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Ankle plantar flexor muscles are active in the stance phase of walking to propel the body
forward. Increasing walking speed requires increased plantar flexor excitation, frequently
assessed using surface electromyography (EMG). Despite its popularity, validity of
surface EMG applied on shank muscles is mostly unclear. Thus, we examined the
agreement between surface and intramuscular EMG at a range of walking speeds.
Ten participants walked overground at slow, preferred, fast, and maximum walking
speeds (1.01 ± 0.13, 1.43 ± 0.19, 1.84 ± 0.23, and 2.20 ± 0.38 m s−1, respectively)
while surface and fine-wire EMG activities of flexor hallucis longus (FHL), soleus (SOL),
medial gastrocnemius (MG) and lateral gastrocnemius (LG), and tibialis anterior (TA)
muscles were recorded. Surface and intramuscular peak-normalised EMG amplitudes
were compared for each muscle and speed across the stance phase using Statistical
Parametric Mapping. In FHL, we found differences around peak activity at all speeds
except fast. There was no difference in MG at any speed or in LG at slow and preferred
speeds. For SOL and LG, differences were seen in the push-off phase at fast and
maximum walking speeds. In SOL and TA, surface EMG registered activity during
phases in which intramuscular EMG indicated inactivity. Our results suggest that surface
EMG is generally a suitable method to measure MG and LG EMG activity across several
walking speeds. Minimising cross-talk in FHL remains challenging. Furthermore, SOL
and TA muscle onset/offset defined by surface EMG should be interpreted cautiously.
These findings should be considered when recording and interpreting surface EMG of
shank muscles in walking.

Keywords: bipedal locomotion, ankle plantar flexor muscles, surface electromyography, EMG, intramuscular
electromyography

Abbreviations: 95% CI, 95% confidence intervals; EMG, electromyography; FHL, flexor hallucis longus; HC, heel contact;
LG, lateral gastrocnemius; MG, medial gastrocnemius; SOL, soleus; SPM, Statistical Parametric Mapping; TA, tibialis anterior;
TO, toe-off.
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INTRODUCTION

Electromyography is often used in research and clinical
environments to examine muscle excitations in normal and
pathological conditions. There are two predominant forms of
EMG measurement; surface and intramuscular EMG (Farina
and Negro, 2012). Non-invasive surface EMG is widely used
for superficial, large, and easily accessible muscles. With surface
EMG, excitation level is acquired from a large area including
several motor unit populations (Roy et al., 1986). Despite its
popularity and relatively simple use, surface EMG has some
inherent limitations. For example, selective recordings from deep
muscles are not possible. Furthermore, due to the relatively
large pick-up area of the electrodes, unwanted signals can
be recorded from adjacent or deep muscles (Perry et al.,
1981; Dimitrova et al., 2002; Lowery et al., 2003), an error
source termed cross-talk. Cross-talk needs to be rigorously
considered since it may lead to the misinterpretation of the
recorded EMG signal (De Luca, 1997). General suggestions
for minimising cross-talk include proper surface electrode
location (Roy et al., 1986), and proper electrode size and
inter-electrode distance (Merletti et al., 2001). Proper surface
electrode location is also important since electrodes located
close to the innervation zone or the tendon region may
cause large signal amplitude variation (Sadoyama et al., 1985;
Roy et al., 1986; Rainoldi et al., 2000, 2004; Farina et al.,
2001; Merletti et al., 2001). Furthermore, during muscle
contractions the muscle moves under the skin and the electrodes,
which may also have considerable effects on the recorded
surface EMG signal (De Luca, 1997; Rainoldi et al., 2000;
Farina et al., 2001).

Intramuscular EMG is an invasive method and is therefore
seldom used. It is primarily used to study deep muscles
(Andersson et al., 1997; Õunpuu et al., 1997; Onishi et al., 2000),
and muscles that have a small cross-sectional area (Andersson
et al., 1997; Sutherland, 2001). Furthermore, special skills are
required to insert the electrodes, and this process takes longer
compared to the placement of surface electrodes (Õunpuu et al.,
1997). A major advantage of intramuscular EMG compared to
surface EMG is that it is suitable to selectively detect EMG
signals of a muscle during static and dynamic conditions, while
minimising cross-talk (Perry et al., 1981; De Luca and Merletti,
1988; De Luca, 1997; Onishi et al., 2000). By inserting fine
wires intramuscularly, the EMG recording wires will follow the
movement of the muscle underneath the skin during dynamic
contractions (e.g., in walking) (Hodges and Gandevia, 2000;
Chapman et al., 2010). Since it does not seem to affect human
gait patterns (Winchester et al., 1996), this method can be used to
detect EMG activity in human walking.

