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Abstract

Conventional (CONV) neuromuscular electrical stimulation (NMES) (i.e., short pulse dura-
tion, low frequencies) induces a higher energetic response as compared to voluntary con-
tractions (VOL). In contrast, wide-pulse, high-frequency (WPHF) NMES might elicit—at least
in some subjects (i.e., responders)—a different motor unit recruitment compared to CONV
that resembles the physiological muscle activation pattern of VOL. We therefore hypothe-
sized that for these responder subjects, the metabolic demand of WPHF would be lower
than CONV and comparable to VOL. 18 healthy subjects performed isometric plantar flex-
ions at 10% of their maximal voluntary contraction force for CONV (25 Hz, 0.05 ms), WPHF
(100 Hz, 1 ms) and VOL protocols. For each protocol, force time integral (FTI) was quanti-
fied and subjects were classified as responders and non-responders to WPHF based on k-
means clustering analysis. Furthermore, a fatigue index based on FTl loss at the end of
each protocol compared with the beginning of the protocol was calculated. Phosphocreatine
depletion (APCr) was assessed using ®'P magnetic resonance spectroscopy. Responders
developed four times higher FTI’s during WPHF (99 + 37 x10° N.s) than non-responders
(26 + 12 x10° N.s). For both responders and non-responders, CONV was metabolically
more demanding than VOL when APCr was expressed relative to the FTI. Only for the
responder group, the APCr/FT]I ratio of WPHF (0.74 £ 0.19 M/N.s) was significantly lower
compared to CONV (1.48 + 0.46 M/N.s) but similar to VOL (0.65 + 0.21 M/N.s). Moreover,
the fatigue index was not different between WPHF (-16%) and CONV (-25%) for the
responders. WPHF could therefore be considered as the less demanding NMES modality—
at least in this subgroup of subjects—by possibly exhibiting a muscle activation pattern simi-
lar to VOL contractions.
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Introduction

Neuromuscular electrical stimulation (NMES) has gained popularity in the fields of sports and
rehabilitation and is widely used in patients [1] and healthy subjects [2, 3] with the aim of
enhancing, preserving or restoring skeletal muscle mass and function. Conventionally, electri-
cal stimuli with short duration pulses (50-400 ps) are delivered at frequencies < 50 Hz with
relatively high current intensities (hereafter referred to as conventional (CONV) NMES) [4]. It
has been shown that these stimulation parameters elicit contractions primarily through the
direct activation of motor axons, due to both the susceptibility of motor axons to short pulse
durations and the antidromic collision at high stimulation intensities [5]. Contrary to volun-
tary (VOL) contractions, CONV does not recruit motor units according to the size principle
(i.e., orderly recruitment with fatigue-resistant motor units being recruited first) [6, 7]. CONV
leads to random motor unit activation [7-10] thereby resulting in the recruitment of both slow
and fast motor units even at relatively low force levels [7, 10]. Because CONV also results in a
spatially-fixed and synchronous activation pattern, it has been shown to induce a higher ener-
getic demand and thus a faster onset of muscle fatigue than VOL exercise [11, 12], the major
drawback of this stimulation protocol.

The use of high-frequency NMES (100 Hz) with wide pulses (1 ms) (wide-pulse high-fre-
quency, WPHF) could enhance the reflexive contribution to motor unit recruitment so that
motor units would be recruited in a more natural manner according—or in resemblance—to
the size principle [4, 5]. It has been demonstrated that sensory axons exhibit a longer strength
duration time constant and a lower rheobase (i.e., minimal current amplitude that results in
membrane depolarization) as compared to motor axons and are therefore preferentially acti-
vated with long stimulation pulses [13, 14]. Additionally, the low current intensities applied
during WPHF minimize antidromic collision [5, 15]. Evidence in favor of the assumption that
changes within the synaptic pathway contribute to a larger extent during WPHF as compared
to CONV was provided by nerve block experiments and electromyographic (EMG) activity
measurements showing the presence of H- (i.e., Hoffmann) reflex and asynchronous activity
[16-18]. Furthermore, contrary to CONV, low-intensity contractions evoked by WPHF
(< 10% of maximal voluntary contraction (MVC) force) can produce gradually increasing
forces for a given stimulation intensity. This has been attributed to the progressive recruitment
of fatigue-resistant motor units via afferent pathways [5, 17, 19] and is commonly referred to
as “extra force” (EF) [17], i.e., the force that arises in addition to what would be expected from
the direct response to motor axons stimulation. This EF phenomenon is frequently associated
with central mechanisms such as posttetanic potentiation at the Ia synapse, temporal summa-
tion of subthreshold excitatory postsynaptic potentials of Ia fibers to the motoneurons and acti-
vation of persistent inward currents in spinal motoneurons [4, 17, 18, 20]. Recently, the force
evoked by WPHEF has been found to be highly variable between individuals [21, 22]. Subjects
were therefore classified as responders (showing EF) or non-responders (showing no EF) to
account for the high inter-individual variability. Interestingly, in this previous study only the
responder subjects exhibited a depression of the H-reflex response following WPHEF [22], thus
suggesting a spinal involvement.

