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Architectural changes 1n superficial and deep
compartments of the tibialis anterior during
clectrical stimulation over different sites

Marco Carbonaro, Olivier Seynnes, Nicola A. Maffiuletti, Chiara Busso, Marco A. Minetto, and
Alberto Botter, Member, IEEE

Abstract—  Electrical stimulation is widely used in
rehabilitation to prevent muscle weakness and to assist the
functional recovery of neural deficits. Its application is however
limited by the rapid development of muscle fatigue due to the
non-physiological motor unit (MU) recruitment. This issue can be
mitigated by interleaving muscle belly (mStim) and nerve
stimulation (nStim) to distribute the temporal recruitment
among different MU groups. To be effective, this approach
requires the two stimulation modalities to activate minimally-
overlapped groups of MUs. In this manuscript, we investigated
spatial differences between mStim and nStim MU recruitment
through the study of architectural changes of superficial and
deep compartments of tibialis anterior (TA). We used ultrasound
imaging to measure variations in muscle thickness, pennation
angle, and fiber length during mStim, nStim, and voluntary (Vol)
contractions at 15% and 25% of the maximal force. For both
contraction levels, architectural changes induced by nStim in the
deep and superficial compartments were similar to those
observed during Vol. Instead, during mStim superficial fascicles
underwent a greater change compared to those observed during
nStim and Vol, both in absolute magnitude and in their relative
differences between compartments. These observations suggest
that nStim results in a distributed MU recruitment over the
entire muscle volume, similarly to Vol, whereas mStim
preferentially activates the superficial muscle layer. The diversity
between spatial recruitment of nStim and mStim suggests the
involvement of different MU populations, which justifies
strategies based on interleaved nerve/muscle stimulation to
reduce muscle fatigue during electrically-induced contractions of
TA.

Index Terms— Electrical stimulation, spatial recruitment,
muscle architecture, muscle fatigue, ultrasonography.
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I. INTRODUCTION

ELECTRICAL stimulation of skeletal muscles is widely used
to prevent muscle weakness and atrophy, to improve
muscle function (e.g. in rehabilitation and training [1]) or to
compensate for functional deficits after neural damage (e.g. to
improve gait quality in post-stroke patients [2]). Muscle
contractions can be evoked by delivering electrical pulses over
the trunk of peripheral nerves or to the terminal nerve
branches at the muscle level. The former type of stimulation is
typically referred to as nerve trunk stimulation (nStim), while
the latter is called neuromuscular electrical stimulation or
muscle belly stimulation (mStim).
A well-known factor limiting the clinical use of electrical
stimulation is the development of muscle fatigue , i.e. a
decline in the capacity of muscle to generate force, that is
particularly marked and fast in stimulated contractions [3].
This performance reduction, also referred to as “fatigability”
[4], is largely due to the non-physiological pattern of motor
unit (MU) recruitment occurring in electrically-induced
contractions. Unlike voluntary contractions, the order of
recruitment of MUs does not follow the Henneman’s size
principle [5] and depends on the electrode location and
configuration [6]-[10]. Additionally, MUs tend to be recruited
synchronously with the stimulation frequency [11], requiring
higher activation frequencies to obtain a tetanic contraction
[12]. Finally, for a given stimulation level, the pool of active
MUs is fixed and depends on electrode location [13]. In the
last two decades, several types of stimulation methods have
been proposed to alter the MU recruitment specificities of
electrically-induced contractions, with the ultimate goal to
minimize fatigue. Two main approaches can be discerned. The
first one aims at obtaining a physiological (i.e. Henneman-
like) MU recruitment order by stimulating the muscle through
spinal pathways [14]-[20]. The second one uses multiple
stimulation sites to sequentially distribute muscle activation
among different MU pools, thus reducing the stimulation
frequency of each site. This type of stimulation can be
achieved by positioning the stimulation electrodes at different
locations on the muscle surface (distributed stimulation [21]-
[29]), or by interleaving nStim and mStim ([30]-[35]). The
latter is referred to as interleaved stimulation (iStim).