Human walking is a common movement requiring substantial
work from lower leg muscles, especially in the stance phase.
Therefore, recording EMG activity from different muscles of
the lower leg with high accuracy is of primary interest in gait
studies. Since both surface and intramuscular EMG methods aim
to examine muscle excitation timing and amplitude, previous
studies have used intramuscular EMG to validate the idea that
surface EMG signals contain no or negligible cross-talk (i.e.,

measure from the target muscle explicitly) (Kadaba et al., 1985;
Bogey et al., 2000, 2003). These studies focused on the SOL and
TA muscles only, explicitly measured during gait at self-selected
speed. However, the speed of locomotion seems to affect muscle
function and kinematics (Lelas et al., 2003; Cronin et al., 2013). It
is assumed that increased walking speed requires increased ankle
plantar flexor work (Neptune et al., 2008). The ankle plantar
flexors’ relative contribution to propulsion also changes with
speed besides a general increase in surface EMG activity in these
muscles (Cronin et al., 2013). To the best of our knowledge, there
is no study yet in which the validity of the surface EMG method
was examined for lower leg muscles apart from SOL and TA
across a range of walking speeds.

Thus, in this study we simultaneously recorded surface and
intramuscular EMG activity from flexor hallucis longus (FHL),
SOL, MG, LG, and TA muscles at different walking speeds to
examine whether EMG signals recorded with the two methods
show differences in EMG amplitude at any point across the
stance phase of walking. We hypothesised that there would be
no difference between surface and intramuscular EMG activity of
FHL, SOL, MG, LG, and TA muscles at relatively slow walking
speeds, but disagreement between these methods would appear
at faster speeds.

MATERIALS AND METHODS

Participants
After convenience-based sampling, 10 healthy, physically active
individuals (six males, four females; age 29.6 ± 7.4 years,
height 174.0 ± 12.5 cm, body mass 70.6 ± 12.7 kg, body mass
index: 23.14 ± 1.7 m−2 kg) without history of neuromuscular
disorders or previous/current leg injuries gave written consent
to participate in this study. The study was approved by
the Stockholm regional ethics committee (Approval No.:
2017/261-31/4) and was performed in agreement with the
Declaration of Helsinki.

Study Protocol
Participants first attended a familiarisation session where
they were acquainted with the study protocol and surface
EMG electrode locations were marked with permanent pen
(Figure 1A). The main testing session was 1–3 days later, where
after standardised warm-up in a dynamometer (submaximal and
maximal isometric plantar flexion and dorsiflexion contractions)
and 5 min preferred-speed walking, data collection started. First,
participants walked at their self-selected steady speed along the
measurement area five times in typical cushioned running shoes
while surface and intramuscular EMG activities from the right
shank and ground reaction forces were recorded. Out of the five
trials, the slowest and fastest trials were excluded and the speeds
of the remaining three trials were averaged to define preferred
walking speed of each individual. Then they walked at three
randomly ordered speeds, which were 30% slower and 30% faster
than preferred walking speed (within ±5% of target speed), and
maximum walking speed where participants were asked to walk
as fast as they could. Three successful trials were recorded at
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each speed. Overground walking trials started and terminated
2–3 m before and after the measurement area, respectively, to
aim for a steady speed over the 7 m measurement area. To
define walking speeds, custom-made photocells were installed
at the beginning and end of the measurement area. Participants
reported no discomfort and their walking pattern seemed normal
during the recordings.

