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WATANABE, K., T. VIEIRA, A. GALLINA, M. KOUZAKI, and T. MORITANI. Novel insights into biarticular muscle actions
gained from high-density electromyogram. Exerc. Sport Sci. Rev.,Vol. 49, No. 3, pp. 179–187, 2021. Biarticular muscles have traditionally
been considered to exhibit homogeneous neuromuscular activation. The regional activation of biarticular muscles, as revealed from high-density sur-
face electromyograms, seems however to discredit this notion. We thus hypothesize the regional activation of biarticular muscles may contribute to
different actions about the joints they span. We then discuss the mechanistic basis and methodological implications underpinning our hypothesis.
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Key points

• Biarticular muscles have traditionally been considered to
show a well-defined action and behave as a single actuator,
and this is now being questioned.

• Our recent studies using high-density surface electromyo-
graphy and intramuscular electromyograms suggest that, in
humans, different regions within biarticular muscles, such
as rectus femoris and medial gastrocnemius muscles, may
have different actions.

• We provide guidance on how to conduct surface electro-
myography of the biarticular muscles to minimize misinter-
pretation of the findings because of their region-specific
neuromuscular activation.

INTRODUCTION
Biarticular muscle action has been widely investigated in the

research areas of human movements. Previous studies from the
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group of van Ingen Schenau (1,2) support the hypothesis that
biarticular muscles play an important role in transferring power
from proximal to distal joints. For example, biarticular muscles
in the thigh have a unique role in controlling the distribution
of the net moments about the hip and knee joints (1). On the
other hand, activation of biarticular muscle also contributes to
the production of torque in the opposite direction when the
torque demand is imposed on either of the two joints they span
(3). This condition is considered to be metabolically inefficient
and has been called Lombard's paradox (3,4).

The clinical relevance of inappropriate or impaired activation
of rectus femoris (RF) is substantiated by the emergence of a path-
ological gait profile in persons with neurological disorders (5–7).
Moreover, it is well known that strain injury during athletic
events frequently occurs in biarticular, lower-extremity muscles
such as the RF, hamstring, and gastrocnemius muscles (8–13).

Biarticular muscles are often considered to show well-defined
actions based on their anatomy and to function as single actua-
tors in experimental and modeling studies (14,15). However,
this concept may be questionable. For example, animal studies
demonstrated that different regions of biarticular muscles,
innervated by different nerve branches, may contribute to
different joint actions. In the cat biceps femoris muscle,
which crosses the knee and hip joints and is innervated by
multiple motor nerve branches, the caudal portion of the
muscle contributes to knee flexion, whereas its rostral part
contributes to hip extension during locomotion (16). Similarly,
human cadaveric studies also assumed this heterogeneous,
functional organization within some biarticular muscles, based
on their anatomical properties (17). In addition, nonuniform
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activation within the human RF and medial gastrocnemius
(MG) muscles was confirmed by an in vivo high spatial
resolution methodology, that is, muscle functional magnetic
resonance imaging (mfMRI) (18–20).
As a consequence of these findings, presumably, biarticular

muscles in humans may be controlled regionally, as if a single
biarticular muscle was composed of multiple actuators. Re-
cently, this possibility has been tested by recording the spatial
distribution of the amplitude and frequency of surface electro-
myograms (EMGs) using the high-density surface EMG tech-
nique (21–24). The aim of our article was to present and
discuss recent evidence supporting the hypothesis that
biarticular muscles may be activated regionally, contributing
to different actions about the joints they span as suggested by
the scheme shown in Figure 1.

Region-Specific Functional Roles of Human Biarticular
Muscles
The torque produced by a muscle about a joint is defined by

its proximal and distal attachments to the skeleton. However,
individual motor units are not uniformly activated when the
muscle contributes to multiple joint actions (25–27). In addition,
some human skeletal muscles, such as the biceps brachii,
extensor carpi radialis longus, RF, and lateral gastrocnemius,
are innervated by multiple motor nerves or nerve branches,
leading to subdivisions referred to as neuromuscular compartments
(28–31). In this section, we review the recent findings regarding
the region-specific functional roles from studies using high-density
surface EMG in three human biarticular muscles: RF, MG,
and biceps femoris long head (BF) muscles.