The extent to which multiple-site stimulation is effective in
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reducing muscle fatigue depends on the degree of overlapping
between the MU pools recruited at the different stimulation
sites [32]. Ideally, if no overlap occurs between N stimulation
sites, all MUs will be activated at 1/N of the overall
stimulation frequency. The lower the proportion of MUs
commonly activated by different sites (low overlap), the lower
the average stimulation frequency of all activated MUs, which
limits the occurrence of fatigue. The degree of overlap
between MUs activated at different stimulation sites is overtly
related to the electrode arrangement and to the anatomical
features of the muscle: size, presence of different
compartments, innervation paths. In large superficial muscles
or muscle groups (e.g. quadriceps), multiple pairs of mStim
electrodes positioned over different muscle regions
(distributed stimulation) may be sufficient to selectively
activate different muscle portions. However, a stimulation set-
up based on several mStim sites may not be feasible in small
muscles or may not be optimal in cases where a substantial
fraction of the net joint force is generated by deep muscles or
deep compartments of the same muscle. In these cases, iStim
may be preferable, as the pool of MUs alternatively recruited
by nStim and mStim are likely to differ in terms of MU type
and spatial location. Okuma and colleagues [31] tested this
hypothesis on the tibialis anterior muscle (TA), which is
composed of a superficial and deep compartment separated by
a central fascia (i.e. bipennate muscle [36]). By comparing the
M-wave amplitude detected by fine-wire electrodes located in
the superficial and deep compartments of TA, they showed
that mStim preferentially activated the superficial muscle
compartment, while nStim was not spatially selective. This
stimulation-specific MU recruitment was considered to be the
main determinant of the lower fatigue observed during TA
stimulation ~ with  iStim  [33].  Although fine-wire
electromyography (EMG) is the only way to assess the
electrical activation of deep muscle regions, this technique is
limited by the small detection volume and does not provide a
global description of muscle activation, which may be useful
to better understand the extent to which superficial and deep
muscle regions are selectively activated by different
stimulation modalities.

An alternative approach to non-invasively quantify the
contribution of both superficial and deep muscle
compartments is ultrasonography (US), which may provide a
direct measure of the tissue strain resulting from muscle
activation [37], [38]. B-mode US gives the possibility to
image skeletal muscle in static and dynamic conditions and
characterize changes in muscle morphometric parameters such
as fascicle length (FL), pennation angle (PA) and muscle
thickness (MT) [39], [40]. In this study we used US image
sequences to quantify architectural changes in the superficial
and deep muscle compartments of TA during nStim and
mStim at different contraction levels. We hypothesized that
fascicular shortening and rotation would be prominent in the
superficial compartment of the TA when using mStim, while
nStim would elicit contraction patterns closer to voluntary
contractions, similar in superficial and deep muscle
compartments.

EMG TA
US probe Z |
EMGTA  ©
EMG PL

EMG PL

(b)

@

Fig. 1. (a) Schematic representation of the experimental setup. The lower
leg was positioned in an isometric brace with a 90 deg knee angle and a 105
deg ankle angle. nStim and mStim indicate the electrode location for nerve
stimulation and muscle stimulation, respectively (the cathode is the small
electrode for nStim and the proximal electrode for mStim). Dotted circles
represent the location of surface EMG electrodes positioned over tibialis
anterior (TA) and peroneus longus (PL) to verify the selectivity of TA
stimulation. F: head of fibula, M: malleolus. (b) Examples of M-waves
detected from TA and PL during stimulation of the common peroneal nerve.
The stimulation artifacts appear every 25 ms (40 pps stimulation). In this
representative case, the difference in M-wave amplitude between TA and PA
suggested a selective stimulation of TA.

Il. MATERIALS AND METHODS

A. Participants

Thirteen participants (age range: 24-45 years; mean height
+ SD: 176 + 8 cm; mean weight + SD: 68 + 7 kg), three
females and ten males were recruited in the study. All subjects
had no history of neurological or musculoskeletal impairments
or diseases. The study was conducted in accordance with the
Declaration of Helsinki and informed consent was obtained
from all participants after receiving detailed explanation of the
study procedures. Ethics approval (protocol n. 176866) was
granted by the Ethics Committee of the University of Turin

(Italy).

B. Protocol

1) Experimental procedure

Participants were seated on a chair with the backrest in front
of an isometric pedal-like dynamometer. The position of the
subject was adjusted to obtain approximately 110 deg of hip
angle, 90 deg of knee angle and 105 deg of ankle angle (Fig.
1). The foot was securely blocked to the footplate of the
dynamometer (see “Force recording”) with two blocking
bindings.