Instrumentation
Surface and Intramuscular EMG Activity
After shaving, lightly abrading, and cleaning the skin with
alcohol, silver–silver chloride Ambu BlueSensor N (Ambu
A/S, Ballerup, Denmark) surface electrodes were put on the
examined muscles in bipolar configuration (Figure 1B). FHL
electrodes were placed behind the medial malleolus where the
muscle belly was superficial as defined by ultrasonography
(Echo Blaster 128; Telemed, Vilnius, Lithuania) [detailed
description in Péter et al. (2015)]. For MG, LG, and TA
muscles, the SENIAM recommendations were followed with
slight adjustments if individual-specific muscle morphologies
required. According to SENIAM (Hermens et al., 2000), SOL
surface electrodes are recommended to be placed on the medial
side of the shank at two-third of the line between medial
femur condyle to medial malleolus. However, it has been
shown previously that surface electrodes placed as recommended
were prone to register activity from muscles other than
SOL during self-selected speed walking (Bogey et al., 2000).
Therefore, in this study we placed SOL surface electrodes

FIGURE 1 | (A) The locations of the surface and intramuscular electrodes on
the investigated leg’s flexor hallucis longus (FHL), soleus (SOL), and medial
and lateral gastrocnemii (MG and LG). Surface electrodes were placed
between the horizontal lines; intramuscular electrodes were inserted
approximately where the dots are shown. (B) The investigated leg with the
surface and intramuscular electrodes attached. Tibialis anterior (TA) was also
measured (not shown).

laterally, at the same proximal–distal location. For FHL, inter-
electrode distance was decreased to 16 mm to minimise
cross-talk (Bojsen-Moller et al., 2010; Masood et al., 2014),
while inter-electrode distance for other muscles was 22 mm.
Furthermore, we also measured the distance between SOL
insertion and distal FHL muscle tendon junction to examine
if the magnitude of the space where surface electrodes can be
placed has any effects on the surface EMG activity compared to
intramuscular EMG.

Intramuscular electrodes were inserted by an experienced
radiologist (co-author HG) under real-time, high-resolution
B-mode, and Doppler ultrasonography (Logiq E9, GE,
United States) guidance. After cleaning the skin with alcohol,
Teflon-coated seven-stranded silver hook-wire electrodes were
inserted in bipolar configuration with an inter-tip distance of
≈5 mm (wire diameter 0.25 mm, stripped length of 2 mm
forming the recording surface, previously sterilised in an
autoclave), two in each muscle with hypodermic needles
(diameter 0.8 mm, after wire insertion the needles were carefully
withdrawn). The recording ending of the intramuscular EMG
electrodes for SOL, MG, LG, and TA muscles were inserted
underneath the surface electrodes. FHL intramuscular electrodes
were inserted 5–10 cm proximal to the surface electrodes, on
the lateral side of the shank, depending on the thickness of the
muscle belly and vascularisation (Figure 1A).

Surface and intramuscular EMG activity of all muscles was
simultaneously recorded using a telemetric system (MyoSystem
1400A, Noraxon Inc., Scottsdale, AZ, United States) with
a sampling frequency of 3000 Hz. Signals were transmitted
wirelessly to an A/D converter (Cambridge Electronic Design,
Cambridge, United Kingdom) that was connected to a personal
computer. Digital signals were collected and visualised online
in Spike2 software (Cambridge Electronic Design, Cambridge,
United Kingdom). A single surface reference electrode (silver–
silver chloride Ambu BlueSensor N, Ambu A/S, Ballerup,
Denmark) was attached to the skin over the medial aspect
of the tibia bone.

Gait Events
A plantar pressure insole was placed in the right shoe to define
the timing of HC and TO for all steps (Pedar-X 99-sensor in-
shoe dynamic pressure measuring system, Novel Inc., Munich,
Germany, 100 Hz sampling frequency). Data were sent to a
personal computer via Bluetooth to record in the Pedar software.
To ensure that insoles did not move in the shoes between trials,
the big toe was pressed down by an assistant before each trial and
we ensured that the same pressure sensors were activated this way
(Péter et al., 2015).

Halfway along the walking distance of the measurement area,
two 0.6 m × 0.4 m 3-D force platforms (Kistler type 9281EA,
Kistler AG, Winterthur, Switzerland) were installed in series.
Three-dimensional ground reaction force data were collected
from the right leg, one stride per trial to define the start of the
push-off phase. Walking trials were repeated if the participant’s
right leg did not hit at least one of the force platforms. Data were
recorded with Qualisys Track Manager software (Qualisys AB,
Sweden), with a sampling frequency of 3000 Hz.
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To synchronise data acquisition a trigger signal was sent
to the Spike software from the Pedar system at the start of
each recording. This trigger signal was sent simultaneously to
the Qualisys Track Manager software, which started recordings
in this software.