Nevertheless, the central origin hypothesis associated with WPHEF has been recently chal-
lenged by Frigon et al. [23]. In the latter study, anaesthetic nerve block experiments in human
subjects and nerve transection in decerebrate cats failed to abolish the increment in evoked
force, while changes in muscle length affected the EF. The authors therefore suggested that EF
may be explained by peripheral rather than central factors, i.e., intrinsic muscle properties such
as Ca®* release, sensitivity and/or phosphorylation of myosin light chains [23]. Also, increased
stimulation frequency was reported to induce a higher metabolic demand [24, 25] thus
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challenging the hypothesis that WPHF could lead to a lower energy demand than CONV.
Moreover, fatigue occurrence defined as “a failure of the neuromuscular system to maintain
the required force” [26] has been recently shown to be greater for repeated WPHF trains based
on the observation that the decline in evoked force was significantly higher as compared to
CONV at least when responders and non-responders were analyzed together [27].

Until now, *' Phosphorus-magnetic resonance spectroscopy (*'P-MRS) studies have shown
that, due to the specific temporal and spatial recruitment of muscle fibers, CONV induced
greater phosphocreatine (PCr) depletion and higher acidosis as compared to VOL contractions
performed at the same relative force level [12, 28, 29]. The present study was designed to com-
pare the metabolic demand associated to CONV, WPHF and VOL contractions using
*'P-MRS. According to the hypothesis that EF are related to changes within the synaptic path-
way, we suggest that for repetitive intermittent contractions at a given initial force output,
responders to WPHF would exhibit a lower metabolic demand than CONV thereby approach-
ing the metabolic profile of VOL. This could provide additional evidence in favor, or against,
potential differences in motor unit recruitment between CONV and WPHF.

Materials and Methods

Subjects

Eighteen healthy subjects (13 men and 5 women, age: 29 + 7 years, weight: 67 + 7 kg, height:
173 £ 9 cm, mean + SD) participated in the study. They occasionally performed physical exer-
cise but none of them participated in regular and competitive training. All subjects were asked
to refrain from intense physical activity 48 hours prior to their visits to the laboratory. They
gave their written informed consent to take part in the study, which was approved by the Local
Human Research Ethics Committee Sud Méditerranée I (n° 2012-A01265-38) and conformed
to the Declaration of Helsinki.

Study design

Participants were asked to visit the laboratory for the familiarization session (first visit) and for
the actual >'P-MRS session (second visit) with an interval of 3-7 days in between. During the
familiarization session, MVC force was first assessed and then the individual current intensity
was determined using electrically-evoked testing trains (as described below). Five submaximal
(10% MVC) isometric contractions of 20 s were then completed per each protocol (CONV,
WPHF, VOL). The *'P-MRS testing session lasted ~2 h and comprised 1) a warm-up consist-
ing of 5-7 submaximal plantar flexions of 5 s, 2) the assessment of isometric MVC force, 3) the
adjustment of NMES intensity by using 2-s testing trains and 4) the three exercise protocols
(i.e., CONV, WPHF, VOL) each comprising 20 contractions of 20 s which were performed in a
randomized order across subjects.

Experimental setup

Two flexible surface electrodes of 5 x 13 cm and 5 x 9 cm (Stimex, Schwa-medico GmbH,
Ehringshausen, Germany) were placed on the right triceps surae. The proximal (larger) elec-
trode was placed over the gastrocnemii muscles at approximately the point of their largest cir-
cumference whereas the distal electrode covered the soleus below the bottom of the
gastrocnemii muscle belly [4, 17]. While lying in a supine position on the MR scanner bed, the
subjects’ right knee was fixed at ~ 170° (almost extended position) and the forefoot and heel
were fastened by a belt around the ankle to a home-built MR compatible ergometer. The
ergometer consisted of a foot pedal coupled to a force transducer (sensitivity: 4.5 mV/N) with
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its amplifier (gain: from 0.87 to 0.42 mV/V; Sensorex 3310, Archamps, France) to measure iso-
metric plantar flexion force. The foot was securely held in position with an ankle angle of 90°
while the thigh and the hips were firmly fixed to the bed to limit force generation by muscles
other than the plantar flexors.