At the beginning of the experiment, each participant
performed three maximum voluntary contractions (MVCs) of
the ankle dorsiflexors, while visual feedback of the force level
and verbal encouragement were consistently provided. The
maximum force level of the three MVCs was used to
normalize force in the subsequent contractions [41].
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Longitudinal US images were recorded from the TA during
three types of isometric ankle dorsiflexions at 15% and 25%
MVC force: voluntary (Vol), induced by mStim, and induced
by nStim. The force levels used in this study were selected to
be comparable to those often used in functional electrical
stimulation protocols for foot drop [42]. Moreover, pilot
experiments indicated that 25% of MVC force was the
maximal level at which all data could reliably be collected,
and all modalities of stimulations could be completed with
negligible discomfort. For each subject and stimulation
modality, the appropriate current amplitude inducing the
required force level (15% and 25% MVC force) was identified
before the beginning of the acquisitions.

For each contraction type and force level, three trials were
acquired. During voluntary contractions the subject was
provided with a visual force feedback and was asked to match
a force profile on a screen: a 2-s ramp from zero to the target
force (either 15% or 25% MVC force) followed by a 5-s
constant level at the target force. The same force profile was
used during electrically-evoked contractions, in this case the
experimenter manually adjusted the stimulation current to
match the required force.

2) Force recording

An isometric pedal-like dynamometer (OT Bioelettronica,
Torino, Italy) housing a footplate connected with a force
transducer (MODEL TF 031, full scale of 100 kg and
sensitivity of 2 mv/V, CCT Transducers, Torino, Italy) was
used to measure isometric forces. The output of the load cell
was amplified with a general-purpose amplifier (Forza, OT
Bioelettronica, Torino, Italy). A standard acquisition board
(N1 USB-6210, National Instruments, Austin, Texas) was used
to acquire the analog output of the force amplifier, that was
displayed in real time for feedback purposes on a computer
screen, along with the required force profile. A custom-written
MATLAB Graphical User Interface (The Mathwork, Natick,
MA, USA) was used for this purpose.

3) Electrical stimulation

A constant-current  neuromuscular stimulator (model
DS7AH; Digitimer, Welwyn Garden City, UK) delivering a
monophasic rectangular pulse with a duration of 100 us was
used for both mStim and nStim. The stimulation frequency
was set to 40 pps through a stimulation trigger generator
(StimTrig; LISIN, Politecnico di Torino, Italy) connected to
the trigger input of the stimulator. Fig. 1a shows the
positioning of stimulation electrodes. Disposable adhesive
snap electrodes (EB Neuro S.p.A., Firenze, Italia) were used
for both nStim and mStim.

For nStim, we positioned a small cathode electrode (1 x 1
cm) approximately 1 cm distally with respect to the head of
the fibula along the peroneal nerve path and a large anode (7 x
4.5 cm) over the lateral aspect of the patella. It is worthy to
note that the stimulation of the peroneal nerve may lead to the
activation of both TA and peroneus longus (PL). Since we
were interested in the association between architectural TA
changes and dorsiflexion force, the activation of PL
(generating foot eversion), had to be avoided. Therefore, we
carefully adjusted the electrode configuration in order to

maximize the stimulation of TA while minimizing that of PL.
To this end, we detected bipolar M waves (DuePro, OT
Bioelettronica, Torino, Italy) from TA and PL and we
modified the pressure on the cathode (using an elastic strap)
and its orientation to maximize the ratio between TA and PL
M-wave amplitudes (Fig. 1b). In addition, for this type of
stimulation, we also visually inspected the ankle movements:
no or minimal ankle eversion should be visible during
selective TA stimulation.

For mStim, the most proximal motor point over the TA
muscle belly was identified following the procedure described
in Botter et al. [42]. Afterwards, the cathode electrode (3.5 x
4.5 cm) was positioned over the identified motor point, while
the anode electrode with the same size of the cathode was
attached approximately 7 cm distally with respect to the
cathode, to allow positioning of the US probe between them
(Fig. 1a).