Analysis
Gait Events
First, HC and TO timings were defined for each step over the
measurement area in Matlab (MathWorks Inc., Natick, MA,
United States) as follows. Vertical force as the sum of forces
measured with all sensors of the insole was first extrapolated to
3000 Hz to coordinate with ground reaction force data. Then,
HC and TO were defined for the steps on the force plates based
on a 10 N vertical ground reaction force threshold (Osis et al.,
2016). The timings based on ground reaction force helped to
define thresholds for vertical forces measured with the insole to
minimise errors due to potential mismatch between the size of
the foot and the insole. Based on this subject- and task-specific
threshold, HC and TO were defined for all steps from steady-
speed trials within the measurement area (i.e., steps where force
signals were recorded by pressure insoles only, as well as those
recorded by the force plates). EMG activity was analysed between
HC and TO for all steps as detailed below.

For the steps that occurred on force plates, push-off
initiation was defined as the time when the anterior–posterior
ground reaction force crossed 0 N and became an anterior,
propulsive force, for visualisation (Figures 2–6). Sub-phases of
the stance were defined as early stance (0–16.5%), mid stance
(16.5–50%), late stance (50–83%), and pre-swing (83–100%)
based on previous literature (Neptune et al., 2001), to assist
data interpretation.

EMG Activity
Medial gastrocnemius surface EMG from one and LG surface
EMG from another participant were not recorded due to
technical issues. Additionally, one of the participants did not
perform maximum walking speed trials. All other recordings
were included in the analysis.

Electromyography signals of all muscles were analysed in
the stance phase of the step cycles as defined above. EMG
analyses were conducted in Matlab. Surface and intramuscular
EMG signals were band-pass filtered between 20 and 500 Hz
using a zero-lag 4th order Butterworth filter. The filtered and
rectified signals were smoothed with a 10 Hz zero-lag low-pass
filter (4th order Butterworth). Signals for each stance phase
were time-normalised (1–101 frames) using linear interpolation.
Subsequently, EMG signals were averaged within every walking
condition for each participant and muscle. To decrease inter-
individual variability, EMG signals were normalised to the peak
activity of preferred speed walking (Cronin et al., 2015). These
time- and peak-normalised signals were included in further
analysis as detailed below.

Statistical Analysis
We used SPM (Friston, 2007) to statistically examine the
difference between surface and intramuscular EMG amplitudes

FIGURE 2 | Raw data from one step of one participant recorded during
preferred speed walking. The top two panels show ground reaction forces
(vertical and horizontal) measured with the force platform. The remaining
panels show surface and intramuscular EMG activity of flexor hallucis longus
(FHL), soleus (SOL), medial gastrocnemius (MG), lateral gastrocnemius (LG),
and tibialis anterior (TA). HC, heel contact; PO, push-off start; TO, toe off.

at each point of the time-normalised stance phase. SPM analysis
was performed in Matlab using the open-source spm1d code
(v.M0.11). SPM two-tailed paired t-tests were used to compare
surface and intramuscular EMG signal curves of all muscles
during slow, preferred, fast, and maximum walking speeds as
follows. Firstly, the scalar output statistic SPM{t} was calculated
forming a Statistical Parametric Map. SPM{t} is a scalar trajectory
variable, that shows the magnitude of differences between
surface and intramuscular EMG signals. The magnitudes of the
differences were also expressed as mean difference ± 95% CI.
In order to test the null hypothesis, we calculated 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, based on that smoothness, 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. In the final step, cluster specific p-values
were calculated.

1www.spm1d.org
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FIGURE 3 | Electromyography (EMG) activity (mean and standard deviation) of each muscle (A–E: normalised to peak activity in preferred speed walking, %peak)
and the corresponding comparisons between surface and intramuscular EMG recordings (F–J) in the stance phase of slow walking (1.01 ± 0.13 m s−1). Vertical
dotted lines represent the beginning of push-off. Panels (F–J): SPM{t} statistics for two-tailed t-tests (solid black lines, left y-axis), and mean difference with 95%
confidence intervals (grey dotted lines with shaded areas). Dashed red lines are critical thresholds (t∗) calculated for α significance level defining supra-threshold
clusters for SPM{t} trajectories. P-values were calculated for each supra-threshold cluster.

