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Dideriksen JL, Muceli S, Dosen S, Laine CM, Farina D. Physiological
recruitment of motor units by high-frequency electrical stimulation of afferent
pathways. J Appl Physiol 118: 365-376, 2015. First published December 4,
2014; doi:10.1152/japplphysiol.00327.2014.—Neuromuscular electri-
cal stimulation (NMES) is commonly used in rehabilitation, but
electrically evoked muscle activation is in several ways different from
voluntary muscle contractions. These differences lead to challenges in
the use of NMES for restoring muscle function. We investigated the
use of low-current, high-frequency nerve stimulation to activate the
muscle via the spinal motoneuron (MN) pool to achieve more natural
activation patterns. Using a novel stimulation protocol, the H-reflex
responses to individual stimuli in a train of stimulation pulses at 100
Hz were reliably estimated with surface EMG during low-level
contractions. Furthermore, single motor unit recruitment by afferent
stimulation was analyzed with intramuscular EMG. The results
showed that substantially elevated H-reflex responses were obtained
during 100-Hz stimulation with respect to a lower stimulation fre-
quency. Furthermore, motor unit recruitment using 100-Hz stimula-
tion was not fully synchronized, as it occurs in classic NMES, and the
discharge rates differed among motor units because each unit was
activated only after a specific number of stimuli. The most likely
mechanism behind these observations is the temporal summation of
subthreshold excitatory postsynaptic potentials from la fibers to the
MNs. These findings and their interpretation were also verified by a
realistic simulation model of afferent stimulation of a MN population.
These results suggest that the proposed stimulation strategy may allow
generation of considerable levels of muscle activation by motor unit
recruitment that resembles the physiological conditions.

neuromuscular electrical stimulation; H-reflex; motoneuron; electro-
myography; computational modeling

NEUROMUSCULAR ELECTRICAL STIMULATION (NMES) is a common
tool for a wide range of applications in research and clinical
settings to generate contractions in muscles whose voluntary
activation is limited or absent (12, 56). The muscle activation
is typically achieved via transcutaneous stimulation of motor
axons, either at locations where the nerve innervating the
muscle is sufficiently superficial, or above the muscle belly to
stimulate the terminal axonal branches. A well-known limita-
tion of NMES is that the characteristics of muscle contraction
it induces are very different from voluntary contractions. For
example, the size-ordered recruitment of motor units is not
present, motor units are activated in perfect synchrony, and the
elicited motor unit discharge rates are often high relative to
their physiological distribution, since they are imposed by the
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stimulation frequency. These differences determine several
challenges in practical uses of NMES (12, 56).

Different strategies have been proposed to overcome these
limitations. Some approaches rely on particular stimulation
techniques, such as the application of ramp prepulses to
achieve orderly recruitment of motoneurons (MNs) (42) or
distributed stimulation to decrease the rate of development of
muscle fatigue (57). Another proposed methodology relies on
activation of MNs via the spinal cord using stimulation of
afferent fibers at currents below activation of efferent fibers
(11). This method is based on the rationale that activating the
muscle via the spinal cord presumably evokes more natural
muscle activation than direct motor fiber stimulation. Afferent
fibers can be activated by electrical stimulation at peripheral
sites where it would elicit recruitment of multiple types of
nerves, including Ia, Ib, and cutaneous afferents (type II)
projecting mono- and/or polysynaptically to the MNs (50, 65).
Input from cutaneous afferents may either excite or inhibit
MNs (38), possibly through modulation of Ia presynaptic
inhibition (2), and Ib input elicits polysynaptic inhibition (32,
72). The primary afferent pathway delivering excitatory input
to MNs is the Ia monosynaptic pathway, as indicated by the
H-reflex (50, 65). In voluntary contractions, the Ia pathway
conveys information from muscle stretch receptors and con-
tributes significantly to the net excitation of the MN pool (55).
The level of muscle activation that can be evoked by delivering
an electrical stimulus in this way, however, is lower than the
maximum muscle activation evoked by motor axon stimulation
(M-wave) (75), in particular when stimulation occurs over the
muscle belly and not at the nerve bundle (10, 11). Targeted
muscle activation via transcutaneous nerve bundle stimulation,
however, is not possible for all muscles. This limitation, along
with the limited range of contraction levels, implies that this
approach is not suitable for all applications of NMES. To
overcome these limitations, it has been suggested that activa-
tion of persistent inward currents (PIC) via brief periods of
high-frequency stimulation of afferent fibers (14, 23) may
increase the MN excitability and thereby amplify the H-reflex
amplitude and elicit spontaneous asynchronous MN activity
(10, 22). However, such centrally evoked amplification of the
motor output cannot be elicited in all muscles (11), and the
amplitude and duration of the evoked contractions are highly
variable (29) and thus difficult to control.

In this study, we investigated the frequency dependence of
MN recruitment through activation of afferent nerves (presum-
ably predominantly via the la pathway) and its underlying
mechanisms. It is well known that the magnitude of the
response of the MNs to electrically induced neural input
depends on the background excitation in the MN population
(75). A relatively low input will evoke a larger response if the
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excitability of many MNs is near the threshold for generation
of action potentials. The excitatory postsynaptic potential
(EPSP) induced by a Ia fiber action potential declines expo-
nentially with a time constant between 4 and 12 ms, as
estimated for single-axon stimulation in cats (36). In humans,
the duration of a compound Ia EPSP has been estimated to be
~15 ms (6, 71, 80). This implies that temporal summation of
subthreshold EPSPs from Ia fibers could lead to MN activation,
provided that the stimulation frequency is sufficiently high, i.e.,
interstimulus interval shorter than the EPSP duration (53). This
principle is supported by the observations that a light tendon
tap delivered before an electrical stimulus increases its re-
sponse within a brief time interval (46). Furthermore, it has
been shown that the responses to two stimuli delivered within
the duration of the Ia EPSP are produced by different groups of
motor units, indicating that the MNs responding to the first
stimulus were hyperpolarized at the time of the second one,
while the MNs responding to the second stimulus could be
activated only by the sum of two consecutive inputs (71).