Assessment of MVC force. Subjects performed three to five MVCs of approximately 5 s
until the highest MV C force could not be further increased. Each contraction was separated by
2 min of rest. Participants were asked to fold their arms over the chests and to concentrate on
contracting exclusively the plantar flexor muscles. Force signal was recorded at a sampling fre-
quency of 1 kHz using Powerlab 16/36 data acquisition system and software (LabChart 7,
ADInstruments, Sydney, Australia).

Electrically-evoked testing trains. At the beginning of each protocol, 2-s testing trains
with characteristics similar to respective NMES protocols (see section below), were applied by
gradually adjusting stimulation intensity in an attempt to reach a force level corresponding to
10% MVC (tolerance range: 8.5-11.5% MVC). Electrically-evoked contractions generating
similar force levels were previously reported to minimize antidromic collision [15, 18].

Protocols. Each exercise protocol consisted of 20 repetitions of 20-s isometric plantar flex-
ions at 10% MVC separated by rest periods of 20 s. Monophasic rectangular pulses were deliv-
ered using a constant-current stimulator (Digitimer DS7A, Hertfordshire, UK; maximal
voltage: 400 V) at 100 Hz (pulse duration: 1 ms) and 25 Hz (pulse duration: 0.05 ms) for the
WPHEF and CONV protocols, respectively [27]. Subjects were consistently instructed to relax
their plantar flexor muscles during NMES. For the VOL condition, subjects were provided
with a visual feedback to maintain the voluntary force at an intensity of 10% MVC and were
instructed to comply with the timing of the contraction, i.e., an exercise:rest cycle of 20:20 s, as
indicated by a pop-up window next to the force output diagram.

*IP-MRS measurements
*'P-MR spectra were acquired using a 1.5T Siemens magnet (MAGNETOM Avanto, Siemens
AG, Erlangen, Germany). A 31p_'Y surface coil (*H coil: diameter of 275 mm, >'P coils: 120 x
140 mm loop and 240 x 120 mm butterfly coil, Rapid Biomedical GmbH, Rimpar, Germany)
was placed directly on the skin to cover the midportion of the right triceps surae. A set of
multi-slice fast proton MR images was initially recorded to determine the position of the calf
muscle with respect to the surface coil. Then an automatic localized shimming procedure was
used to optimize the magnetic field homogeneity. Resting full relaxed spectra were acquired at
the beginning of the experimental procedure with a repetition time of 15 s (Number of excita-
tion: 4). >'P-MR spectra were then recorded during a 20-s rest period and subsequently during
the exercise protocols with the following parameters (radio frequency hard pulse duration:

500 ps, repetition time: 2 s, Number of excitation: 1, sweep width: 32 kHz, data points: 4096,
dwell time: 128 ms, flip angle: 90°). The MR acquisition was synchronized to the stimulation

1*'P-MRS protocols were performed

procedure using the Powerlab system. For each subject, al
on the same day with identical positioning of the stimulation electrodes and the MRS coil. The
three protocols were separated by 15 min of recovery and were randomized to minimize any

possible fatigue effect.

Data analysis

Mechanical traces and classification of responders and non-responders. MVC force was
quantified as the maximal peak force achieved across the different trials. Force time integral
(FTI) was quantified for each contraction and then summed together for each protocol. The
FTT was also summed every 4 contractions (i.e. C4, C8, C12, C16, C20) to assess the kinetics of
force production during each protocol. The mean force was calculated as the average force for
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all 20 contractions relative to the MVC value for each subject (% MVC). Furthermore, a fatigue
index was calculated as follows: fatigue index = [(FTI C20—FTI C4) / FTI C4] x 100.

On the basis of the difference between the FTI of WPHF and CONYV for each train, i.e.,
DELTA FTI = FTTywpur-FTIcony, we applied a k-means cluster approach that has been
recently performed to differentiate responders from non-responders with respect to EF [22].
By calculating the difference in FTT between the NMES protocols we aimed at differentiating
moderate force increases in response to CONV (most likely linked to intrinsic muscle proper-
ties) from the actual WPHF-evoked EF.