FIGURE 4 | Electromyography (EMG) activity (mean and standard deviation) of each muscle (A–E, normalised to peak activity in preferred speed walking, %peak)
and the corresponding comparisons between surface and intramuscular EMG recordings (F–J) in the stance phase of preferred speed walking (1.43 ± 0.19 m s−1).
Vertical dotted lines represent the beginning of push-off. Panels (F–J): SPM{t} statistics for two-tailed t-tests (solid black lines, left y-axis), and mean difference with
95% confidence intervals (grey dotted lines with shaded areas). Dashed red lines are critical thresholds (t∗) calculated for α significance level defining supra-threshold
clusters for SPM{t} trajectories. P-values were calculated for each supra-threshold cluster.

RESULTS

Walking speeds were 1.01 ± 0.13, 1.43 ± 0.19, 1.84 ± 0.23, and
2.20 ± 0.38 m s−1 (mean ± standard deviation), and number
of steps included in the analysis were 14 ± 3, 12 ± 3, 11 ± 2,

and 9 ± 1 (median ± interquartile range) at slow, preferred,
fast, and maximum walking speeds, respectively. Stance phase
durations were 0.81 ± 0.06, 0.67 ± 0.06, 0.58 ± 0.04, and
0.5 ± 0.04 s (mean ± standard deviation) at slow, preferred, fast,
and maximum walking speeds, respectively. The space between
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FIGURE 5 | Electromyography (EMG) activity (mean and standard deviation) of each muscle (A–E: normalised to peak activity in preferred speed walking, %peak)
and the corresponding comparisons between surface and intramuscular EMG recordings (F–J) in the stance phase of fast walking (1.84 ± 0.23 m s−1). Vertical
dotted lines represent the beginning of push-off. Panels (F–J) SPM{t} statistics for two-tailed t-tests (solid black lines, left y-axis), and mean difference with 95%
confidence intervals (grey dotted lines with shaded areas). Dashed red lines are critical thresholds (t∗) calculated for α significance level defining supra-threshold
clusters for SPM{t} trajectories. P-values were calculated for each supra-threshold cluster.

FIGURE 6 | Electromyography (EMG) activity (mean and standard deviation) of each muscle (A–E: normalised to peak activity in preferred speed walking, %peak)
and the corresponding comparisons between surface and intramuscular EMG recordings (F–J) in the stance phase of maximum speed walking (2.20 ± 0.38 m s−1).
Vertical dotted lines represent the beginning of push-off. Panels (F–J) SPM{t} statistics for two-tailed t-tests (solid black lines, left y-axis), and mean difference with
95% confidence intervals (grey dotted lines with shaded areas). Dashed red lines are critical thresholds (t∗) calculated for α significance level defining supra-threshold
clusters for SPM{t} trajectories. P-values were calculated for each supra-threshold cluster.

SOL insertion and distal FHL muscle–tendon junction where
surface electrodes could be placed was 3.22 cm on average,
ranging from 2.5 to 4.7 cm.

Figure 2 shows typical EMG signals from the five muscles
recorded both with surface and intramuscular electrodes. Mean
EMG activity results for all muscles and walking speeds are

presented for the whole group of participants in Figures 3–6 and
for each individual in Figures 7–11.

In FHL we found differences in late stance at slow, preferred,
and maximum speed walking (slow: 65.7–74% of stance phase,
p < 0.001, preferred: 64.8–70.9%, p = 0.003, maximum speed
walking: 60.1–66.7%, p = 0.005). There was no difference in FHL
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in fast walking. However, we found subject-specific differences
between surface and intramuscular EMG patterns in FHL at all
walking speeds (Figure 7).

In SOL, there were differences in early stance at all walking
speeds (slow: 0–7.3%, p = 0.004, preferred: 0–5.3%, p = 0.008, fast:
0–1.4%, p = 0.045, maximum: 0–5.2%, p = 0.02), and in late stance

at all speeds except slow (preferred: 72.7–73.6%, p = 0.047, fast:
68.5–84.2%, p < 0.001, maximum: 63.8–86.6%, p < 0.001). There
were also a differences in pre-swing at all speeds except preferred
speed (slow: 95.3–98.6%, p = 0.03, fast: 68.5–84.2% and 95.3–
100%, p < 0.001 and p = 0.016, respectively, maximum: 63.8–
86.6% and 95.2–100%, p < 0.001 and p = 0.023, respectively).