Region-specific functional roles of human RF muscle
For the human RF muscle, superficial-proximal regions and

deep middle–to–distal regions are innervated by different nerve
branches and are inserted into different parts of the pelvic bone
(17,31,32). Hasserman et al. (17) suggested the possibility of
independent actions of two muscle-tendon units within the
Figure 1. Schematic images of hypotheses for regional and homogeneous neur

180 Exercise and Sport Sciences Reviews
RF muscle from their human cadaver–based anatomical study. In
line with this, hip flexion and knee extension forces differed
when proximal, middle, and distal regions of the RF muscle were
activated with intramuscular electrical stimulation (33). This
region specificity was also observed after repetitive isokinetic
knee extension exercise, as mfMRI revealed greater changes
in metabolic responses (T2) in the distal regions of the RF
muscle when compared with proximal regions (18). Selective
hypertrophy in distal regions of the RF muscle after resistance
training intervention of knee extension exercises (34,35) may
also support the preferential activation of distal regions of the
RF muscle for knee extension. Overall, the evidence suggests
that RF neuromuscular organization facilitates the selective
control of force at the knee and hip joints.

Recently, we used high-density surface EMG to expand this
concept of functional organization within the RFmuscle, inves-
tigating whether these regional inhomogeneities were present
during voluntary isometric knee extension and hip flexion con-
tractions (23). As the contraction level increased, normalized
surface EMG amplitudes in proximal and distal regions were
preferentially increased during hip flexion and knee extension,
respectively (Fig. 2). During hip flexion, normalized surface
EMG amplitude was greater in proximal regions than in middle
and distal regions (Fig. 2). During knee extension, the opposite
pattern was observed. This phenomenon was also confirmed by
intramuscular (23) and conventional surface EMG (36) techniques.
From these findings, we concluded that proximal and middle/distal
regions of the RF muscle preferentially contribute to hip flexion
and knee extension and that this region-specific neuromuscular
activation is in line with that hypothesized based on anatomical
studies (17,31,32).

We further performed high-density EMG of the RF muscle
during isometric contractions at various joint angles (37) and
dynamic multiple joint movements such as walking (24),
climbing stairs (38), and leg pedaling (39) to verify whether
region-specific neuromuscular activation may generalize more
practical conditions. For example, larger high-density surface
omuscular regulation within biarticular muscles during human movements.
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Figure 2. Root-mean-square of surface electromyography in RFmuscle during isometric knee extension and hip flexion at 80%ofmaximal voluntary contraction,
as shown in color maps in a representative participant. Surface electromyography was recorded using 128 two-dimensionally arranged electrodes. In these color
maps, root-mean-square was normalized by peak amplitude during maximal voluntary contractions across knee extension or hip flexion for each channel. Adapted
with permission from Elsevier fromWatanabe K, et al (23). Copyright © 2012 Elsevier. All permission requests for this image should bemade to the copyright holder.
EMG amplitude values were localized around the middle
regions during the swing-to-stance transition and moved to
proximal regions during the stance-to-swing transition while
walking (24) (Fig. 3). In addition, greater high-density surface
EMG amplitude values were observed in middle/distal regions
during the downstroke phase and moved to proximal regions
during the upstroke phase of leg pedaling (39). The swing
phase during walking and upstroke phase during leg pedaling
require hip flexion moment, whereas stance and downstroke
phases require knee extension moment (40,41). Therefore, these
findings suggest that, regardless of the testing condition, the
proximal and distal RF muscle regions preferentially contribute
to hip flexion and knee extension moments, respectively.

For the simple bipennate muscles that have two attachments
at proximal and distal ends, the forces generated by individual
Figure 3. Normalized root-mean-square of surface electromyography in RF mus
resentative participant. Surface electromyography was recorded using 48 electrode
Watanabe K, et al (24). Copyright © 2014 Elsevier. All permission requests for this
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muscle fibers that do not span the entire length of a muscle
can be transmitted to the attachment sites on the skeleton or
other tissues (42). Regarding the RF muscle, the cadaveric
studies revealed that the proximal tendon has two components,
which are named as direct and indirect heads (17,32,43). The
tendon of the direct head arises from the anterior inferior iliac
spine and forms the superficial anterior tendon that covers the
ventral aspect of the proximal third of the muscle's length.
Conversely, the tendon of the indirect head arises from the
superior acetabular ridge and travels along with the tendon of
the straight head (17). In addition, direct and indirect heads
create independent muscle-tendon units (17,32,43). Based on
these anatomical studies, we can assume that proximal and
middle/distal regions can independently produce forces to
different parts of the skeleton such as the anterior inferior
cle during a gait cycle of treadmill walking, as shown in color maps in a rep-
s along proximal to distal sites. Adapted with permission from Elsevier from
image should be made to the copyright holder.
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iliac spine and superior acetabular ridge. Because the origin of
the direct head is in a more anterior position relative to the
femur bone, muscle fibers of the direct head (proximal
regions) more favorably create hip flexion moment because of
the longer moment arm. In the RF muscle, Hagio et al. (33)
demonstrated that selective intramuscular electrical stimulation in
the proximal region induces more hip flexion moment than in
middle or distal regions. In addition, von Laßberg et al. (45)
recently described the “interfiber-to-tendon interaction model” for
proximal to distal regions of the RF muscle and suggested that
this model can explain the findings of our recent studies
(24,37,39,44). In this model, elastic energy could be buffered
and then used to contribute to hip flexion or knee extension
according to differential sequences of proximodistal, distoproxi-
mal RF activation (45). Thus, we consider that forces generated
by muscle fibers in proximal or middle/distal regions of the RF
muscle may preferentially contribute to specific joint moment.
Region-specific functional roles of human MG muscle
Possibilities of region-specific functional roles were also ob-