*'P-MRS
Due to stimulation artifacts during the NMES-induced contractions, the spectra for each pro-
tocol were only analyzed during the resting intervals of the 20 contractions. In order to obtain
an adequate spectral resolution for the phosphorylated compounds and to avoid metabolic
changes due to recovery, only the first spectrum immediately after each contraction was con-
sidered. All these spectra were then averaged for four contractions each (Fig 1). This analysis
allowed to monitor the kinetics of the metabolic changes during each protocol.

Relative concentrations of PCr, inorganic phosphate (Pi) and adenosine triphosphate
(ATP) were obtained by a time-domain fitting routine using the AMARES algorithm [30]
interfaced by CSIAPO [31] with an initial time resolution of 2 s and appropriate prior knowl-
edge of the ATP multiplets. Considering a 8.2 mM ATP concentration [32], the resting abso-
lute concentrations of both PCr and Pi were expressed as the average of the 7 spectra prior to
each protocol in relation to the fully-relaxed value obtained at the beginning of the experimen-
tal procedure. Intracellular pH was calculated from the chemical shift difference between the Pi
and the PCr signals [33]. The relative PCr depletion (% of resting values) was evaluated for five
time points according to the average value of four contractions each (i.e., C4, C8, C12, C16,
C20) in order to assess the PCr-kinetics for each protocol. Absolute PCr depletion (i.e., APCr
in mM) was also normalized to the corresponding FTT at each time point. The related APCr/
FTI ratio was considered as an index of the metabolic demand [34] and based on the linear
model from Meyer [35] for submaximal work stating that intramuscular PCr changes are pro-
portional to oxygen consumption and ATP hydrolysis. The difference between resting pH and
end-protocol pH values (ApH, average value of all 20 spectra) was calculated.

Statistical analysis. Statistical analyses were performed using Statistica software (Stat-Soft
9, Tulsa, OK, USA). Statistical power was tested a posteriori for metabolic demand (APCr/FTI
ratio) of 1) WPHEF for the responders vs. non-responders and 2) for WPHF vs. CONV in the
responders only. Clustering on EF was performed for all 20 contractions per individual.
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Fig 1. Summation of the first spectra for four subsequent trains in order to improve spectral resolution and to assess PCr depletion over time (i.e.
five time-points, i.e., contraction C4; C8; C12; C16; C20). Each rectangle represents one contraction of 20 seconds, each arrow one MR spectrum
acquired from 2 sec after each contraction.

doi:10.1371/journal.pone.0143972.g001
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Normality was checked before each analysis using Kolmogorov-Smirnov test. Unpaired t-tests
were used to assess differences in MVC force and mean current intensity required to obtain
10% MVC between responders and non-responders. A two-way ANOVA [group (responders,
non-responders) x protocol (CONV, WPHEF, VOL)] with repeated measures on the second
factor was performed on total FTI, mean force, resting PCr, resting Pi, resting Pi/PCr, delta
PCr, end-protocol Pi/PCr, fatigue index and ApH. Three-way ANOVA [group (responders,
non-responders) x protocol (CONV, WPHEF, VOL) x contraction (i.e., C4, C8, C12, C16,
C20)] with repeated measures on the last two factors was performed on FT1I values, PCr con-
centrations (including C0, i.e., resting values) and APCr/FTT ratio. When a main effect or a sig-
nificant interaction was found, Newman’s Keuls post hoc analyses were performed. Data are
presented as mean + SD in text and tables and as mean + SE in figures. Significance was
accepted for P < 0.05.

Results
Force output and classification of responders vs. non-responders

As illustrated in Fig 2, the total FTI for WPHF showed a high variability between individuals.
According to the k-means clustering analysis 7 subjects (6 men /1 woman) were identified as
responders to WPHF whereas 11 subjects (7 men / 4 women) were classified as non-respond-
ers. MVC values were significantly higher (P < 0.05) for responders (1232 + 206 N) than for
non-responders (949 + 217 N); this could be explained by the fact that the proportion of men
was higher within the responders.

Non Responders Responders
) )

180 1
160 A B
140 A B
120 A

100 -
CJCONV
80 - ¥
EvoL
60 - O WPHF

40

i Il

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
# Subjects

Fig 2. Individual force profiles for all 18 subjects and for each protocol calculated as the sum of the force time integral (FTI) for all 20 contractions.
K-means analysis of Extra Forces resulted in the classification of 11 non-responders and 7 responders for the latter of which the FT1 was significantly higher
for WPHF NMES as compared to the other two exercise modalities. Note the high inter-individual variability of FTI for WPHF NMES.