The summation of EPSPs is explored in this study as a
potential mechanism for functional NMES. If the MN excit-
ability is progressively increased by EPSPs arriving with short
intervals (high-frequency stimulation), it would be possible to
obtain a muscle response for stimulation intensities that would
not elicit any activation at baseline conditions (single stimu-
lus). In the high-frequency condition, consecutive stimuli
would generate H-reflexes that represent the responses of
different populations of MNs. Furthermore, the hypothesized
mechanism of progressive increase in excitability by multiple
stimuli would imply that MNss are activated only after a certain
number of stimuli so that their activation frequency would be
lower than the stimulation frequency. In this way, not all MNs
would respond to the same stimuli, since each MN potentially
requires a different number of prestimuli before its activation,
so that the MNs would not be fully synchronized. This further
suggests that MNs with higher excitability (low threshold)
would require fewer stimuli per triggered action potential and
thus would be driven at higher discharge rates compared with
higher-threshold MNs, as in physiological conditions (54).
Thus, according to this hypothesized recruitment mechanism,
stimulating the afferent pathways at low intensity and high rate
could generate a muscle activation with MN recruitment that
resembles the physiological activation, i.e., physiological dis-
tribution of discharge rates, partly asynchronous discharges
between MNs, potentially large number of active MNs, etc. To
test this hypothesis, we investigated the H-reflex responses in
the extensor carpi radialis longus muscle to single vs. multiple
stimulation pulses delivered at different frequencies in the
whole muscle and in single motor units, in both simulated and
experimental data.

METHODS

Recruitment of MNs with high-frequency afferent stimulation was
investigated by a computational model and in experimental condi-
tions.

Computational model. A population of 180 MNs was simulated as
Hodgkin-Huxley type models, each consisting of one soma and one
dendrite compartment (19). The membrane-specific capacitance was
set to 1 wF, the axial resistivity to 70 {cm, the soma specific
resistance in the range from 1.15 to 0.65 kQdcm?, the dendrite specific
resistance from 14.4 to 6.05 kQcm?, and the equilibrium potential of
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the membrane and leakage voltage were set to 0 mV, while the
equilibrium potentials were 120 mV for the sodium and —10 mV for
the potassium. Exponential distributions across the MN population
were applied (37) within these ranges of the parameters (19). Inner-
vation numbers (number of muscle fibers innervated by each MN)
were assumed proportional to the radius of the soma. A constant
current was injected into the soma compartment of the neurons to
simulate a constant supraspinal drive. Low-pass filtered (<100 Hz;
Ref. 69) white noise was imposed on this current, for which the
standard deviation was adjusted so that the coefficient of variation for
the MN interspike intervals was between 10 and 30% (21, 60, 67).

When an action potential occurred in an afferent fiber or in an
interneuron, an excitatory postsynaptic current (EPSC) was injected
into the soma compartment of the receiving neuron. This simplifica-
tion [Ia boutons exist on the soma as well as on the dendrites (16)] was
done since the EPSC shape was modeled based on recordings from the
soma (36). The EPSC was modeled as an exponential decline with a
time constant of 1.5 ms (36), unless stated otherwise (see below).
Each Ia afferent fiber projected monosynaptically to all MNs (63, 70,
85). To represent variability in synaptic strengths (51, 63), each
synaptic connection was randomly assigned a baseline peak EPSC
selected from a log normal distribution with the mean and variance of
0.3 wA and 1 pA, respectively.

Axon length was set to 1 m, and the stimulation site was located 10
cm from the distal end. Axonal conduction velocity was randomly
selected from a normal distribution (mean = SD: 105 = 20 m/s) for
Ia fibers (41, 44, 72), and individual velocity values were set accord-
ing to an exponential distribution in the range 70—110 m/s for motor
axons (8, 26, 41) (mean = SD: 78 £ 10 m/s). Axon rheobase current
was set inversely proportional to the conduction velocity (73). In this
way, the stimulation current required to evoke action potentials in
each axon could be identified. The maximum stimulation current was
defined as the current evoking action potentials in all Ia and motor
axons. When activated, the action potential traveled in both directions
of the axon from the stimulation site. MN action potentials were
extinguished in case of antidromic collision.

In the first simulation paradigm, a descending drive of 1.5 nA was
imposed on the MN population. This level of excitation was approx-
imately one-half of that required for stable recruitment of the smallest
MN. The H-reflex recruitment curves in response to one, two, or three
stimuli at 100 Hz were simulated. For each number of stimuli,
simulations were performed with 5-100% of the maximum stimula-
tion intensity in increments of 5%. All increments were performed in
individual simulations, each of which was repeated five times to
accommodate for the randomly assigned parameters in the model.
This yielded a total of 300 simulations. H-reflex amplitude was
expressed as the average percentage of the number of muscle fibers
recruited at the appropriate delay (typically 22-27 ms) across the five
repetitions.