served in the MG and RF muscles in humans. The local activa-
tion within the human gastrocnemius muscles was investigated
using intramuscular EMG (46) and mfMRI (20,47). Kinugasa
et al. (19) found that increases in metabolic responses (T2)
on mfMRI were greater in distal regions when compared with
proximal regions within the MG muscle. Task-dependent regional
neuromuscular activation within the lateral gastrocnemius
muscle was reported by Wolf et al. (46) using intramuscular
EMG. Vieira et al. (22) tested whether muscle fibers innervated
by a motor neuron are regionally localized or widely extend
along the human MG muscle using intramuscular and high-density
surface EMG. From the amplitude distribution of action
potentials of single motor units detected along the skin, they
advanced the possibility that the muscle fibers of single motor
units (i.e., the muscle units) are localized along the muscle
and that MG muscle units recruited during quiet standing
were predominantly detected in the distal muscle region. The
study of Hodson-Tole et al. (48) supported this task-dependent
preferential recruitment of distal regions of MG muscle during
voluntary contractions. Region-specific neuromuscular regulation
along the medial-lateral axis within the MG muscle was also
revealed in response to lateral perturbation during unilateral
standing (49), suggesting that this regional activation is
associated with MG regional contributions to inversion and
eversion moments (50). These studies suggest that the MG
muscle is regionally recruited for specific tasks, rather than
being regulated as a single actuator. It may be difficult to
transmit forces from muscle fibers in different regions in
varying directions or with differing joint torque. Although the
line of action of the MG muscle should be along the line
between the origin and skeletal insertion, that is, the
calcaneus and medial condyle, the attachments of individual
muscle fibers to the tendon tissues connected to the calcaneus
and medial condyle are variable along the proximal to distal
axis of that muscle. For example, the muscle fibers of distal
regions are closer to the Achilles tendon, which is connected
to the calcaneus. In addition, because the muscle fibers in
distal regions are less pennate than those in proximal regions
along the MG muscle (cf. Figs. 1D, 4B in Shin et al. [51]),
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it was considered that the muscle fibers in distal regions have
greater mechanical advantages to generate ankle plantar
flexion (48).

Region-specific functional roles of human biceps femoris muscle
In addition to RF and MG muscles, region-specific neuro-

muscular activation along the proximal to distal axis of BF
and semitendinosus (ST) muscles can be assumed because of
their innervation patterns. The BF and ST muscles are inner-
vated by two motor nerve branches that are attached into dif-
ferent sites along the proximal-distal axis of the muscle (52)
similar to the RF muscle (31). Recent studies reported regional
activation along the BF and ST muscles and its task
dependency on common and injury prevention hamstring
exercises (53,54). For example, distal regions showed lower
and higher neuromuscular activation when compared with
proximal and middle regions in ST and BF muscles, respectively,
during the Nordic hamstring exercise but not during the
stiff-leg deadlift (54). They also showed regional neuromuscular
activation along ST and BF muscles during running, although
with marked interindividual differences (55). On the other
hand, there were no significant differences in neuromuscular
activations among proximal to distal regions of the BF muscle
during isometric hip extension and knee flexion in our
previous study (56). From these findings, although BF and ST
muscles could have regional neuromuscular activation along
proximal to distal regions, a consistent pattern of region-specific
neuromuscular activation such as in RF and MG muscles has
not yet been identified.