Total Force Time Integral (.10 N.s)

doi:10.1371/journal.pone.0143972.9002
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For the responder group, the total FTT was significantly higher (P < 0.05) for WPHF
(99 + 37 x10° N.s) when compared to both CONV (47 + 11 x10° N.s) and VOL (48 + 9 x10°
N.s). The non-responder group showed no significant difference in total FTT between the three
conditions (WPHF: 25.8 + 11.8 x10° N.s; CONV: 33.0 + 8.4 x10° N.s; VOL: 36.8 + 9.9 x10°
N.s). The total FTI for WPHF was significantly higher in the responders as compared to the
non-responders. Accordingly, in the responder group the mean force for WPHEF (19.9 +3.7%
MVC) was higher compared to both CONV (9.6 £ 1.9% MVC) and VOL (9.7 £ 0.4% MVC)
and was also higher compared to non-responders (WPHF: 6.7 + 3.0%). No difference in mean
force between protocols was found in non-responders (CONV: 8.8 + 1.3% MVC; VOL:

9.7 £0.4% MVC).

Fig 3 depicts for one non-responder and one responder subjects, the force profiles for the
first four and the last four contractions of WPHF, CONV and VOL protocols. With regard to
FTI time course, a significant group x protocol interaction was found. For all the contrac-
tions (C4—C20), the average FTI of WPHEF in the responder group was significantly higher
(P < 0.05) as compared to the other exercise modalities within the same group and signifi-
cantly higher than all exercise modalities within the non-responder group. Moreover, a sig-
nificant protocol x contractions interaction was observed (Fig 4A and 4B). For both the
responder and non-responders, WPHF-induced FTT was significantly higher for the initial
contractions (C4) than for the subsequent ones (C8, C12, C16, C20). With regard to the
CONYV protocol, both groups showed higher FTT values for C4 as compared to C12
(P =0.06), C16 and C20 (P < 0.05). The VOL protocol showed no significant time-related
changes in FTL.

A significant group x protocol interaction was found for the fatigue index. In the non-
responder group, WPHF induced a higher fatigue (- 43 £ 24%) as compared to CONV

NON-RESPONDER RESPONDER

ca C20 o C20

7

S A N N O Y e

5 sec

Fig 3. Representative force generation profiles during the first four (C4) and the last four (C20) contractions of the WPHF, CONV and VOL
protocols for one non-responder (A) and one responder subject with similar MVC values Note that force production was higher and fatigue was
lower for the responder as compared to non-responder during the WPHF protocol.

doi:10.1371/journal.pone.0143972.9003
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(-25 £ 12%). In contrast, for the responders, the fatigue index did not differ significantly
between the two stimulation protocols (WPHF: -16 + 16% vs. CONV -25 + 15%). Irrespective
of the group, VOL showed no force loss over time resulting in a significantly lower fatigue
index when compared to the two NMES conditions. When comparing groups, WPHEF-induced
fatigue was significantly lower in the responders than in the non-responders whereas CONV

led to identical fatigue levels.
The NMES current intensity required to obtain 10% MVC was significantly higher for
CONYV as compared to WPHF (P < 0.05) with no difference between groups (P > 0.05), nei-
ther for WPHF (non-responders: 18 £ 5 mA vs. responders: 15 + 5 mA) nor for CONV (non-
responders: 110 + 19 mA vs. responders; 122 + 19 mA).
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Table 1. Resting values and changes from rest (delta) for PCr, Pi/PCr and pH.

Responders

Non-responders

WPHF CONV VOL

Resting PCr (mM) 20.7+5.4 22.7+6.2 21.8+59

Resting Pi (mM) 52+1.3 54+1.3 50+1.4
Resting Pi/PCr 0.34 £ 0.06 0.33 £0.05 0.31 £ 0.05
Resting pH 6.95 £ 0.04 6.95 £+ 0.02 6.97 £ 0.03

Delta PCr (mM) 34%09 32%1.0 1.7+0.7%
End-protocol Pi/PCr 0.53+0.12 0.51 £ 0.05 0.40 % 0.05%
Delta pH -0.03 £ 0.04 0.00 + 0.04 -0.01 £ 0.02

Resting PCr (mM) 23971 225+6.6 242 +5.8

Resting Pi (mM) 54+15 49+13 51+13
Resting Pi/PCr 0.35+0.10 0.34 £ 0.07 0.32 £+ 0.08
Resting pH 6.98 + 0.04 6.97 £ 0.04 6.98 + 0.03

Delta PCr (mM) 24+12 29+16 2.3+1.0%
End-protocol Pi/PCr 0.38 £ 0.08 0.44 £ 0.08 0.39 + 0.07%
Delta pH 0.01 £0.04 -0.01 £0.03 0.00 + 0.03