FIGURE 7 | Flexor hallucis longus surface (solid) and intramuscular (dashed) electromyography (EMG) activity at slow, preferred, fast, and maximum walking speeds
(1.01 ± 0.13, 1.43 ± 0.19, 1.84 ± 0.23, and 2.20 ± 0.38 m s−1, respectively) in the stance phase for each individual (A–J, respectively). The amplitudes of
smoothed and time-normalised EMG curves were normalised to peak activity in preferred speed walking (%peak). Each curve represents the average of all steps
(number of steps included in the analysis were 14 ± 3, 12 ± 3, 11 ± 2, and 9 ± 1, median ± interquartile range, at slow, preferred, fast, and maximum walking
speeds, respectively) at a given walking speed.

FIGURE 8 | Soleus surface (solid) and intramuscular (dashed) electromyography (EMG) activity at slow, preferred, fast, and maximum walking speeds (1.01 ± 0.13,
1.43 ± 0.19, 1.84 ± 0.23, and 2.20 ± 0.38 m s−1, respectively) in the stance phase for each individual (A–J, respectively). The amplitudes of smoothed and
time-normalised EMG curves were normalised to peak activity in preferred speed walking (%peak). Each curve represents the average of all steps at a given walking
speed.
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FIGURE 9 | Medial gastrocnemius surface (solid) and intramuscular (dashed) electromyography (EMG) activity at slow, preferred, fast, and maximum walking speeds
(1.01 ± 0.13, 1.43 ± 0.19, 1.84 ± 0.23, and 2.20 ± 0.38 m s−1, respectively) in the stance phase for each individual (A–J, respectively). The amplitudes of
smoothed and time-normalised EMG curves were normalised to peak activity in preferred speed walking (%peak). Each curve represents the average of all steps
(number of steps included in the analysis were 14 ± 3, 12 ± 3, 11 ± 2, and 9 ± 1, median ± interquartile range, at slow, preferred, fast, and maximum walking
speeds, respectively) at a given walking speed.

FIGURE 10 | Lateral gastrocnemius (solid) and intramuscular (dashed) electromyography (EMG) activity at slow, preferred, fast, and maximum walking speeds
(1.01 ± 0.13, 1.43 ± 0.19, 1.84 ± 0.23, and 2.20 ± 0.38 m s−1, respectively) in the stance phase for each individual (A–J, respectively). The amplitudes of
smoothed and time-normalised EMG curves were normalised to peak activity in preferred speed walking (%peak). Each curve represents the average of all steps
(number of steps included in the analysis were 14 ± 3, 12 ± 3, 11 ± 2, and 9 ± 1, median ± interquartile range, at slow, preferred, fast, and maximum walking
speeds, respectively) at a given walking speed.

In TA, there were differences in mid stance at all walking
speeds (slow: 43.7–44.3 and 47.5–67.2%, p = 0.049 and
p < 0.001, respectively, preferred: 45.9–85.3%, p < 0.001,

fast: 39.4–70.2%, p < 0.001, maximum: 25.7–30.4 and 35.6–
67.2%,p = 0.015 and p < 0.001, respectively). Similarly,
there were differences in late stance at all walking speeds
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FIGURE 11 | Tibialis anterior surface (solid) and intramuscular (dashed) electromyography (EMG) activity at slow, preferred, fast, and maximum walking speeds
(1.01 ± 0.13, 1.43 ± 0.19, 1.84 ± 0.23, and 2.20 ± 0.38 m s−1, respectively) in the stance phase for each individual (A–J, respectively). The amplitudes of
smoothed and time-normalised EMG curves were normalised to peak activity in preferred speed walking (%peak). Each curve represents the average of all steps
(number of steps included in the analysis were 14 ± 3, 12 ± 3, 11 ± 2, and 9 ± 1, median ± interquartile range, at slow, preferred, fast, and maximum walking
speeds, respectively) at a given walking speed.

(slow: 47.5–67.2 and 78.6–83.3%, p < 0.001 and p = 0.023,
respectively, preferred: 45.9–85.3%, p < 0.001, fast: 39.4–70.2%,
p < 0.001, maximum: 35.6–67.2%, p < 0.001). There were also
a differences in pre-swing at slow and preferred speed (slow:
78.6–83.3%, p = 0.023, preferred: 45.9–85.3%, p < 0.001).

In MG there was no difference between surface and
intramuscular EMG at any walking speed, or at slow or preferred
speed walking in LG. However, at faster speeds we found
differences in LG in late stance and pre-swing (fast: 71.8–86.3%,
p < 0.001, maximum speed walking: 82–85%, p = 0.036).

