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Muscle activities of the elbow flexors, especially the brachialis muscle (BR), have been
measured with intramuscular electromyography (EMG) using the fine-wire electrodes. It
remains unclear whether BR activity can be assessed using surface EMG. The purpose
of this study was to compare the EMG patterns of the BR activity recorded during
elbow flexion using surface and fine-wire electrodes and to determine whether surface
EMG can accurately measure the BR activity. Six healthy men were asked to perform
two tasks—a maximum isometric voluntary contractions (MVICs) task and an isotonic
elbow-flexion task without lifting any weight. The surface and intramuscular EMG were
simultaneously recorded from the BR and the long and short heads of the biceps brachii
muscle (BBLH and BBSH, respectively). The locations of the muscles were identified
and marked under ultrasonographic guidance. The peak cross-correlation coefficients
between the EMG signals during the MVICs task were calculated. For the isotonic
elbow-flexion task, the EMG patterns for activities of each muscle were compared
between the surface and the fine-wire electrodes. All cross-correlation coefficients
between the surface EMG signals from the muscles were lower than 0.3. Furthermore,
the EMG patterns of the BR activity were not significantly different between the surface
and the fine-wire electrodes. The BR has different EMG pattern from the BBLH and
the BBSH. The BR activity, conventionally measured with intramuscular EMG, can be
accurately accessed with surface EMG during elbow flexion performed without lifting
any weight, independent from the BBLH and BBSH activities.

Keywords: electromyelography, brachialis muscle, surface electrode, elbow flexors, biceps brachii muscle, fine-
wire electrode

Abbreviations: ANOVA, analysis of variance; BBLH, long head of the biceps brachii muscle; BBSH, short head of the biceps
brachii muscle; BR, brachialis muscle, EMG, electromyography, MVIC, maximum voluntary isometric contraction, SPM,
statistical parametric mapping.

Frontiers in Physiology | www.frontiersin.org 1 December 2021 | Volume 12 | Article 809422

https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/journals/physiology#editorial-board
https://www.frontiersin.org/journals/physiology#editorial-board
https://doi.org/10.3389/fphys.2021.809422
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fphys.2021.809422
http://crossmark.crossref.org/dialog/?doi=10.3389/fphys.2021.809422&domain=pdf&date_stamp=2021-12-23
https://www.frontiersin.org/articles/10.3389/fphys.2021.809422/full
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles


fphys-12-809422 December 18, 2021 Time: 12:45 # 2

Date et al. BR Measurement With Surface EMG

INTRODUCTION

Elbow flexors consist of the brachialis (BR), biceps brachii (BB),
and brachioradialis muscles (Murray et al., 2000). Previous
studies have shown that the BR has the greatest contribution
to elbow flexion torque/force (An et al., 1981; Kawakami et al.,
1994; Murray et al., 2000; Genet et al., 2017). The BR also plays
an important role in clinical practice such as for reacquiring the
function of elbow flexion after reinnervation surgery following
brachial plexus injury and post-stroke (Mackinnon et al., 2005; Li
et al., 2007; Genet et al., 2017).

The BR activity has conventionally been investigated
using intramuscular electromyography (EMG) with fine-wire
electrodes (Basmajian and Latif, 1957; Buchanan et al., 1986;
Hodges et al., 2003; Naito, 2004; Rudroff et al., 2008). Although
intramuscular EMG has the advantage of being suitable for
detecting individual muscle activity and minimizing crosstalk
(Perry et al., 1981; Luca, 1997; Onishi et al., 2000), it is highly
invasive, requires specialized expertise for electrode insertion
(Õunpuu et al., 1997), and does not represent the electrical
activity of the whole muscle (Bogey et al., 2000). In contrast,
surface EMG is non-invasive, easy to perform, less uncomfortable
for participants, and allows recording of the muscle’s electrical
activity over a large area (Bogey et al., 2000; Knox et al., 2021).
A recent study showed that surface EMG could measure the
BR activity independent from that of the BB (Staudenmann
and Taube, 2015); however, it did not validate the location of
the elbow flexors, and the measured BR activity could have had
interferences from the adjacent muscle activities. Furthermore,
there have been no studies that have compared the EMG
patterns of the BR activity measured using surface and fine-wire
electrodes. Therefore, it remains unclear whether the BR activity
can be measured using surface EMG, independent of the adjacent
synergistic muscles.

In this study, we compared the EMG patterns of the BR
activity obtained using surface and fine-wire electrodes and
determined whether surface EMG can accurately measure the
BR activity. We hypothesized that there would be no differences
between the EMG patterns obtained when using surface and fine-
wire electrodes, and that the EMG pattern of the BR activity was
significantly different from that of the BB activity.

