaded breathing. This discrep-
ancy with our results and with the literature (Raper et
al., 1966; De Troyer et al., 1994) could lie in several
particularities of the experimental approach used by
Duiverman et al. (2004)(i.e. the application of an
ECG removal technique prior to the EMG processing,
the type of signal used to detect the beginning of inspi-
ration, the number of breaths averaged, movements of
the head).

4.3. Electromechanical inspiratory delay and
post-inspiratory activity

Our method gives access to an easy measure of the
delay that separates the beginning of the scalene myo-
electric activity and the actual inspiration (electrome-
chanical inspiratory delay, EMID) that does not require
a particularly high signal to noise ratio. The average
EMID that we found in the scalene is of the same order
of magnitude that the electromechanical delay found
in locomotor muscles during minimally loaded non-
isometric contractions (Li and Baum, 2004), which
lends some physiological plausibility to our results. Of
note, the EMID as defined here does not correspond
to the electromechanical delay of a muscle activation
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.2. Comparison with available data

Other investigators (Bruce et al., 1977; Duiverma
t al., 2004) used averaging techniques for analyz

he EMG activity of respiratory muscles. In t
tudy by Bruce et al. (1977), this approach wa
pplied to esophageal recordings of the diaphragm
lectromyogram, a hallmark of which is a high sign

o-noise ratio (in addition to the semi-invasive natur
he method). Therefore this study was not designe
ddress the issue that we raised, namely the poss

o characterize an inspiratory muscle EMG acti
on-invasively from a noisy signal.Bruce et al. (1977

dentified the onset of inspiration as the beginnin
he EMG activity. Therefore, they could not use th
ethod to measure the electromechanical inspira
elay or the post-inspiratory EMG activity.Duiverman
n the classical sense of the term, namely the time
lapses between the onset of the myoelectrical a

ty and the onset of myofribrillar shortening. Rathe
orresponds to the delay between the onset of the
electrical activity and the beginning of the action
ngaged in, inspiration in our case. There is seem
o previous report of the scalene EMID during qu
reathing. Indeed,Raper et al. (1966)reported that th
yoelectrical activity of the scalenes started after,
efore, the onset of a quiet inspiration. The appa
iscrepancy between this observation and ours ma
ue to the fact thatRaper et al. (1966)relied on a raw
ignal to detect the beginning of the EMG activity a
hus may have been unable to detect the actual
f the scalene EMG. Our method also gives acces
easure of the post-inspiratory activity of the scale
his does not seem to have been reported before
urface recordings, and a fortiori quantified.
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4.4. Perspective

We have developed the present technique with the
aim of studying the function of the scalene muscles in
humans non-invasively, in settings where it is known
that the signal-to-noise ratio is a major issue. The
intensive care unit is typically one of such settings. The
clinical relevance of studying inspiratory neck muscles
in patients receiving ventilatory assistance is probably
important. For example,Chao et al. (1997)observed
that the uncoupling of inspiratory neck muscle con-
tractions from onset of machine breaths was accurate
in identifying cases of ventilator-patient asynchrony.
Brochard et al. (1989)observed a relationship between
the occurrence of diaphragmatic fatigue and the
recruitment of inspiratory neck muscle, and concluded
that the clinical monitoring of sternomastoid activity
could be useful in optimizing ventilator settings to
prevent fatigue. In both these studies, the assessment
of inspiratory muscle activity was clinical. Our method
should be much more sensitive, giving access to an
early diagnosis of patient-ventilator asynchrony, and
to a quantitative approach through the measurement
of the electromechanical inspiratory delay. However,
specific studies are required to precisely delineate
the physiological meaning and clinical value of these
indexes. The influence of sternomastoid recruitment
on the results of our method to assess the activity of
the scalenes will also have to be determined.

A

de
r rie
d ur
l rche
E c
H

ANTADIR, Paris, France. Mathieu RAUX was sup-
ported in part by a scholarship of the Comité National
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