4) Ultrasound imaging

A MyLab X Vision ultrasound device (Esaote, Genova,
Italy) equipped with a linear array transducer (LA532, 5 cm)
with a frequency range of 3-13 MHz (set to 7.5 MHz to
investigate skeletal muscle) was used to scan the TA. At the
beginning of each experimental section, gain, depth, focus
number, position and orientation were defined initially to
achieve good quality of images on an individual basis. When
the appropriate system set-up setting was found, all parameters
were kept constant except for scanning depth and gain that
were adjusted as needed. The ultrasound probe was hand-held
between the stimulation electrodes for mStim and aligned with
the proximal distal axis of the shank (Fig. 1a). The optimal
position and orientation of the probe was set for each subject
to clearly visualize the middle and deep aponeuroses, as well
as single fascicles in the two muscle compartments (Fig. 2a)
[43]. In this respect, special care was taken to identify the
optimal medio-lateral tilting of the probe to an orientation
perpendicular to the deeper aponeuroses of both
compartments, to ensure measurement standardization and
optimal imaging of fascicles (Fig 2b) [44]. When this
adjustment could not be strictly obtained, the probe was set to
match the wanted position as closely as possible to optimize
the quality criteria described above.

For each contraction, an US video (sampling rate ~20
frames/s) was recorded and then transferred to a workstation
for offline processing and later analysis.

C. Data analyses

Three morphometric parameters were extracted from the
longitudinal US images, as described in the planimetric
muscle model of the TA in Fig. 2a: FL, PA, MT. For each
experimental condition and muscle compartment (superficial
and deep) we computed changes in each variable with respect
to the image of the rest phase, acquired in the same recording,
starting 3 s before the contraction.

FL and PA were tracked semi-automatically with UltraTrack
(version 4.2, [45]). The algorithm and the software have been
described and validated previously [45]-[47]. The specific
procedure adopted to identify the variables of interest (FL and



TNSRE-2020-00357 4

Distal

Proximal

Superficial  Planimetric muscle model o e ‘*w :
aponeurosis S e ~
| ROI superficial FL 3 =
: compartment MT
Middle PA
aponeurosis
. ROI Deep FL MT
t compartment
- PA
Deep
aponeurosis = Fascicles
Aponeurosis

Lateral

Medial

Fig. 2. (a) US longitudinal scan of TA. All the aponeuroses are clearly visible and consequently the two compartments (superficial in blue and deep in red). For
each muscle compartment one fascicle (solid line) and the region of interest (dashed lines) are highlighted. Planimetric muscle model of the longitudinal US
image reporting all the morphometric variables considered. FL = fascicle length; PA = pennation angle; MT = muscle thickness. (b) Trasversal US image of TA
to visually inspect the scanning direction (yellow dash-dotted line) and achieve good quality of the longitudinal image. It is possible to notice the deep and

central aponeurosis and the tibia bone.

PA) is described in Farris and Lichtwark [45]. MT was
calculated from the central parts of the regions of interests
defined between the aponeuroses of each muscle
compartments (Fig. 2a). When the length of fascicles extended
beyond the field of view, the missing fascicle portion was
estimated using linear extrapolations of the fascicle and
aponeuroses. The PA was calculated as the sum of the angle of
fascicles relative to the image horizontal axis and the angle
between this axis and the central or deep aponeuroses [48].
1) Statistical analysis

The Shapiro-Wilk normality test was used to verify the
normal distribution of the data. As the normal distribution was
confirmed for all datasets, non-parametric statistical tests were
adopted and results are reported as means £ SD. In order to
verify the validity of the subsequent comparisons (similar
mechanical output), a one-way ANOVA was used to compare
force variables (rising time and force level) between the
different contraction types. The effects of the factors (i)
contraction type (Vol, nStim, mStim), (ii) TA compartment
(superficial and deep) and (iii) contraction level (15% and
25% MVC) on architectural variables (MT, FL, PA) were
assessed using a three-way repeated measures ANOVA.
Bonferroni correction was performed whenever the ANOVA
indicated a significant, additive effect. A level of p < 0.05 was
selected to indicate statistical significance.