MATERIALS AND METHODS

Subjects
Six male volunteers (average age ± standard deviation,
36.5 ± 15.1 years) participated in this study. The participants
were healthy, had no history of motor and sensory dysfunction,
and had no limitations in the range of motion of the
elbow joint. All participants provided written informed consent
before participating in the study. This study was approved by
our institutional ethics review board and was performed in
accordance with the Declaration of Helsinki.

Experimental Task
The participants were asked to perform two tasks in a seated
position using their non-dominant upper limb. The first task,

which was aimed to examine whether surface EMG recorded
from the BR was independent of the activity of other synergistic
muscles, had the participants performed maximum voluntary
isometric contractions (MVICs) of the elbow flexors. Participants
were required to perform MVICs with the elbow flexed at 90◦ and
the forearm supinated to 90◦. Three repetitions of MVICs were
performed by each participant, and each MVIC was maintained
for 3 s. The second task required the participants to perform
isotonic elbow flexion at three different forearm positions:
supination, neutral, and pronation. This elbow-flexion task
was performed without lifting any weight. The movement was
repeated seven times for each forearm position. The time taken
to achieve full flexion from full extension was approximately 1 s.
Simultaneously with the EMG recordings, the kinematics of the
elbow movements were recorded using a video camera to identify
the elbow joint movement.

Intramuscular and Surface
Electromyography
Intramuscular and surface EMG were recorded from three elbow
flexors: the BR, the long head of the BB (BBLH), and the short
head of the BB (BBSH). Intramuscular EMG was measured
using urethane-coated stainless steel, soft, fine-wire electrodes
(0.03 mm; Unique Medical Inc., Tokyo, Japan) in bipolar
configuration (5 mm inter-tip distance). Fine-wire electrodes
placed in disposable 25-gauge hypodermic needles were inserted
into each muscle by an experienced orthopedic surgeon (YN)
under ultrasonographic guidance (SNiBLE, Konica Minolta Inc.,
Japan). The ultrasonography probe was transversely placed on
the elbow flexors and the location of each muscle was visualized
(Figure 1A). The electrode locations are shown and described in
Figure 2 and Table 1, respectively. After insertion, we confirmed
the electrode location within the muscles during elbow flexion by
ultrasonography.

Surface EMG was measured using Ag-AgCl disc electrodes
(∅8 mm; Intercross Inc., Tokyo, Japan) with conductive paste
in a bipolar configuration (20 mm inter-electrode distance). We
confirmed the superficial area of the BR during the dynamic
elbow flexion movement for each participant by ultrasonography
(Figure 1B). To obtain the same or adjacent muscle fiber activity
as that for intramuscular EMG, the surface electrodes were placed
across the insertion of the fine-wire electrodes in a longitudinal
direction over the muscles (Figure 2). Reference electrodes were
attached to the skin over the lateral epicondyle of the elbow.

Data Analysis
All EMG signals were recorded using a wireless EMG system
(intercross-413, Intercross Inc., Tokyo, Japan). The signals were
amplified (gain: 1,000), band-pass filtered (20–500 Hz), and
recorded on a PC. The sampling frequency was 1,000 Hz.

The EMG data were analyzed using a MATLAB-based original
program (R2020b, The MathWorks Inc., United States). To
analyze the independent activity of each muscle, the differentiated
EMG signals from the raw data were extracted for the middle
2 s of the MVICs task (Winter et al., 1994) and averaged for
each muscle. The interval between the start and end time of
elbow flexion was taken for the analysis of the elbow-flexion
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FIGURE 1 | Position and orientation of the ultrasound probe. (A) The position of probe for the BR. (B) The upper, middle, and lower panels represent the position of
probe for the BR and ultrasound images of the BR at the 0◦, 90◦, and 130◦ elbow flexions, respectively. BR, brachialis muscle.

FIGURE 2 | Images of the electrode locations and ultrasonogram for each muscle. (A) The location of surface (lines) and fine-wire (symbols) electrodes of the BR
(©), BBLH (4), and BBSH (�). Surface electrodes were placed across the wire insertion of each muscle as shown in the horizontal lines. Fine-wire electrodes were
inserted approximately where the symbols were shown. (B) The upper, middle, and lower panels represent the ultrasound images of the BR, BBLH, and BBSH
muscles, respectively. BBLH, long head of the biceps brachii muscle; BBSH, short head of the biceps brachii muscle; BR, brachialis muscle.

task. Elbow movements were detected using the radial and ulnar
styloid process of their measured upper limb as anatomical
bony markers, with the start and end times being identified
based on the movements of these markers captured using a
video camera. The start time was defined as the beginning of

the movement from the resting limb position, and the end
time was defined as the time when elbow joint was fully flexed
and completely stopped. All EMG signals obtained during the
isotonic elbow-flexion task were zero-lag band-pass filtered
between 20–500 Hz (4th order, Butterworth). The filtered EMG
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TABLE 1 | Electrode locations for each muscle.