In two additional sets of simulations, the descending drive was set
to 2.5 nA, while 20 stimuli at 100 Hz were delivered at 30% of
maximum stimulation intensity (~10% below threshold for motor
axon recruitment). First, the relation between the MN rheobase cur-
rent (that spanned a fourfold range across the MN pool) and the Ia
synaptic strength was varied (linearly) so the strength of the Ia
projection to the smallest MN normalized to the MN size (rheobase)
was fourfold smaller, equal to, or fourfold larger than that of the
largest MN. The total la synaptic strength was normalized so it was
similar across the three conditions. This implied that the absolute Ia
synaptic strength was either relatively constant across all MNs, or
skewed (to two different degrees) toward higher strengths for large
MNs. In this way, these different settings reflect the contrasting
experimental observations across muscles that the la fibers may
project the strongest on large MNs (13, 61, 78, 79) or on small MNs
(7, 76). These across-muscle differences may represent different
task-dependent levels of presynaptic inhibition (3, 9, 24, 74, 77, 86,
87) affecting the MNs in a size-dependent way (1, 4). Next, the
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simulations were repeated with different EPSP duration (EPSC time
constant set to 1, 1.5, or 2). This range of values reflected not only the
inherent variability in the EPSP duration (36), but also the influence
on the compound EPSP from other excitatory (18, 50) and inhibitory
(17, 59, 64) inputs activated by the peripheral stimulation. As these
inputs are primarily polysynaptic (Ia, Ib, and cutaneous) (43) and/or
conducted via slower axons (Ib or cutaneous) (44, 45, 72), they arrive
at the MN after the Ia monosynaptic input and can, therefore, be
modeled in a simplified way by a shortening (in case of inhibition) or
a lengthening (in case of excitation) of the monosynaptic la EPSC.
The simulations for each of the three settings for distributions of Ia
synaptic strength and EPSP duration were repeated 10 times.

Experiments. Seven healthy men (30.3 = 4.8 yr) participated in the
experiment. The subjects had no known neurological disorders and
were not taking any medications at the time of the experiment.
Another four subjects were recruited, but were excluded from the
study as no measureable H-reflex could be evoked. Ethical approval
for the study was granted by the local Ethics Committee, and the
procedures were conducted according to the Declaration of Helsinki.
Informed consent was obtained from each subject before participation.

The subject was seated in an adjustable chair in front of a table with
the proximal part of the left forearm (nondominant for all subjects)
resting on a support coated with foam layer (see Fig. 1). The arm was
extended in front of the subject with the wrist extended horizontally
against gravity and the palm of the hand facing down. A 100-g load
was fixed to the hand to induce a low level of voluntary contraction in
the wrist extensor muscles equivalent to ~2% maximum voluntary
contraction, assuming a maximum wrist extension force of 50 N (40).
The elbow angle was ~150°.

A disposable stimulation electrode (Krauth+Timmermann, Ham-
burg, Germany; circular, diameter: 32 mm) was placed over the radial
nerve distal to the lateral epicondyle. Its exact position was adjusted
to evoke a pure wrist extension movement during continuous 100-Hz
stimulation. The ground electrode (Krauth+Timmermann; rectangu-
lar, 50 X 90 mm) was placed proximal to the elbow. A stimulator
(Digitimer, Welwyn Garden City, UK) delivering asymmetrical bi-
phasic pulses was used. Pulse width was set to 400 s to optimize
recruitment of afferent fibers (83).

Two surface EMG electrodes (diameter 11-mm Ag/AgCl elec-
trodes: Neuroline 720, Ambu) were placed over the extensor carpi
radialis longus muscle. The position was verified by palpation of the
muscle during wrist extension evoked by continuous 100-Hz stimu-
lation. The skin was carefully cleansed before the electrode place-
ment. At a later stage in the experiment (see Experimental procedure),
a pair of Teflon-coated stainless steel wires was inserted via a
25-gauge disposable hypodermic needle, ~10 mm proximal to the
surface EMG electrodes. The wires were cut to expose only the cross
section at the end that was inserted into the muscle. Surface and
intramuscular EMG were amplified (EMG2, OTBioelettronica, IT)
with bandwidths of 10-500 and 100-4,400 Hz, respectively, and

Stimulation Surface EMG
electrode electrodes Ground
Intramuscular electrode, EMG
EMG electrodes
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sampled with a data acquisition card (NI USB 6210, National Instru-
ments) at 2 and 10 kHz, respectively.

Experimental procedure. The experiment consisted of three parts
within the same experimental session. The first two parts were
performed with the subject holding a 100-g load, whereas the load was
variable in the third part (see below). In the first part, the H-reflex
recruitment curve was obtained by recording the response to stimu-
lations between 4 and 28 mA (or up to the pain threshold, if lower than
28 mA) in steps of 4 mA. The order of the stimulus intensities was
randomized. After obtaining the H-reflex recruitment curve, addi-
tional current levels were included to achieve a higher resolution of
the recruitment curve around its onset and peak. For each intensity,
eight stimuli were delivered with an interstimulus interval of 4 s to
minimize the carry-over effect of postactivation depression across
trains of pulses (27). The filtered EMG signal was averaged over the
eight repetitions, and the H-reflex amplitude was measured as the
peak-to-peak amplitude in an interval of 12-22 ms after the stimulus.
From the H-reflex recruitment curve, the highest stimulation current at
which no H-reflex occurred (/i) and the current required for obtain-
ing an H-reflex with amplitude equal to 50% of the maximum
amplitude (/s0) were identified.