Il. RESULTS

A. General Description

All tested subjects completed the experiment without
reporting excessive discomfort due to electrical stimulation. In
eleven subjects, the peak-to-peak amplitude of the M wave
induced in TA was at least 10 times larger than that of the PL,
suggesting a good stimulation selectivity for TA. In two
participants, the ratio between the amplitude of EMG signals
detected from TA and PL during nStim was approximately 3.
For this reason, these two subjects were excluded from further
analyses. For the remaining eleven subjects, the selective
stimulation of TA was also confirmed by visual inspection of

the foot movement during the test contractions, showing no
foot eversion in all of them. In one subject, the electrode
configuration was slightly changed to achieve a selective
contraction of the TA during peroneal nerve trunk stimulation.
Specifically, we kept the cathode electrode in the original
position over the nerve and we moved the large electrode (i.e.,
the anode) from the patella to the posterior distal thigh to
modify the direction of the current lines under the cathode
electrode, which likely determined a more selective activation
of the TA.

Table 1 reports the current levels corresponding to the
motor thresholds and those required to reach the plateau of the
target forces, for the two stimulation modalities. As expected,
both for nStim and mStim, significantly higher current
intensities were required to reach 25% MVC than 15% MVC
(p<0.05 Wilcoxon signed-rank test). For both contraction
levels, current amplitudes in mStim were higher than nStim
(p<0.05 Wilcoxon signed-rank test).

TABLE |
CURRENT AMPLITUDES (MEAN * SD) IN 11 SUBJECTS

Mot Thr*  15% MVC  25% MVC

mStim (MA) | 297+70 521+83 66581

nStim (MA) | 149+51  200+66 21476

*Mot Thr = motor threshold

The average MVC force of all the subjects was 257+35 N
and considering the lever arm of the load cell axis from the
rotation axis of 0.13 m (Fig. 1a), the mean torque was
33.4+4.6 Nm. For both contraction levels (15% and 25%
MV C), the force profiles of the three types of contraction were
comparable (Fig. 3). The rising time, defined as the time
interval between the 10% and 90% of the required force, was
2.1+0.5 s for Vol, 2.9+1.5 s for mStim and 2.4+1.6 s for nStim
at 15% MVC and 2.0£0.3 s for Vol, 2.7£1.0 s for mStim and
2.0+1.0 s for nStim at 25% MVC. The average force level (%
MVC) in the constant-force phase (Fig. 3) was 15.0£0.4% for
Vol, 15.2+1.3% for mStim and 15.5+0.9% for nStim at 15%
MVC and 24.7+£0.6% for Vol, 25.7+£3.2% for mStim and



TNSRE-2020-00357 5

rest constant-
fforce phase|

4_
Time (s)
——— Target Force

Standard dewviation of all force traces
.......... Vol

nsStim — ——~ mStim

Fig. 3.  Average force profiles for each contraction type at 15% MVC
(upper panel) and 25% MVC (lower panel). The target profiles (black solid
lines) were displayed in real time. The grey areas are the standard deviation
of all force traces. Vol, nStim and mStim are the average force profiles
across subjects for the three contraction types.

26.4+1.8% for nStim at 25% MVC. All rising times and
relative forces were similar between the three contraction
types (p>0.05) for the same contraction level.

B. Architectural changes induced by Vol, nStim and mStim
contractions

Figure 4 shows the architectural changes induced by the
three types of contraction on a representative subject. The
absolute values of the architectural variables during 25%
MVC contractions are displayed using a planimetric model of
the TA muscle. The figure shows that during mStim, TA

observed during nStim and Vol. During mStim, changes in PA
of the superficial compartment were more pronounced that
those observed for Vol and nStim, while similar values were
observed across contraction types for the deep compartment.
Similar values of PA and FL were observed for Vol and nStim
conditions.

The representative results reported in Figure 4 were
confirmed by the analysis of pooled data from all subjects
(Table 2). Figure 5 shows the effects of contraction type on
percentage changes of architectural variables: MT (a), FL (b),
PA (c) for superficial and deep TA and for both contraction
levels (15% and 25% MVC) in 11 subjects. As expected, for
all contraction types and for both compartments, FL decreased
and PA increased, indicating respectively fascicle shortening
and increase of pennation angle. Overall, absolute changes of
PA and FL seemed more pronounced for the superficial
compartment than for the deep one, resulting in larger MT
changes of the superficial TA.

The three-way ANOVA indicated a significant effect of the
compartment (i.e. superficial and deep) on all variables
(p<0.001) and an effect of the force level and contraction type
on FL and PA (p<0.01) but not on MT (p>0.05). The
interaction between contraction type and force level was
significant for FL (p<0.01) but not for PA (p=0.06).
Significant interactions between contraction type and
compartment were found for FL (p<0.01) and PA (p<0.001).
No interaction effects were found for MT (p>0.05, Fig. 5a).