§ Significantly different from NMES (P< 0.05), independently of the group.

doi:10.1371/journal.pone.0143972.t001

S1P-MRS

Both resting PCr and Pi concentrations as well as resting Pi/PCr ratio were not significantly
different between protocols and groups (Table 1). When considering the changes of relative
PCr concentration (% of rest) over time, both the non-responders and responders showed a
significant decline at all contractions (C4, C8, C12, C16, C20) as compared to rest (C0) for all
three protocols (Fig 4C and 4D). No significant differences were found in between those con-
tractions, i.e., for all protocols PCr plateaued after C4 until C20. The group x protocol interac-
tion showed that for the responder group, PCr depletion was significantly higher for NMES as
compared to VOL for all contractions. The only group x protocol x contraction interaction was
found in the non-responders who showed a significantly higher (P< 0.05) PCr depletion for
CONV as compared to VOL and WPHEF after C20. A significant effect of protocol was found
for both delta PCr and end-protocol Pi/PCr with higher values for NMES as compared to VOL
(Table 1).

A significant effect of protocol was noted for the APCr/FTI ratio so that lower values were
obtained for VOL (P< 0.05) compared to the two NMES protocols. Interestingly, a significant
group X protocol (P < 0.05) interaction was observed for the APCr/FTTI ratio (Fig 5). For the
responders, this ratio was significantly lower for WPHF than for CONV (P < 0.05) with a sta-
tistical power of 0.88. On the contrary, in the non-responder group, APCr/FT1 ratio was not
significantly different (P >0.05) between CONV and WPHF. When comparing the APCr/FTI
ratio of WPHF between groups, responders showed a significant lower metabolic demand
(P < 0.05) compared to non-responders with a statistical power of 0.87.

Resting intracellular pH values were not significantly different between groups and proto-
cols (Table 1). Also, no main effect or interaction (P > 0.05) was observed for ApH (Table 1).

Discussion

In the present study, we compared the force output and metabolic changes associated to two
NMES protocols (CONV and WPHF) and a series of VOL plantar flexions. We demonstrated
that for the responder group (i.e., a subset of subjects displaying higher force levels so called
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Fig 5. APCr/FTI (in M/N.s) ratio for the non-responders and responders for each protocol. * Significantly different within groups for P < 0.05, 1 non-
significant tendency (P = 0.07), # WPHF significantly different between groups for P < 0.05. Results are presented as means + SE.

doi:10.1371/journal.pone.0143972.9005

“Extra forces”), the decline in FTI during the WPHEF protocol was less pronounced as com-
pared to the non-responders. Moreover, for the responders, the corresponding energy demand
was comparable to that of VOL contractions and substantially lower than the metabolic
demand of CONV.

Responders

The EF occurred during the WPHF protocol only in 7 out of 18 subjects that were identified as
responders. For this subgroup, the total FTT was four times higher for WPHF when compared
to CONV whereas the relative mean force (~20% MVC) was twice as high as compared to
CONV (9.6% MVC). These results are in accordance with the isometric force increment
reported in previous studies that investigated the triceps surae in similar conditions [15, 19, 22,
36]. Interestingly, in terms of metabolic demand, the APCr/FTI ratio was three times lower for
both WPHF and VOL as compared to CONV in the responders. Thus, both WPHF and VOL
protocols exhibited an identical energy demand, which was remarkably lower than that of
CONYV. From this it could be inferred that the lower metabolic demand of WPHF could hint to
a reduced number of activated fatigable, fast-twitch fibers and a larger proportion of oxidative,
slow-twitch fibers activated via afferent pathways as suggested previously [5, 17, 19]. The
hypothesis that WPHF recruits motor units in resemblance to the size principle rather than in
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arandom order is based on the fact that longer pulse durations preferentially depolarize sen-
sory axons having a lower activation threshold [13, 14]. Furthermore, the low current intensi-
ties of WPHF (approximately 15% of CONV intensity in the present study) could have
minimized the antidromic volley thus maximizing sensory input. Consequently, contrary to
CONV, a synaptic recruitment of motor units could have been mediated by WPHF via the acti-
vation of large afferent fibers. As a result, the activation of afferent fibers at high stimulation
frequencies would have increased the number of recruited motoneurons in a size order from
small to large due to a temporal summation of Ia excitatory postsynaptic potentials in the
motoneurons [20]. A preferential recruitment of small motoneurons in response to WPHF
could therefore explain the lower metabolic demand observed in the responders.