Physiological Basis and Roles Underpinning
the Region-Specific Excitation of Human
Biarticular Muscles

As reported in previous studies (25–27), motor units may
contribute to different functions within individual muscles.
We thus assume that the regional neuromuscular activation
along the RF and MG muscles in different tasks can be
explained by a differential modulation of presynaptic activity
of motor neurons serving different muscle regions. To our
knowledge, this possibility has been first advocated by
Desmedt and Godeaux (1981). These authors observed that
motor units in the first dorsal interosseus muscle may be
selectively recruited according to the force direction, suggesting
pools of motor units with specific function receive differential,
presynaptic inputs (cf. their Fig. 2) (57). In agreement with
this view, we found that patellar tendon reflex responses of
proximal RF different when the flexion moment about the
knee joint was varied (58). In addition, we showed that
cutaneous electrical stimulation at femoral and posterior tibial
nerves elicits region-specific action potentials along the RF and
MG muscles (48,59). These findings suggest that motor units
with territories located in proximal and distal regions of the RF
and MG muscles may be independently controlled, presumably
according to their functional roles at the spinal cord level or
upstream of motor neuron.

In this review, we hypothesize that regional activation of
biarticular muscles enables them to contribute to different ac-
tions about the joints they span. The reason we phrased the rel-
evance of regional excitation rather vaguely is that, in addition
to contributing to the generation of muscle force in different
www.acsm-essr.org
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directions and thus to different movements, the regional excita-
tion of biarticular muscles could serve other purposes. Indeed,
the local excitation of distinct regions has been consistently re-
ported under different, fatiguing conditions and for different
muscles (60–63). As documented by our group (21,64), this
evidence for region-specific adjustments in myoelectric activity
during fatiguing contractions also applies to the biarticular RF
and MG muscles, supporting our hypothesis that muscle
activation is modulated regionally in human biarticular muscles.

During isometric sustained contractions, nonuniform neuro-
muscular activation in the course of fatiguing conditions has
been reported in human skeletal muscles. This phenomenon
has been partly explained by the substitution/rotation of different
motor units, whose fibers are heterogeneously distributed within
a muscle (65,66), and is assumed to occur after changes in
recruitment thresholds in motor units and decreases in motor
unit firing rate induced by inhibitory feedback from group III
and IV afferents (65). In addition to this nonsystematic alteration
of neuromuscular activation within a muscle, region-specific
neuromuscular fatigue in biarticular muscles was also reported
using high-density surface EMG. In the RF muscle, greater
decreases in the median frequency of surface EMG were
observed in proximal regions in comparison with middle/
distal regions during sustained isometric contraction of knee
extension at 50% of MVC until the exerted force falls below
95% of the target force (64). Similarly, Gallina et al. (21)
demonstrated localized adjustments in myoelectric activity
during fatiguing contractions in centro-proximal regions of
the MG muscle during isometric plantar flexion (Fig. 4).
From these studies, we consider that the adjustments in
myoelectric activity are observed to take place locally within
these muscles. These local adjustments could result from a
predominant recruitment of motor units with fibers in these
locations or be associated with the location of fibers of the
most fatigable motor units within the muscle. In support of
this view, Hodson-Tole et al. (48) and Vieira et al. (67) showed
the preferential recruitment of proximal regions of the MG
muscle during electrically elicited contraction. Using a similar
methodology, we also confirmed that electrical nerve stimulation
can preferentially recruit motor units located in proximal regions
of the RF muscle (59). According to the consideration that
larger motor nerves, innervating muscle fibers that contribute to
higher contraction forces, are preferentially activated by nerve
stimulation (68,69), the regions that are selectively activated
by electrically elicited contraction in these previous studies
Figure 4. Normalized median frequency (MDF) slope of surface electromyograp
graphy was recorded using 128 two-dimensionally arranged electrodes. Adapted
Elsevier. All permission requests for this image should be made to the copyright ho
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may be composed of muscle fibers that contribute to higher
contraction forces. Thus, we conclude that region-specific
adjustments in myoelectric activity during fatiguing contractions
within RF and MG muscles can be partly explained by a
nonuniform distribution of muscle fiber types within muscles.