In the second part of the experiment, four current levels evenly
spaced in the interval from /i, to Iso were selected, including /i, and
Iso as minimum and maximum applied current, respectively. For each
of these stimulation intensities, eight repetitions of 1, 2, 3, 4, 5, 10,
and 20 stimuli were delivered at both 30 and 100 Hz. These two
frequencies were selected in order for the interstimulus intervals to be
longer and shorter of the presumed EPSP duration of ~15 ms,
respectively. Between the bursts of stimulation, there was a pause of
4 s, and the order of the repetitions of each number of stimuli was
randomized. In this way, eight trials (four stimulation intensities X
two stimulation frequencies) of 56 sets (eight repetitions of the seven
numbers of stimuli within each set) were delivered. The order of these
trials was also randomized. Three minutes of rest were given between
each trial to minimize fatigue and discomfort. In a similar way as for
the H-reflex recruitment curve (part 1), the average of the eight EMG
recordings for each condition (number of stimuli, intensity, and
frequency) was used to estimate the amplitude of the neural responses
(see Data processing and statistical analysis).

Finally, in the third part of the experiment, the intramuscular
electrodes were inserted proximal to the surface electrodes, as ex-
plained before. For the intramuscular recordings, the load added to the
hand was progressively increased from the initial 100 g, in steps of
100 g, until regular discharges of a clear single motor unit (target unit)
could be identified from the intramuscular signals. After identifying
the load for the recruitment of the target motor unit, the load was
reduced to the level immediately before the recruitment (100 g less) so
that the force exerted was just below the recruitment threshold of the
target unit. The additional applied weights were in the range 0—600 g
(<200 g for 5/6 subjects) across subjects, implying that target units

Fig. 1. Experimental setup. Stimulation electrode lo-
cation varied across subjects according to where a
pure extension was evoked. Ground electrode for
stimulation (not shown) was located proximal to the
elbow. Intramuscular electrodes were inserted 5-10
mm proximal to the surface electrodes. The proximal
part of the lower arm rested on a box with foam
padding on top.
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Fig. 2. A—C: the surface EMG recordings during one to three stimuli, respec-
tively, delivered at 100 Hz from one representative subject. Thin, light shaded
lines indicate the eight individual recordings, and the solid line indicates
the average response, from which the reflex amplitudes were estimated.
The stimulation intensity was 9 mA, enough to elicit an H-reflex of ~50%
of the maximum amplitude with one stimulus. In A, the different components
of the signal are indicated. The stimulation artifact is a high-amplitude
triphasic burst, almost completely overlapping with the M-wave due to the
very short distance between the stimulation electrode and the EMG electrodes.
The H-reflex occurs after 12-22 ms. The vertical dashed lines indicate the
period in which the H-reflex was identified across conditions with different
number of stimuli. Finally, the long-latency reflex occurs with a delay of ~30
ms with respect to the stimuli. The thick, dark shaded lines in B and C
represent the estimated response purely to the second and third stimulus. The
pure response to the second stimulus was obtained by subtracting the response
to the first stimulus (solid line in A) from the compound response to the second
stimulus (solid line in B), and similarly for the following number of stimuli. In
this way, the influence of any overlap of, e.g., the long-latency reflex, from the
first stimulus on the H-reflex of the second stimulus was eliminated, and the
corrected H-reflex amplitude was used for further analysis.

were low-threshold motor units, as these contraction levels were
assumed to be <10% maximum voluntary contraction (40). Next, the
multistimuli protocol described above was repeated, but this time with
eight repetitions of one to six stimuli at 100 Hz. Four trials with
different stimulation intensities were applied: Iy, as determined in the
part 1, and 1, 2, and 3 mA above I, The order of these trials was
randomized, with a rest of 3 min between trials. Between any two
trials, the recruitment of the target unit was confirmed by adding
100-g load for a brief interval of time.

Data processing and statistical analysis. The surface EMG signals
were offline high-pass filtered (Butterworth, zero-phase, Sth order)
with a cut-off frequency of 120 Hz to minimize the risk of overlap
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between the H-reflex and the stimulation artefact and/or the M-wave.
The intramuscular EMG signals were offline high-pass filtered (But-
terworth, zero-phase, 4th order) with a cut-off frequency of 1,000 Hz
for better discrimination of individual motor units.

In most subjects, a small long-latency reflex response occurred in
the range of 10—15 ms after the H-reflex (Fig. 2). This latency implied
that this reflex component from one stimulus could overlap with the
H-reflex response of the following stimulus when delivering multiple
stimuli at 100 Hz (part 2). Therefore, the long-latency reflex in the
trial with N — 1 stimuli was used as a template and was subtracted
from the recorded responses to N stimuli. Figure 2 illustrates this
approach. This subtraction could not be performed for 10 and 20
stimuli since trains consisting of exactly 9 and 19 stimuli were not
included in the measures. In these cases, the template to subtract was
obtained from the time-shifted long-latency response from the fifth
stimulus. The H-reflex amplitudes were estimated as the peak-to-peak
amplitude of the corrected response in the 12- to 22-ms range after the
stimulus and normalized to the maximum H-reflex amplitude identi-
fied in part 1 of the experiment. Next, the normalized H-reflexes for
the cases with multiple stimuli (2-5, 10, 20) were expressed as the
difference from the single-stimulus case. Linear regression was ap-
plied to investigate the relation between this normalized H-reflex
increment related to each of the seven different number of stimuli and
the H-reflex amplitude obtained with one stimulus. In this way, both
variables were expressed in units of normalized H-reflex amplitude.
Regression significance was tested using F-test, and the slopes of
these linear fits were compared across conditions using the Student’s
t-test. ANOVA analysis was applied to investigate the long-latency
reflex amplitude and its determinants.