The level of mechanical fatigue we observed might further support the assumption that
slow-twitch fibers were additionally recruited via afferent pathways during WPHEF but not dur-
ing CONV. Despite the higher overall mechanical output during WPHF and the high frequen-
cies applied, the fatigue index shows a comparable force loss for the NMES protocols (WPHE:
-16% vs. CONV: -25%). Our findings suggest that pattern of muscle activation associated with
WPHE for the responders might approach the physiological recruitment strategy of VOL con-
tractions according to the size principle, leading to a reduced metabolic demand as compared
to CONV protocol.

Non-responders

The mechanical and metabolic responses to WPHF showed large inter-individual differences.
Indeed, the majority of our sample, i.e., 11 out of 18 subjects did not respond to WPHE as illus-
trated by similar FTI values for the three protocols. Moreover, both NMES protocols led to a
higher metabolic demand as compared to VOL. In contrast to the responder group, no WPHE-
induced synaptic activation of motor units can be assumed in the non-responders when con-
sidering the FTT kinetics and the metabolic demand. Due to the consistent absence of EF, FTI
for WPHF did not exceed that of CONV and VOL at any time-point. The metabolic demand
(i.e., APCr/FT1I ratio) of the evoked contractions was equivalent between the two NMES modal-
ities, showing higher values than VOL contractions. From the findings it could be assumed
that during both NMES protocols muscle activation (i.e., the type of activated motor units)
could have been similar in such a way that mainly motor axons were recruited. As a conse-
quence, the high frequency applied and the reduced number of motor units recruited (resulting
from the 6 times lower stimulation intensity than that needed for CONV) might have caused
greater fatigue for WPHF (-43%) as compared to CONV (-25%) in the non-responders. These
results are in accordance with those of Neyroud et al. who reported that the FTI for WPHF was
1.7 fold smaller as compared to CONV NMES [27]. The potential mechanism underlying this
pronounced fatigue for WPHF could be activity-dependent hyperpolarization, a phenomenon
to which motor axons are particularly susceptible [13]. Therefore, especially in the non-
responders, activity-dependent hyperpolarization might have increased motor axonal excitabil-
ity threshold and led to a loss of solicited motor units and reduced mechanical output, respec-
tively. To conclude, in the absence of EF generation, WPHF resulted in greater fatigue as
compared to CONV and was unable to reduce the metabolic demand of the contraction. This
let us to assume that motor unit recruitment was similar for both NMES protocols in the non-
responders and was less effective than VOL.

Responders vs. non-responders

The low occurrence of responders (~40%) is in contrast with previous studies reporting a
responder percentage of 85-100% [15, 17, 36] and in agreement with recent findings [21, 22, 27].
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The underlying causes of the high inter-individual variability in force output during WPHF have
not yet been sufficiently investigated. As previously mentioned, we hypothesize differences in
muscle activation pattern between groups. In the non-responders, motor axons might have been
directly recruited, thereby resulting in antidromic collision and a more pronounced mechanical
fatigue. This observation is in line with previous studies showing higher muscle fatigue when
motor axons were activated at high frequencies [25, 37]. Based on the same calculation of the
fatigue index, Gorgey et al. [37] reported a significantly higher muscle fatigue for stimulation at
100 Hz compared to 25 Hz (76% vs. 39%, respectively) at an intensity corresponding to 75%
MVC. In addition, Matheson et al. [25] showed that the acidosis and the Pi/PCr ratio increased
with stimulation intensity (and therefore with the number of activated motor axons) but levelled
off for stimulation frequencies higher than 30 Hz, likely due to impaired membrane excitability.
Opverall, the preferential activation of efferent pathways in the non-responders exacerbates the
magnitude of muscle fatigue.

Indeed, the activation of afferent pathways in responders might have led to a synaptic
recruitment of motor units and less pronounced fatigue. Since sensory axonal activation
depends on the distance from the stimulating electrodes to the axons as well as on axonal diam-
eter [38], one could assume a preferential activation of sensory fibers in the responder group
due to particular axon characteristics (such as size) and/or a favorable orientation or dispersion
of these nerve axons relative to NMES electrodes. Moreover, neuromodulator activity within
neural circuits might have further enhanced the high variability of EF between subjects in
response to WPHF [39].