The possibility that fibers are grouped within some muscles
according to their properties has been further supported by an-
atomical studies (70–73). For example, Arbanas et al. (70)
demonstrated a higher percentage of type II muscle fibers in
caudal parts compared with cranial parts within the human
psoas major muscle. Based on the anatomical properties of the
origins and insertions of the muscle fibers and the region-specific
muscle-fiber–type composition, they considered that cranial
and caudal parts of the psoas major muscle may preferentially
contribute to the production of hip flexion as a dynamic
function and control of the lower spine posture as a static
postural function. RF and MG muscles play the roles of knee
extensor and ankle plantar flexor in addition to the roles of
hip and knee flexors, respectively. During daily life, knee
extensors and ankle plantar flexors help stabilize the body
against gravity. Considering that body stabilization demands
low and frequent cyclic activation of these postural muscles,
activation of muscle fibers that contribute to lower forces for
static postural functions may be reasonable. This is supported
by our previous studies that revealed preferential activation of
middle-distal regions of RF and MG muscles during knee
extension and quiet standing (22,23,48) and less adjustments
in myoelectric activity during fatiguing contractions in distal
than proximal regions during sustained contractions (21,64).

Region-Specific Functional Roles and Its Applications
to Assess Impairments in Human Movements

Biarticular muscles produce a torque about each of the joints
they span. For example, when hip flexion joint torque is exerted
by the hip flexor muscles, including the RF muscle, knee exten-
sion joint torque also is produced by contraction of the RF mus-
cle. During walking, leg swing demands the concurrent flexion of
the knee and hip joints to prevent tripping, dragging, and/or fall-
ing by contacting the ground with the foot (41,74). Excessive
activation of the RF muscle would contribute to prevent knee
flexion torque or change the knee joint kinematics, at the
cost of producing a hip flexion torque for leg swing. This
disadvantage of biarticular muscle actions can be seen in
pathological gait patterns. Abnormality in neuromuscular
control of the RF muscle causes a stiff-knee gait in patients
hy in MGmuscle during isometric fatiguing contraction. Surface electromyo-
with permission from Elsevier from Gallina A, et al (21). Copyright © 2011
lder.
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with stroke, traumatic brain injury, spinal cord injury, cerebral
palsy, or multiple sclerosis (5,7,75). During stance-to-swing
transition, these patients show excessive RF muscle activation
(7,74). This hyperactivity of the RF muscle prevents the knee
flexion movement necessary for smooth leg swinging and,
thereby, impairs toe clearance. Distal transfer and nerve block
of the RF muscle are thus common treatments for a stiff-knee
gait (6,30,76). Our previous study demonstrated that selective
activation of proximal regions of the RF muscle during the
stance-to-swing transition is attenuated in older adults during
walking, that is, decrease and tendency to increase in normalized
surface EMG amplitude at the proximal and distal regions,
respectively, and then distal shift of central locus activation
(center of gravity) of surface EMG amplitude in the swing
phase (44). We also confirmed that this age-related attenuation
of region-specific activation of the RF muscle shows marked
interindividual differences (77) and is modulated differently
between older adults with and without a fall/tripping history
(78). From these findings, for patients with upper motor
neuron injury and older adults, neuromuscular regulation of
the RF muscle and its regional activation may be key
determinants for leg swing movement during walking and
complex human movements. For the MG muscle, Dos Anjos
et al. (79) showed higher neuromuscular activation in distal
regions of the muscle in young adults and higher neuromuscular
activation from proximal to distal regions in older adults during
standing. They suggested that a relatively larger proportion of
MG motor units may have been recruited in the older adults.
Regional activation within the biarticular muscles may be

also reflected in changes in muscle morphology after aging or
inactivity. In the RF muscle, age-related changes in the muscle
thickness were not uniform along the muscle (80). In addition,
Miokovic et al. (81) demonstrated heterogeneous muscle atrophy
along the proximal to distal axis after a 60-d bed rest in RF, MG,
and BF muscles. These regional changes in morphology along
the muscle would also have implications when investigating
region-specific neuromuscular activation along the muscle after
age- or inactivity-related changes in the neuromuscular system.
It has been recognized that biarticular muscles contribute to

transferring power from proximal to distal joints (1,2) and
partly act as inefficient components (3,4) when performing
multiple joint movements. Although further studies are needed
Figure 5. Anatomical maps of region-specific activation within RF and MG m
electromyography.
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to clarify how regional neuromuscular activation contributes to
these well-known functional roles of biarticular muscle, our
previous studies showed that regional neuromuscular activation
along the RF and MG muscles adapt to age-related changes in
human movements (44,78,79). This indirectly suggests that
regional neuromuscular activation could contribute to the
optimization of the transfer of power from proximal to distal
joints (1,2) and the minimization of the inefficient joint
moments (3,4).
Methodological Implication for Assessing the
Region-Specific Functional Roles Within
Biarticular Muscles