From the four trials of intramuscular EMG per subject (part 3), we
identified the stimulation intensity immediately below the intensity at
which the target motor unit was recruited on a regular basis. Target
motor unit recruitment was identified by applying a threshold above
the baseline noise level (at least 2 SDs) to the EMG recording in a
window of 12-22 ms after the stimulus. The trials with EMG activity
above this threshold were aligned according to their peak values and
averaged. Only if the shapes of the action potentials were consistent

PS /
Hstim#1 /
—— /
Hstim#2 /

30 Hstim#s /

Recruited muscle fibers (% of muscle)
n
o

0. eo-s-h

Stimulation intensity (au)

Fig. 3. The simulated H-reflex recruitment curves (muscle activation vs.
stimulation intensity) for one, two, and three stimuli at 100 Hz (black, dark
shaded, and light shaded lines, respectively) along with the M-wave amplitude
(dashed line). Muscle excitation level was approximately one-half of that
required for recruitment of the first motor unit. Stimulation intensity is
expressed in arbitrary units as the range of intensities required for activation of
the first axon (0) to the intensity required for activation of all axons (1).
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(by visual inspection), the motor unit was included for further anal-
ysis. In this way, we analyzed the intramuscular signals obtained at
this stimulation level and at the level of 1 mA above it by counting the
number of instances the target motor unit elicited action potentials for
each number of stimuli. Two subjects were excluded from this part of
the analysis. One presented an interference intramuscular EMG with
no clear distinction of individual motor units, even at the lowest load,
and, for the other, the target motor unit could not be reliably identified
across all trials.

RESULTS

Simulations. Figure 3 shows the simulated H-reflex recruit-
ment curves as obtained for different numbers of stimuli at 100
Hz. Due to the relatively low background excitation level, a
stimulation intensity equivalent to the activation of 35% of the
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axons was required for triggering a MN action potential with
only one stimulus (first data point > 0 for the black line; Fig.
3). At this intensity, 15 to 25 out of the 54 Ia axons were
recruited. The recruitment curves for the responses to two and
three stimuli, however, showed MN recruitment thresholds at
much lower intensities, with substantial muscle activity at 35%
stimulation intensity. Thus, even though the first stimulus was
not sufficient for the MN membrane potentials to reach their
thresholds, it served to depolarize the MNs so that there was a
greater probability that one of the next EPSCs would trigger an
action potential, as hypothesized. At higher stimulation inten-
sities (>60%), three stimuli activated fewer muscle fibers than
in the single-stimulus case. This depression reflected the fact
that, at the third stimulus, the majority of the MNs were in
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hyperpolarized states after having discharged action potentials
at either one or two stimuli. In all cases, the H-reflex recruit-
ment curves were depressed at high stimulation intensities
(>80%) due to antidromic collisions in the motor axons.
Figure 4 illustrates the influence of the three different dis-
tributions of Ia synaptic strength across the MN pool (Fig. 4B)
on the recruitment during 20 submotor threshold stimuli de-
livered at 100 Hz. When the synaptic strength relative to the
rheobase current was fourfold higher for the smallest MN
compared with the largest one, low-threshold MNs (less than
MN no. 90) were recruited (Fig. 4C) with an average number
of recruited MNs per stimulus of 20.2. The majority of the
recruited MNss elicited 3—6 action potentials in response to the
20 stimuli, equivalent to discharge rates in the range 15-35
pulses/s (pps) (Fig. 4D). These discharges were evenly distrib-
uted throughout the simulation period. In comparison, in the
simulations where the synaptic strength was proportional to the
rheobase current, fewer MNs in the same range (low-threshold)
were recruited (5.0 MNs per stimulus, primarily at discharge
rates <20 pps; Fig. 4, F, G, and H). Similarly, when the Ia
strength relative to the rheobase current was fourfold higher in
the largest MN, few MNs were recruited at low rates (1.4 MNs
per stimulus, primarily at discharge rates < 10 pps; Fig. 4, J
and K), but at this setting primarily high-threshold MNs were
active (Fig. 4I). These differences imply that MNs for which
the relative EPSP is the highest are most likely to be recruited
by the stimulation. However, less current (and thus less tem-
poral summation) is required to bring the membrane potential
of the small MNs to the threshold for generation of action
potentials, and, since they are usually most prevalent in the MN
pool (34), these MNs will, when recruited, tend to be active in
higher numbers and at higher discharge rates. An interesting
observation was that the number of active MNs per stimuli
tended to oscillate for the first ~10 stimuli before reaching a
stable level (Fig. 4, E and H). In the conditions shown in Fig.
4H, this reflected that most MNss capable of being activated by
the stimulation needed the summed input from two to four
stimuli to generate action potentials, after which this group of
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MNs was hyperpolarized for the duration of the following
stimuli. Synaptic noise and small differences in the intrinsic
properties, however, implied a certain variability in the number
of additional stimuli required for another action potential,
which meant that the number of active MNs eventually reached
a stable level.

The influence of the EPSP duration on the MN recruitment
during 100-Hz stimulation is depicted in Fig. 5. Short and long
durations reflected high levels of either inhibition or excitation
arriving at the MN after the Ia monosynaptic volley, respec-
tively. When the EPSP was short, progressively fewer MNs
were recruited per stimulus (Fig. 5B), and the recruited MNs
got less and less active, with 66% of the active MNs exhibiting
discharges rates < 10 pps (Fig. 5C).