DISCUSSION

This study compared surface and intramuscular EMG activity
of key plantar flexor muscles in walking at different speeds
by comparing the amplitudes of surface and intramuscular
EMG recordings from healthy participants. In FHL, we found
differences in the late stance phase at all speeds except fast,
therefore questioning the validity of surface EMG for this muscle.
In SOL and TA, surface EMG registered activity during phases
in which intramuscular EMG indicated inactivity. For SOL and
LG, differences between the two EMG methods were also seen
around peak activity at relatively fast walking speeds. These
results suggest that surface EMG signals were influenced by cross-
talk in these cases. No differences in EMG amplitudes were found
between the two methods for MG at any speed and LG at slow and
preferred speeds, supporting the validity of surface EMG for these
muscles within the range of walking speeds studied.

Early studies indicate that FHL is active in the stance
phase of walking (Perry, 1992). This study confirmed that
FHL is mainly active in push-off, therefore indicating a
potential role of this muscle in propulsion. Bojsen-Moller
et al. (2010) demonstrated that surface EMG recordings from
FHL are possible with minimal cross-talk in submaximal
contractions when electrodes are placed behind the medial
malleolus with 16 mm interelectrode distance. To further
improve electrode location accuracy, we used ultrasonography
guidance (Péter et al., 2015, 2017). Despite careful electrode
location and the decreased inter-electrode distance, the current
study revealed significant subject-specific differences between
surface and intramuscular EMG patterns in FHL at a range
of walking speeds. Indeed, Figure 7 shows that surface
and intramuscular EMG activity of participants A, D, E,
and H follow similar patterns in contrast to the six other
participants. The reason why the amplitudes of surface
and intramuscular EMG recordings are in agreement for
some but not other participants could be manifold. One
explanation is that the mechanical behaviour of FHL muscle–
tendon complex seems to be individual-specific, and this
presumably affects surface EMG recordings due to tissue
motion underneath the skin. For example, in cadaver gait
simulations, Hofmann et al. (2013) reported large differences
between FHL tendon excursion in the stance phase ranging
between 4.31 and 10.16 mm (mean = 7.18 mm, n = 8).
Regarding muscle mechanics in vivo, we previously detected
high inter-individual differences in FHL fascicle length change
at similar walking speeds to those applied in the current study
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(Péter et al., 2017). It should also be mentioned that the
defined space where surface electrodes were placed (distance
between SOL insertion and distal FHL muscle tendon junction)
was as short as 3.22 cm (ranging from 2.5 to 4.7 cm),
increasing the potential for cross-talk, although data from
some participants with relatively shorter distance presented
good agreement between methods compared to others with
more space for electrodes. Other factors such as changes in
skin impedance and inter-individual differences in subcutaneous
tissue thickness behind the medial malleolus can further
influence surface EMG recordings. Some of the potential factors
that increase cross-talk are challenging to examine and control,
therefore based on our current knowledge we suggest using
intramuscular instead of surface EMG to define the EMG
activity for FHL muscle.

Soleus is mostly active from mid stance to the beginning
of the pre-swing phase during walking, and is inactive in
the swing phase (Perry, 1992; Cuccurullo, 2004). Previous
studies found no intramuscular EMG activity in the swing
phase but some activity was seen from surface EMG in
preferred-speed walking, suggesting potential cross-talk from TA
(Bogey et al., 2000, 2003). Although surface and intramuscular
EMG activity followed similar patterns in the active phase,
both studies [see Figure 1 in Bogey et al. (2000) and
Figure 2 in Bogey et al. (2003)] showed higher SOL surface
activity in early stance and at the end of the pre-swing
phase compared to intramuscular EMG at preferred speed
walking. Concurrently, we detected activity with surface EMG
in early stance at all speeds and in the pre-swing phase
at all speeds except preferred speed while there was no
activity with intramuscular EMG, suggesting that surface
EMG was subject to cross-talk. Furthermore, we found
differences between surface and intramuscular EMG signal
amplitudes in SOL around peak activity at preferred, fast,
and maximum speed walking. Our results show that at all
walking speeds when surface EMG electrodes are placed
laterally, they are prone to detect activity in those phases
in which intramuscular EMG indicates that the muscle is
actually inactive. This is similar to previous findings (Bogey
et al., 2000, 2003) where medial surface electrode placement
was used. Thus, SOL surface EMG activity may be affected
by cross-talk and based on these results, SOL onset/offset
during walking defined by surface EMG signals should be
interpreted cautiously. Based on our results SOL surface
electrodes should be placed over the skin with great caution.
After checking SOL surface electrode location based on SENIAM
recommendations, the location should be reconsidered based on
muscle belly thickness to decrease cross-talk and moved to a
location where SOL muscle belly is larger but also sufficiently
far from MG and LG.