For both force levels, significant differences were found in
the superficial compartment between mStim and the other two
contraction types on FL (p<0.001) and PA (p<0.001).
Specifically, fascicles shortened more with mStim (-14.1% at
15% MVC, -19.9% at 25% MVC) than with Vol (-9.2% at
15% MVC, -10.9% at 25% MVC) and nStim (-8.1% at 15%

fascicles underwent a greater shortening compared to that MVC, -10.3% at 25% MVC) contractions (Fig. 5b).
Rest Vol nStim mStim

Superficial ?41051'm"'-- 14.51 mm 14.74 mm

TA ’ . .
10537
Deep 90.84 mm -
TA 14.61 mm 15.08 mm
927"

Fig. 4. Architectural changes induced by Vol, nStim and mStim contractions of TA at 25% MVC in one representative subject. Pennation Angle (PA), Fascicle
Length (FL) and Muscle Thickness (MT) are represented on a planimetric model of the superficial and deep TA compartments. Blue and red lines represent
muscle fascicles. The inclination of the representing muscle fascicles was emphasized for representation purposes.

TABLE II
ABSOLUTE CHANGES OF ARCHITECTURAL VARIABLES WITH RESPECT TO THE REST CONDITION (MEAN + SD)

Contrtype  %MVC MT sup (mm) MT deep (mm) FL sup (mm) FL deep (mm) PA sup (°) PA deep (°)
Vol 15% 08 +06 00 =05 -6.3 +26 55 +21 1.7 £06 08 =06
nStim 15% 12 £08 0.1 +0.9 -58 +22 5.9 29 1.7 £0.7 1.3 £09
mStim 15% 11 +09 00 £1.0 -11.0 *43 81 +44 3.0 09 12 +09
Vol 25% 10 £08 05 =038 -80 +31 -6.9 +28 23 +06 12 £0.7
nStim 25% 12 +£11 06 +1.2 -82 +37 64 +28 21 +11 14 £09
mStim 25% 15 +1.0 0.2 +0.8 -145 +3.6 -11.2 5.0 44 +05 18 +0.9

Average at rest 155 +£22 186 =26 69.3 +16.2 78.0 =139 122 +22 128 +2.6
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Fig. 5. Percentage changes with respect to rest (mean * standard deviation
of 11 subjects) of a) muscle thickness (MT), b) fascicle length (FL), c)
pennation angle (PA), for each contraction type of superficial (blue) and deep
(red) compartments of TA. * denotes statistically significant differences
(p<0.05).

Consistently, the increase in PA was greater with mStim
(28.5% at 15% MVC, 41.1% at 25% MVC) than with Vol
(15.2% at 15% MVC, 21.0% at 25% MVC) and nStim (16.5%
at 15% MVC, 20.3% at 25% MVC) contractions (Fig. 5c).

In the deep compartment, significant differences appeared
only for FL (p<0.001). As observed for the superficial
compartment, fascicle shortening was greater with mStim (-
9.5% at 15% MVC, -13.3% at 25% MVC) than with Vol (-
6.7% at 15% MVC, -8.0% at 25% MVC) and nStim (-7.4% at
15% MVC, -7.6% at 25% MVC) contractions (Fig. 5b).
Instead, changes in PA were comparable between contractions
types in the deep compartment (15% MVC: 6.2% Vol, 11.1%
nStim, 9.8% mStim; 25% MVC: 8.1% Vol, 11.5% nStim,
14.3% mStim). For mStim contractions, both FL and PA
showed significant differences between the superficial and
deep compartment (p<0.01).

IV. DISCUSSION

A major concern in several rehabilitation protocols and
interventions including electrical stimulation is to induce a
physiological muscle response. In the present study we
compared the architectural changes of the superficial and deep
TA occurring during voluntary contractions versus electrical
stimulation applied to the nerve trunk (nStim) and to the
terminal axonal branches at the muscle level (mStim). Our
findings indicate that architectural changes elicited with nerve
stimulation in the deep and superficial compartments were
similar to those observed during voluntary contractions at the
same contraction level. By contrast, nearly all architectural
changes induced by muscle belly electrical stimulation
differed from the contractile behaviour of voluntary
contractions, both in absolute magnitude and in their relative
differences between compartments. These observations
suggest that the distinct pattern of spatial MU recruitment
elicited with nStim better matches voluntary contractile
behaviour than with mStim.