Muscle Electrode location

BR Distal part of the upper arm where the muscle becomes
superficial (Staudenmann and Taube, 2015), approximately two
to three fingerbreadths lateral to the line between acromion and
cubital fossa, and without interference of the adjacent muscle
(BBLH and triceps brachii muscle)

BBLH Center of the muscle belly, on the line between medial acromion
and cubital fossa cubit, approximately 1/3 proximal from the
fossa cubit (Hermens et al., 2000), and without interference of
the adjacent muscle (BBSH)

BBSH Center of the muscle belly, two to three fingerbreadths medial
to the line between acromion and cubital fossa, approximately
1/3 proximal from the cubital fossa (Hermens et al., 2000), and
without interference of the adjacent muscles (BBLH and triceps
brachii muscle)

BBLH, long head of the biceps brachii muscle; BBSH, short head of the biceps
brachii muscle; BR, brachialis muscle.

signals were smoothened using a moving root-mean-square filter
(time window: 300 ms), thereby computing the envelope of
the signals (Farfán et al., 2010). Each EMG signal was time-
normalized (1–101 frames) and averaged for each participant and
muscle. The amplitudes of the signals were normalized to the
peak activity of the task to decrease inter-individual variabilities
(Peter et al., 2019).

Statistical Analysis
The peak cross-correlation coefficients between the differentiated
EMG signals were calculated using the MATLAB xcorr function.
If the mean coefficients between muscles were lower than
0.3, then the independent of the muscles was established
(Winter et al., 1994).

The EMG time-series of synergistic muscles are highly
correlated and time dependent (Robinson et al., 2015).
For the isotonic elbow-flexion task, to examine the time
dependent differences in the EMG patterns between those
obtained from the surface and fine-wire electrode, statistical
parametric mapping (SPM) analysis was used. SPM analysis
is a MATLAB-based software package for statistical analysis
(spm1d).1 An SPM two-tailed non-parametric test was used to
compare the surface and intramuscular EMG patterns. First,
we calculated the scalar output statistic, SPM{t} (Adler and
Taylor, 2007) to form a statistical non-parametric map. SPM{t}
is a scalar trajectory variable that shows the magnitude of
the differences between the surface and intramuscular EMG
patterns. We then tested the null hypothesis by calculating
the critical threshold at which only α% (set to 5%) of smooth
random curves would be expected to traverse. This critical
threshold calculation is based on estimates of trajectory
smoothness via temporal gradients (Friston, 2007) and random
field theory expectations regarding the field-wide maximum
(Adler and Taylor, 2007). EMG time-series were considered
significantly different if any values of SPM{t} exceeded the
critical threshold.

1https://spm1d.org

Additionally, to examine the degree of similarity in the
EMG patterns recorded by the surface electrodes and fine-wire
electrodes for the three muscles, Pearson’s correlation coefficient
between the electrodes for each muscle were determined
(Jacobson et al., 1995). After normalizing the correlation
coefficients as z-score by Fisher r-to-z transformation, the
z-scores were compared using ANOVA with a factor of muscles
(BR, BBLH, BBSH). Post hoc tests were performed using a
Bonferroni’s test. For comparing the z-scores, SPSS version 23
statistical software (IBM Inc., Chicago, IL, United States) was
used and statistical significance was set at a p < 0.05.

RESULTS

In the MVICs task, all cross-correlation coefficients between
the surface EMG signals from the muscles were lower than 0.3
(BR–BBLH, 0.18 ± 0.05; BR–BBSH, 0.16 ± 0.03; BBLH–BBSH,
0.20± 0.06).

In the isotonic elbow-flexion task, there were no significant
differences between the surface and intramuscular EMG patterns
of the BR activity in any of the forearm positions (Figure 3A). The
EMG patterns of the BR activity were similar between the three
forearm positions, showing a gradual increase in activity and
peaking at approximately 70–90% of elbow flexion (Figure 3A).