Similar to previous reports (Perry, 1992; Cuccurullo, 2004),
the gastrocnemii muscles were activated in the stance phase. In
MG we found no difference between surface and intramuscular
EMG amplitudes at any walking speeds, suggesting that
surface EMG is a suitable method with the used surface
electrode location and inter-electrode distance. Compared to
other plantar flexors, full agreement between methods across

a range of walking speeds can be explained by the large
cross-sectional area of MG, which enables electrodes to be
placed a sufficient distance from other muscles, thereby
minimising cross-talk. Although LG has substantially lower
volume (Ward et al., 2009), surface EMG seems valid at slow
and preferred speed walking, but small differences were seen
in three participants (participant G, I, and J; Figure 10).
However, LG surface electrodes seem to pick up some activity
from surrounding muscles at faster speeds. This may be due
to increased activity of neighbouring muscles and alteration
in intermuscular coordination strategies as walking speed
increases (Cronin et al., 2013). Our results suggest that surface
EMG cross-talk is minimised for LG, at least at slow and
preferred speed walking.

Previous studies showed two distinct peaks in intramuscular
TA EMG activity in the stance phase of walking, near heel-
strike, and TO, respectively, whereas TA was not active in the
mid stance (or mid-swing) phases in healthy individuals (Gray
and Basmajian, 1968). These findings are all in agreement with
our intramuscular results. However, we detected surface but
not intramuscular EMG activity in the mid and late stance
phases at all walking speeds. In these phases, plantar flexors are
highly active, providing a potential source of cross-talk. This
suggests that defining onset/offset may be affected by cross-talk in
these inactive periods. Additionally, at slow and preferred speed
walking we also found a difference in the pre-swing phase, which
may be due to the speed-effects mentioned above.

Limitations
Sample size in intramuscular EMG studies is relatively low
in general, mainly due to the invasive and costly nature
of the study. Similarly, in the current study, the relatively
low sample size might have led to increased type II error
rate and increased uncertainty in the magnitude of the
differences. This can be seen in the 95% CIs shown in
the figures comparing EMG activity acquired with the two
methods. Additionally, we placed intramuscular EMG electrodes
in close proximity to the surface electrodes in all muscles
except FHL, where intramuscular electrodes were inserted 5–
10 cm proximal to the surface electrodes, and on the lateral
side of the shank due to rich vascularisation close to the
surface electrodes. Therefore, potential regional differences
in activation might have affected the detected differences
between surface and intramuscular EMG recordings. It should
also be mentioned that intramuscular EMG records from
a relatively smaller number of motor units compared to
surface EMG, which might have been an additional source
of differences detected between EMG amplitudes acquired
with the two methods. However, we placed the intramuscular
EMG wires as close as possible to the surface electrodes
to make sure we record from the same muscle region.
Inter-electrode spacing can also affect differences between
the two methods. Although an inter-electrode spacing of
∼20 mm is typical in surface EMG studies (and was
used in the current study for all muscles except FHL),
smaller (i.e., 10 mm) inter-electrode spacing may decrease the
potential for cross-talk (De Luca et al., 2012). The application
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of our results may be restricted to healthy and non-injured
individuals with a relatively thin subcutaneous fat layer over the
examined muscles.

CONCLUSION

The validity of surface EMG to measure shank muscle activity
is muscle- and walking speed-specific. Our results suggest that
surface EMG is generally a suitable method of measuring
muscle activity in MG and LG across several walking speeds.
SOL and TA activity measured with surface EMG should be
interpreted with caution in relevant sub-phases of walking.
For FHL, surface EMG is not recommended. Future studies
should explore potential sources of cross-talk and whether they
can be further minimised (e.g., by decreasing inter-electrode
distance), thereby improving the ability to selectively record from
each shank muscle.
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