The possibility to selectively activate different MU
populations during electrical stimulation is intriguing as it
potentially allows to implement stimulation paradigms aimed
at promoting a more physiological response which may in turn
reduce the development of muscle fatigue. Indeed, a temporal
sharing of the force production among different groups of
MUs would allow to stimulate each group at a lower
frequency thus limiting the occurrence of fatigue [33]. With
interleaved stimulation [32], [33], [35], the selective activation
of different populations of MUs is based on the hypothesis
that, by stimulating the nerve (nStim), MU recruitment is
distributed evenly throughout the muscle volume, while
muscle belly stimulation (mStim) preferentially activates
superficial MUs. In this study we tested this hypothesis by
analysing how the superficial and deep fascicles of the TA
respond to mStim and nStim. We chose the TA muscle
because of its relevance for FES applications [2], [3], [42],
[49], [50]. Moreover, its bipennate structure is particularly
convenient to study the mechanical activation of superficial
and deep muscle regions [43], [49]. Our results revealed that:
(i) Vol and nStim contractions induced comparable
architectural changes in superficial and deep TA for both
contraction levels; (ii) as compared to Vol and nStim, mStim
contractions induced greater FL changes in both compartments
and greater PA changes only in the superficial compartment;
(i) architectural changes induced by mStim in the superficial
TA compartment were significantly greater than in the deep
compartment with respect to Vol and nStim. Basically, Fig. 4
and 5 show that nStim led to a similar behaviour in terms of
architectural changes than Vol, whereas mStim did not. All the
architectural changes were more pronounced for the higher
contraction level (25% MVC) which can be explained by the
greater MU recruitment required to reach the target force. By
providing a quantitative description of muscle mechanics
during different type of electrically-induced contractions, our
study complement and integrate the electrophysiological
observations of the group of Collins [31], which support the
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combined use of muscle and nerve stimulation (interleaved
stimulation) as a valid physiological alternative to stimulate
different populations of TA MUs.

A quantitative comparison between our results and those
observed by other studies in the literature is not
straightforward because of differences in the experimental
conditions and extracted variables. To the best of our
knowledge, previous studies had thus far only been performed
during voluntary contractions. Maganaris and Baltzopoulos
[43] and Raiteri et al. [51], [52] have described the fascicular
contractile behaviour for both compartments of the TA, while
a few other studies focused on the superficial compartment
only [37], [41], [53]. Despite the different experimental
configurations, isometric contractions were characterised by
an increase in PA and a decrease in FL in all the above-
mentioned papers, as observed in our study. Raiteri et al.
evaluated FL and PA at various isometric force levels [51] and
ankle positions [52] during voluntary contractions. Similarly
to our observations, they found a significant effect of the
contraction level in both FL and PA, although compartment-
specific changes were found only for PA and not for FL. The
increase in muscle thickness shown from our results (~5% in
the superficial compartment only) is also in line with most
previous studies [37], [41], [52], yet not all [43], which have
measured an increase of the thickness of the entire muscle
comparable to the variations obtained in our study. The lack of
thickening of the deep compartment for all contraction types
was an unexpected result. It is worth noting however, that
although US images suggest that TA can be treated as a
symmetrically bipennate muscle [43], [51], changes in MT of
the deep compartment may be limited by anatomical
constraints. For instance, the presence of the tibia bone may
limit the thickening of the deep TA in the plane of the US
images. Another factor possibly accounting for the small and
highly variable MT changes is that MT is the result of the
combination of both FL and PA [54], that may or may not
result in muscle thickening, especially for low contraction
levels.