There were also no significant differences between the surface
and intramuscular EMG patterns of the BBLH and BBSH
activities in any of the forearm positions (Figures 3B,C), except
for the BBLH activity at the 54% of elbow flexion in neutral
forearm position (p = 0.031). However, the EMG patterns of
the BBLH and BBSH activities differed between the forearm
positions. In the supinated and neutral forearm positions, the
EMG patterns of the BBLH and BBSH activities showed an
increase in activity from approximately 30–70% of elbow flexion
and thereafter remained at the same level. In the pronated
forearm position, the EMG patterns of the BBLH and BBSH
activities showed a gradual increase in activity, peaking at
approximately 80–100% of elbow flexion.

The r values of the EMG patterns between the surface and
fine-wire electrodes for each muscle are shown in Supplementary
Table 1. There was no significant main effect of the muscles in any
of the forearm positions (supination: F = 1.1, p = 0.362; neutral:
F = 4.0, p = 0.053; pronation: F = 1.8, p = 0.837).

DISCUSSION

In this study, we compared the EMG patterns of elbow flexor
activities recorded using surface and fine-wire electrodes. Our
results showed that the EMG patterns, including those of BR
activity, were not significantly different between the surface and
fine-wire electrodes. Additionally, the r values, which represented
the degree of similarity of the EMG patterns between the surface
and fine-wire electrodes, did not significantly differ between the
BR and BB activity. These results indicate that surface EMG can
be used to measure the BR activity as well as the BB activity. The
cross-correlation coefficients between the BR and BB were < 0.3,
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FIGURE 3 | Muscle activity of the elbow flexors and comparisons between the surface and intramuscular EMG (A) BR, (B) BBLH, and (C) BBSH activities, and the
comparisons between surface and intramuscular EMG. Upper panels of each muscle represent mean and standard deviation of the muscle activity for each forearm
position. Lower panels of each muscle represent the scalar output statistic, SPM{t} (solid black lines), and the critical thresholds (t∗) calculated for α significance level
defining supra-threshold clusters for SPM{t} trajectories (dashed red lines). BBLH, long head of the biceps brachii muscle; BBSH, short head of the biceps brachii
muscle; BR, brachialis muscle; EMG, electromyography; SPM, statistical parametric mapping.

suggesting that the recorded BR and BB activities were highly
independent of each other (Winter et al., 1994).

We also validated the location of the elbow flexors under
ultrasonographic guidance. Muscle geometry could be changed
following a change in the elbow joint angle, and there is a
possibility of shift of superficial area of the BR during dynamic

elbow flexion movement. However, by using ultrasonography, we
also confirmed that the fine-wire electrodes were located within
the muscles and the location of the surface electrode were on the
superficial area of the BR, even during elbow flexion. Therefore,
each EMG signal represented the individual muscle activity of
one of the elbow flexors.
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We observed that the EMG patterns of the BR activity were
similar among the different forearm positions, whereas those of
the BB activities were not. It is noteworthy that the BR is inserted
into the ulna, while the BB is inserted into the radius (Neumann,
2010). This anatomical difference can cause variations in the BB
activity at different forearm positions, without affecting the BR
activity (Basmajian and De Luca, 1985; Murray et al., 1995; Naito,
2004; Neumann, 2010).

Intramuscular EMG is necessary to assess the electrical activity
of deep as well as small muscles; however, this method is highly
invasive and does not represent the electrical activity of the whole
muscle (Bogey et al., 2000). Contrastingly, while surface EMG has
potential limitations such as crosstalk and difficulty in measuring
the activities of deep muscles (Bogey et al., 2000), this method can
record the electrical activity of a muscle over a large area, easily
and non-invasively. Our results showed that if the elbow flexors
are identified under ultrasonographic guidance, surface EMG can
be a feasible method to record the BR activity.

This study includes some limitations. First, the number of
participants was small. Intramuscular EMG studies are known
to have a relatively small sample size due to the highly invasive
nature of the study (Peter et al., 2019). Second, all participants
in this study were healthy males with a thin subcutaneous
fat layer. Excessive overlying adipose tissue can influence the
myoelectric signals (Kuiken et al., 2003). Finally, the participants
of this study performed the elbow flexion without lifting any
weight like dumbbells. Since the size of EMG amplitude is
strongly influenced by performed force levels, the results of
this study are restricted to the tasks or exercises with minimal
lifting of weight. For these reasons, our results are limited in
their generalizability.

In conclusion, our results indicated that there were no
differences between the surface and intramuscular EMG patterns
of the BR activity during the elbow flexion that was done without
lifting any weight, and the EMG patterns of the BR activity
and the BB activity were independent of each other. Thus,
surface EMG can be used an easier and non-invasive alternative
for measuring the BR activity, which conventionally has been
measured with intramuscular EMG.
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