CONV vs. VOL

Consistent with former *'P-MRS studies, we showed a systematically higher metabolic demand
for CONYV than for VOL [12, 28, 29]. In terms of exercise characteristics (relative intensity,
duration and duty cycle) our protocol design most closely resembles that of Vanderthommen
et al. [28]. In our current study, PCr depletion for CONV was less pronounced (12-15%) as
compared to this previous investigation (40%). The more severe PCr consumption observed by
Vanderthommen et al. [28] could be explained by the fact that they investigated the quadriceps
temoris—which is a muscle containing approximately the same proportion of slow and fast
fibers—while we considered the predominantly slow triceps surae in the present study [40].
Moreover, in the former study stimulation frequency was twice as high as in our study (50 vs.
25 Hz) and NMES current intensity was progressively increased to maintain a constant force
output, which may have resulted in a higher metabolic demand [24, 25]. Also, due to the very
short pulse duration of 50 ps applied in the present study, phase charge was up to 6 fold lower
in our experiments (5.75 x 10~° C) as compared to that induced by previous CONV protocols
(13.5-38 x 10~° C) which used longer pulse duration (i.e., 200-400 ms) [12, 28]." These meth-
odological differences between different studies might also explain the fact that, contrary to
Vanderthommen et al. [28] (ApH of 0.3-0.4) and Jubeau et al. [12] (ApH of 0.2-0.3) our
NMES protocols did not result in metabolic acidosis so that the energy supply was preferen-
tially provided by oxidative mechanisms [41]. Overall, our results confirm the previously
reported metabolic differences between CONV and VOL which are mainly due to the non-
physiological motor unit recruitment of CONV, being temporally synchronous [8, 9], spatially
restricted [9, 29] and non-selective [7-10].

Limitations

Considering the different contribution of sensory and motor axons to force production
between the two NMES modalities [22] and the different magnitude of sensory inputs between
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the soleus and gastrocnemii muscles [42], the spatial distribution of motor unit recruitment
may vary between WPHF and CONV. For instance, one could hypothesize that the soleus
might have been relatively more active than the gastrocnemii during WPHF. Although the size
of our *'P surface coil (120 x 140 mm loop and a 240 x 120 mm butterfly coil) allows to get a
representative sample of the overall muscle composition—comprising both superficial and
deep triceps surae muscle portions [43]—the non-localized acquisition scheme we used did not
permit to discriminate between the metabolic contribution to EF of the gastrocnemii and the
soleus muscles. As a result, the contribution of the soleus to the overall metabolic variations
might have been underestimated as compared to the superficially-located gastrocnemii mus-
cles. Localized spectroscopic techniques [12, 43] would be of interest to compare the metabolic
activity among the plantar flexor muscles in responders.

Practical Use of WPHF

Contrary to previous studies that tended to discourage the use of high-pulse frequencies for
rehabilitation purposes—in an attempt to prevent muscle fatigue [37, 44],—force increases
induced by WPHF could prove beneficial to enhance muscle mass and function without caus-
ing a higher fatigue than CONV. However, the low responder percentage and the high EF vari-
ability between and within individuals should be considered as a constraint when integrating
WPHEF in practical use.

Further studies are needed to fully understand the mechanisms underlying the EF genera-
tion and to compare the type of recruited motor units between individuals. Stimulation over
the nerve trunk could prove useful to investigate and quantify the contribution of afferent path-
ways for both groups at a given submaximal stimulation intensity. One could hypothesize that
for a given contraction intensity (i.e., 5-10% MVC) the type of recruited motor units would dif-
fer between responders and non-responders (which would become manifest in different H-
reflex and M-wave amplitudes between groups). Potentially, non-responders could be turned
into responders by lowering the stimulation intensity in order to reduce antidromic collision in
these subjects. In this context, Dean et al. [45] have recently shown that even at stimulation
intensities below sensory and motor threshold, synaptic input could be transformed into a
motor response in 7 out of 9 subjects (i.e. 78% of all subjects). Assuming that the responder
percentage could be increased, WPHF would be in particular advantageous for patients that
are highly vulnerable to fatigue. However, patients with neural disorder might show a different
response in EF occurrence, magnitude and variability. Recently however, the EF phenomenon
has been reported in patients suffering from stroke [45] and cerebral palsy [21].

Conclusions

We investigated muscle energetics for the relatively unexplored stimulation modality WPHF.
Only for the responder group (constituting 40% of the sample tested), modifying the stimula-
tion parameters from CONV into WPHF resulted in a lower metabolic demand, which was
comparable to VOL contractions. Moreover, fatigue was less pronounced for WPHF in the
responders as compared to the non-responders. All these observations point to an additional
recruitment of slow-twitch, fatigue-resistant motor units via afferent pathways with WPHF,
likely in accordance with the size principle.
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