As shown in Fig. 5b and 5¢c, mStim was the contraction type
inducing greater FL and PA changes (see also absolute values
in Table 2). We attribute this observation to the fact that the
active muscle tissue is restricted to a smaller volume with
mStim than with voluntary and nStim contractions. With
mStim, the activated region is restricted to the superficial
muscle compartment and to the muscle region limited
proximally by the cathode. It is therefore reasonable to expect
that this region of the muscle undergoes a greater shortening
with mStim to compensate for the missing contribution of the
inactive regions. In contrast, nStim induces a contractile
behaviour closer to voluntary contractions, by virtue of an
even recruitment of the muscle along the proximo-distal axis.
The regional bias of activation attributed to mStim also seems
to occur in the antero-posterior direction, with between-
compartment differences in contractile behaviour at both
contraction levels. Relative differences in fascicular
shortening and rotation between fascicles were not observed

with other modalities or contraction intensities (Fig. 5b).
Previous work also supports the physiological trend for both
compartments of the TA muscle to present symmetrical
changes in architecture under isometric contractions at various
intensities [52]. The contractile asymmetry between
compartments seen with mStim indicates that the superficial
muscle region is relatively more activated than the deep one.
For this reason, the changes in architecture occurring in the
deep compartment may partly result from the strain of the
superficial compartment.

The position of the electrodes with respect to the anatomical
structures (i.e. nerve/nerve branches) plays an essential role in
determining the muscle response to both nStim and mStim [1],
[3], [6], [7], [13]. It is therefore reasonable to question
whether and to what extent the results of this study depend on
the electrode configuration used for nStim and, most
importantly, for mStim. For instance, a recent study showed
that the knee extension torque was positively associated with
the distance between stimulation electrodes over the
quadriceps muscle belly [55]. The Authors of this study
suggested that with a larger inter-electrode distance, current
pathways may reach a larger fraction of terminal nerve
branches possibly including those innervating deep muscle
regions, despite using surface electrodes. If the observed
regional bias of activation of mStim were due to the selected
inter-electrode distance, the involvement of deep muscle
regions could potentially be obtained by increasing this
parameter without resorting to nerve stimulation. Although
this option was not tested in this study, the anatomy and the
innervation pathways of TA make this hypothesis unlikely. Yu
et al. [56] showed that the superficial and deep TA
compartments are innervated by two to four branches of the
deep peroneal nerve. In this muscle, the antero-superior (i.e.
superficial) compartment is innervated by one or two anterior
nerve branches, while the posterior branches innervate the
postero-inferior (i.e. deep) compartment. The two pairs of
branches innervating superficial and deep TA split proximally
before entering in the muscle in the postero-lateral side [49],
and there is no evidence of motor axons crossing the central
aponeurosis separating the two muscle compartments.
Therefore, the electrical excitation of deep intramuscular
nerve branches appears difficult to achieve from the surface
electrodes positioned over the muscle belly (i.e. mStim), In
this regard, imaging techniques, such as PET [57], [58], could
be useful to determine if and to what extent the deep TA
compartment can be activated by mStim. It is important to
underline that all the above considerations are specific to the
TA, the generalization of the outcomes of this study to other
muscle groups cannot be done a priori or requires a careful
evaluation of their specific anatomy.

A final, methodological remark concerns the stimulation of
muscles other than TA during our experimental protocol. The
fact that the common peroneal nerve divides into a deep
branch (that innervates TA, extensor hallucis longus and
extensor digitorum longus), and a superficial branch (that
innervates PL, and fibularis brevis) is noteworthy. Considering
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that our stimulation method was aimed at eliciting
dorsiflexion, we can exclude a substantial involvement of the
nerve branch innervating PL and fibularis brevis, but other
muscles innervated by the deep branch could have contributed
to the measured force. However, the contribution of extensor
hallucis and digitorum longus would remain negligible
compared to that of TA, because the foot was blocked on the
footplate by bindings locking the tarsometatarsal joints.

V. CONCLUSION

In the present study we showed that in tibialis anterior nerve
stimulation results in a distributed MU recruitment over the
entire muscle volume, similarly to voluntary contractions,
whereas mStim preferentially activates the superficial muscle
layer. Although our results do not allow to infer on the
recruitment in terms of motor unit type, two practical
implications arise from our results. Voluntary and nStim
contractions activate motor units that are similarly distributed
throughout the muscle, which makes the two contractions
comparable from a biomechanical point of view, a feature that
could be desirable during electrical stimulation. On the other
hand, the observed diversity between spatial recruitment of
nStim and mStim implies the involvement of different motor
unit populations, which in turn justifies strategies based on
interleaved nerve/muscle stimulation to reduce muscle fatigue
during electrically-induced contractions.
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