Experiments. A long-latency reflex occurred, on average,
12.7 = 2.7 ms after the H-reflex. Across all subjects, number
of stimuli, and both frequencies, its amplitude was 6.9 = 1.9,
7.6 + 2.0, 12.6 £ 5.0, and 14.7 £ 5.5% of the maximum
H-reflex amplitude, for the lowest to highest intensities, re-
spectively. Previous studies of the extensor carpi radialis lon-
gus muscle have reported additional reflex responses with
latencies of up to 8 ms (presumably due to polysynaptic
excitation) (58) and, on average, 25 ms (presumably related to
movement in the unconstrained hand) (82) with respect to the
H-reflex. Four-way ANOVA analysis revealed a significant
influence of subject and stimulation intensity on the long-
latency reflex (P < 0.0001 for both variables), but not for
number of stimuli (P = 0.43) and frequency (P = 0.20). As the
number of stimuli did not influence the amplitude, we assumed
that using the time-shifted response of the 5th stimulus as a
template for the responses to the 9th and 19th stimuli to
estimate the pure responses to the 10th and 20th stimuli did not
introduce a bias in the results.

Figure 6 depicts the H-reflex recruitment curve for one
stimulus in one subject. As typical, the H-reflex amplitude
increased with the stimulus intensity until it reached a maxi-
mum value after which the amplitude decreased. For this
subject, currents above 18 mA were not applied due to dis-

C

35|

MNs recruited by
< 3 stimuli (%)

T=15

7=2

=15

T=1 =2

Fig. 5. A: the average Ia excitatory postsynaptic potentials (EPSPs) for the three different time constants of the Ia excitatory postsynaptic current (EPSC) (solid:
7 = 2; dark shaded: 7 = 1.5; light shaded: T = 1) simulated in the absence of any other MN inputs. B and C depict the effect of the different EPSP durations
on the MN recruitment during 100-Hz stimulation for 200 ms, as the average number of MNs recruited per stimulus (B) and the proportion of recruited MNs
eliciting one to two action potentials (equivalent to a discharge rate < 10 pps; C). Color coding in B and C reflects the different EPSC time constants shown
in A.
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Fig. 6. The H-reflex amplitude as a function of the stimulation intensity for one
representative subject when only one stimulus was delivered (solid connected
circles). The open circles indicate the H-reflex amplitude in response to two or
three stimuli with an amplitude of 9 mA at 100 Hz. The amplitude of the
H-reflex increased substantially when more than one stimulus was delivered.

comfort. The H-reflex amplitudes in response to two and three
stimuli at 100 Hz are shown at the intensity of 9 mA, which
corresponds to the highest of the four current levels between
Iiny and Iso. In these cases, the H-reflex amplitude was substan-
tially greater than for the recruitment curve with a single
stimulus. For example, the H-reflex amplitude obtained with
three pulses at 9 mA was more than twice the amplitude for a
single stimulus, reaching almost 80% of the maximum single
pulse H-reflex amplitude (0.14 mV at 14 mA). This observa-
tion was generally valid across subjects, as illustrated in Fig. 7.
Here, the H-reflex amplitudes for all number of stimuli across
four stimulation intensities are shown for 30 and 100 Hz. At 30
Hz, the H-reflex amplitude often decreased when more than
one stimulus was delivered. For example, the H-reflex ampli-
tude at 9 mA for subject 1 (Fig. 7A) decreased slightly for
two to five stimuli, and more dramatically for 10 and 20,
whereas the response exhibited a more rapid decrease with
respect to the single-stimulus case in other subjects (Fig. 7, C
and E). On the contrary, at 100 Hz, the response tended to
increase substantially when more than one stimulus was used
(e.g., Fig. 7B). The peak responses were usually obtained in
response to two to four stimuli, while a depression with respect
to the first stimulus was observed for higher numbers of stimuli
in some subjects.

The average magnitudes of the increment in the H-reflex
amplitude relative to multiple stimuli at the two frequencies
are depicted in Fig. 8. In this figure, the stimulation intensities
are expressed not as a current, but by the H-reflex amplitude
evoked by that current expressed as a percentage of the
maximum single-pulse H-reflex amplitude. The y-axis repre-
sents the increment for a given number of stimuli (3, 5, and 20
stimuli are shown) with respect to the single-stimulus case,
also normalized to the maximum single pulse H-reflex. The
results for 2, 4, and 10 stimuli were comparable to those shown
in Fig. 8. In this way, the results from all subjects could be
directly compared and evaluated using linear regression. As
indicated by the figure, 100-Hz stimulation generally involved
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a larger increment in the H-reflex amplitude compared with
30-Hz stimulation. In several cases (e.g., Fig. 8, C and E),
30-Hz stimulation involved a depression of the H-reflex, as
indicated by the negative slope, whereas 100 Hz always led to
an increase (e.g., Fig. 8, B and D). For 100-Hz stimulation, the
positive correlation was significant in the cases for 2—4 stimuli
(P = 0.0003, P = 0.001, P = 0.0014, respectively), whereas
there was a significant negative correlation at 10 stimuli for
30-Hz stimulation (P = 0.001). At a stimulation intensity
required for 50% of the maximum H-reflex, the slope coeffi-
cients of the linear regression predicted that five stimuli in-
volved an average depression of the H-reflex amplitude of 10%
at 30 Hz, but an average increase of 8% at 100 Hz. On average,
the slopes of the regression lines for all number of stimuli were
—0.08 = 0.18 for 30 Hz and 0.25 % 0.16 for 100 Hz. The
average difference in the slopes across the two frequencies for
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Fig. 7. The H-reflex amplitude in response to 1-5, 10, or 20 stimuli delivered
(see color coding in inset in A) at four different stimulation intensities
(approximately equivalent to 0-50% of the intensity required for maximum
single-stimulus H-reflex amplitude) at 30 Hz (A, C, and E) and 100 Hz (B, D,
and F) for three representative subjects [subject 1 (A and B), subject 4 (C and
D), subject 5 (D and F)]. As the condition indicated by the black line (one
stimulus) is similar across the two frequencies, the average and SD of these
two measurements are shown.
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Fig. 8. The change in H-reflex amplitude when
multiple stimuli are delivered at 30 Hz (A, C, and
E) and 100 Hz (B, D, and F) with respect to the
amplitude achieved with only one stimulus for all
subjects. Each circle represents one stimulation
intensity for one subject. Stimulation intensity (x-
axis) is represented as the amplitude of the equiv-
alent H-reflex obtained with one stimulus. Here,
the results from 3 (A and B), 5 (C and D), and 20
stimuli (E and F) are shown. The solid line indi-
cates the best linear fit to the data, whereas the
dashed line represents zero H-reflex increment.
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each number of stimuli was 0.32 = 0.07 (statistically different
from 0; P < 0.0001).