When using conventional bipolar electromyography, activa-
tion of the RF muscle during gait in healthy individuals is char-
acterized by two main bursts, around the swing-to-stance
transition and the stance-to-swing transition. We confirmed
in our previous study, using multiple electrodes along the prox-
imal to distal sites of the RFmuscle, that this often-termed “nor-
mal” pattern (82–84) can only be detected in a very limited
area around the middle regions (24,44). This limited area
reflects activations of both proximal and distal regions, which
preferentially contribute to hip flexion and knee extension.
When detecting a single EMG signal, from either a more
proximal or distal region, our results (24,44) suggest that different
conclusions may be made depending on the state of RF muscle
activation; one may miss the EMG bursts characterizing the
swing-to-stance and stance-to-swing transitions and equivocally
judge the EMG pattern as pathological. Similarly, conventional
bipolar EMG was shown to be less sensitive than high-density
EMG in the detection of adjustments in myoelectric activity
during fatiguing contractions: the decrease in the median EMG
frequency over time was larger and more consistent when
estimated from specific areas within the MG muscle, compared
with estimates from a standardized group of channels that
simulated the size and location of conventional bipolar electrodes
(21). As for the RF muscle, detecting a single EMG signal may
lead to a spurious difference in adjustments in myoelectric
activity during fatiguing contractions (64). Acknowledging
the phenomenon of regional neuromuscular activation within
biarticular muscles and considering this knowledge when devising
uscles based on the results of previous studies using high-density surface
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a study may be mandatory whenever inferences are to be drawn
from surface EMG.

Regarding practical guidelines, in an attempt to aid those
without access to the high-density technology, we propose a
set of recommendations concerning the use of bipolar EMG.
These recommendations are specifically for RF and MG mus-
cles and based on the region-specific activation reported in pre-
vious studies using high-density surface EMG (Fig. 5). For the
RF muscle, we recommend using two surface EMG electrode
pairs, over the proximal and middle-distal regions, to assess
RF muscle contributions to hip flexion and knee extension.
Based on previous studies (23,36,58,85,86), surface electrode
pairs at 20% and 50% or more distal sites along a line between
the anterior superior iliac spine and superior edge of the patella
from the proximal site would lead to neuromuscular activation
of the RF muscle to mainly act as a hip flexor or knee extensor.
Under fatiguing conditions, proximal electrodes would be
expected to show greater adjustments in myoelectric activity
during fatiguing contractions than middle-distal electrodes.

For the MGmuscle, the largest decrease in median frequency
during intermittent contractions was observed for electrodes
positioned 66–131 mm proximal to the junction with Achilles
tendon and 38–53 mm medial to the junction with the lateral
gastrocnemius (21). Based on anthropometric data of subjects
tested in our previous study, this absolute reference would
roughly correspond to the central MG region (21), from the
distal extremity of the superficial aponeurosis to popliteal
fossa. Bipolar electrodes placed in this region may provide the
most sensitive estimates of adjustments in myoelectric activity
during fatiguing contractions. These recommended electrode
locations for RF and MG muscles are likely to improve the
representation of surface EMG variables collected from the
target muscle. This would result in improved characterization of
the activation of the muscles while minimizing misunderstanding
of the detected EMG signals because of their region-specific
neuromuscular activations. We also need to note here that
whenever placing more than a single pair of electrodes on a
muscle, researchers should ensure that these electrode pairs
are located on muscle regions with similar architectures and
subcutaneous tissues (cf. Fig. 6 in Vieira and Botter (87)). For
example, the arrangement between electrode pairs on the skin
surface and muscle fibers/fascicles is markedly different along
the MG muscle. Electrode pairs are not parallel to fascicles at
proximal to middle sites but are parallel to fascicles at distal
sites (right panel in Fig. 5), and these differences would also lead
to variations in surface EMG responses. When this condition
cannot be ensured, the regional differences in surface EMG
variables may lead to the inability to gain information on
region-specific functional roles (88).

CONCLUSION
Recent studies using the high-density surface EMG tech-

nique demonstrated region-specific activations that can be
interpreted as regional differences in functional roles within
representative biarticular muscles, such as RF and MGmuscles.
These findings support our hypothesis that human biarticular
muscles are regionally regulated to achieve different functional
roles. This knowledge and its application to practical surface
EMG recording may help advance understanding of the role
of biarticular muscles in human movement.
Volume 49 • Number 3 • July 2021
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