Figure 9 shows the results from the intramuscular EMG data
from the five subjects in which the target motor unit was
reliably tracked throughout the stimulation protocol. Each row
of panels represents one subject. The right column shows the
shapes of the motor unit action potential of the target units
(aligned and averaged). In most cases, the averaged shape of
the action potential (black line) was very similar to the single
traces (shaded lines), indicating a high certainty that all re-
corded action potentials belonged to the same motor unit. In
one case (subject 3; Fig. 9D), a high level of background noise
appeared to compromise the similarity of the individual action
potentials, whereas in another case superimpositions from
another motor unit action potential were sometimes present
(subject 6; Fig. 9H). The left column illustrates the number of
action potentials for each of the eight repetitions of each
number of stimuli (stimuli 1-6). In this way, the histograms
represent the probability of the target motor unit recruitment,
depending on the input parameters (number of stimuli and
stimulation intensity). At the highest stimulation intensity
(shaded bars), there was a specific number of stimuli in each
subject for which the target unit exhibited a higher probability
of eliciting an action potential. This critical number varied
across subjects, but was typically between three and five
stimuli. This indicates that the neural input from the EPSC
from a single pulse of the stimulated afferent fibers was too low
to elicit an action potential in this MN, but when multiple
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pulses arrived in short intervals, the summed input increased
the probability of bringing the MN membrane potential to its
threshold. Interestingly, if the MN had a higher tendency of
being active after a relatively low number of pulses, the
likelihood of a discharge at higher number of stimuli de-
creased, indicating hyperpolarization (relative refractory pe-
riod) of the MN membrane potential at the times of arrival of
the following stimuli. Finally, for one subject (subject 7; Fig.
9I), the target unit was recruited at the low stimulation intensity
(7 mA) by four to five stimuli. However, when the stimulation
intensity (and thereby the net input to the MN) was increased
by 1 mA, only three to four stimuli were needed. Again, this
indicates that temporal summation over multiple stimuli is
required for action potentials to occur when stimulating at low
intensities.

DISCUSSION

This study investigated the output of the pool of MNs
innervating the extensor carpi radialis longus muscle during
low-level, high-frequency nerve stimulation. We found that
multiple pulses delivered at 100 Hz substantially increased the
amplitude of the H-reflex with respect to single pulses. This
increase was persistent for up to 20 pulses, but was highest for
the first 2 to 4. The same summation effect was not observed
during 30-Hz stimulation. Furthermore, using recordings of
single motor unit activity, it was observed that, during high-
frequency stimulation, many MNs tended to fire only after a
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Fig. 9. The occurrences of action potentials of the target motor unit in response
to the eight repetitions of one to six stimuli at 100 Hz. A, C, E, G, and I show
histograms quantifying the number of action potentials to each number of
stimuli for subject 1, 3, 5, 6, and 7, respectively. Solid bars indicate the counts
for the lower (subthreshold) stimulation intensity, whereas the shaded bars
indicate the counts for a stimulation intensity 1 mA above this level. B, D, F,
H, and J show the shapes of the action potentials of the target motor units
(corresponding to the histogram to the left of it). Shaded lines represent the
single action potentials, and the thick solid line, the average action potential.

certain number of stimuli. The number of needed stimuli
depends on intrinsic MN properties, background excitation,
and magnitude of the input. Since a different subset of MNs
responds to each stimulus pulse, continuous activation of the
muscle could be achieved with individual MN discharge rates
severalfold lower than the stimulation rate (unlike traditional
NMES). This observation was reproduced by the realistic
computer simulations showing a stable number of MNs being
activated per stimuli with discharge rates within physiological
ranges (34). In most simulation settings, the MNs were re-
cruited in a size-ordered fashion. Inverse recruitment was
present only when the Ia fibers projected very strongly to
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high-threshold MNs (Fig. 4I). Experimentally, such reflex
recruitment has been observed for the masseter muscle (78),
whereas other muscles exhibit mixed recruitment biased to-
ward either large (79) or (as in the case of extensor carpi
radialis longus) small (76) MNs. The simulations were con-
ducted at a fixed subthreshold background excitation level, but
increasing the MN pool excitability would increase the number
of recruited MNs in a predictable way: in the cases where small
MNs were recruited first, an increased background excitation
would recruit progressively larger MNs, while the smaller
MNs would be activated by fewer stimuli. Furthermore, mod-
ulations in the EPSP amplitude, for example, due to stimulation
location (10), task dependency (30), fatigue (31), or training
state (81), would change the activation of the MN pool. A
similar effect was achieved by changing the EPSP duration, but
the simulations showed that MN recruitment has a considerable
safety margin with respect to such changes that may occur due
to, e.g., polysynaptic Ib inhibitory input (45) or time-dependent
changes in MN excitability due to activation of cutaneous
afferents (38). While the simulations showed that multiple
stimuli can elicit H-reflexes at currents where one stimulus was
insufficient (Fig. 3), this was only observed experimentally in
few subjects (Fig. 7) and not in a consistent way (Fig. 8). This
discrepancy may be explained by the fact that a higher back-
ground excitation was present in the experiment (due to the
low-level contraction), making an H-reflex likely to occur even
when only few afferent fibers were activated. Furthermore, it is
possible that a relatively large number of Ia axons with similar,
low rheobase currents were recruited between two steps of
current. This may likely have happened due to the 2-mA
step-size between stimulation intensities. In this case, a single
EPSP at the lowest current involving any la axon activation
may have been high enough to elicit an H-reflex. Finally, the
simulations may have overestimated the variability in Ia con-
duction velocity (and thus rheobase current), as a lower and
more compressed distribution of conduction velocities has
been reported for some human muscles (7, 17).

Several phenomena may explain the elevated H-reflex am-
plitudes at 100-Hz stimulation. Posttetanic potentiation can
increase H-reflex responses, but this typically requires stimu-
lation at frequencies > 200 Hz in periods from 10 s to several
minutes (15, 27, 33, 48). This suggests that this was not the
primary mechanism underlying the H-reflex elevation observed
in the present study, as it occurred after only two stimuli (10
ms). Alternatively, activation of PICs by high-frequency stim-
ulation may have increased the MN excitability, thereby in-
creasing the reflex response amplitudes. Accordingly, it is
presumed that such currents can be activated at 100-Hz stim-
ulation (and not at ~30 Hz) (29, 49) and at the similar pulse
widths as that applied in this study (52). However, this has only
been demonstrated after seconds of stimulation (10, 23) and
increased asynchronous activity (10) or self-sustained firing
(22), which are observations often related to PIC activation that
were not observed in the present study. Finally, a frequency-
dependent difference in presynaptic inhibition and decreased
sensory nerve rheobase current at high-frequency stimulation
(47) may, in part, explain the results. Although none of these
explanations can be discarded, we believe that the most likely
explanation for the elevated H-reflex amplitude at 100-Hz
stimulation is the temporal summation of the Ia EPSP in the
MNs, as the duration of the compound EPSP [~15 ms (71, 80)]
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implies that an overlap of subsequent evoked potentials oc-
curred. Additionally, it should be noted that the simulations
conceptually replicated the experimental findings (Figs. 3 and
4) without including the changes in synaptic strength or MN
intrinsic properties (e.g., EPSP amplitude, PIC). Temporal
summation as the underlying mechanism is also compatible
with the lack of an increase in the H-reflex amplitude at higher
interstimulus intervals (30-Hz stimulation; Fig. 8). The ob-
served decrease in reflex amplitude at this stimulation fre-
quency is in line with previous observations that the H-reflex
decreases in response to repetitive stimulation at similar fre-
quencies (20, 25). This postactivation depression is presumably
due to partial depletion of neurotransmitter at the synapse. The
increased H-reflexes at high-frequency stimulation, however,
indicated that temporal summation occurring at 100-Hz stim-
ulation is sufficiently strong to overcome this decrease in
synaptic strength, but may also reflect the fact that the degree
of postactivation depression is relatively low at high frequen-
cies (25, 27). When more than five stimuli were applied at 100
Hz, the elevated H-reflex amplitudes observed during the first
few stimulus pulses declined. This may be due to a progressive
increase in the magnitude of the depression after multiple
high-frequency pulses, as previously reported (27), but may
also reflect the natural activity cycle of the active MNs dem-
onstrated in the simulations (Fig. 4H). On average, however, an
increase in the H-reflex amplitude in response to the 20th
stimulus with respect to the 1st stimulus was observed. It
should be noted that a large cross-subject variability in the
effect of high-frequency stimulation was observed, in particu-
lar in the response to 10 and 20 pulses (Fig. 8). Cross-subject
variability in the magnitude at which the postactivation depres-
sion occurred and in the amplitude and time constant of the
EPSC may partly explain this variability. Furthermore, the
sensitivity of the H-reflex amplitude to arm position (30) and
mental state of the subject (39) may have contributed as well.
Variability due to these factors inevitably occurred to some
degree due to the relatively long duration of the experiment
(2-3 h).

The latencies of the H-reflex are not often systematically
reported. However, in the present study, the observed latencies
(12-20 ms) were shorter than most, but not all, other reports for
the same muscle. Typical values in healthy young adults are
18-30 ms (28, 66, 68, 84), but average latencies of 14—16 ms
with considerable standard deviations have been reported (9,
82). Several factors may have contributed to this discrepancy.
For example, since the muscle fiber conduction velocities are
~10 to 20 times smaller [normally 3-5 m/s (5, 35)] than the
axonal velocities [normally 60-120 m/s (41)], the H-reflex
latency is strongly influenced by the distance between the
innervation zone and the recording electrodes. Assuming a
muscle fiber conduction velocity of 4 m/s, a 1-cm difference in
electrode position over the muscle would change the measured
latency by 2.5 ms.

Due to the short distance between the stimulation and
recording electrodes, an overlap between the stimulation arte-
fact and the M-wave occurred. Therefore, the M-wave and any
potential influence of stimulation frequency on its amplitude
could not be analyzed. However, at stimulation intensities
evoking H-reflex amplitudes below 50% of the maximum
amplitude (which were the primary focus of this study), the
M-wave was typically not present. This has been consistently
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observed across many muscles (75), including the extensor
carpi radialis longus (68, 84). Furthermore, as the motor axon
membrane potential repolarizes almost instantaneously after
subthreshold current pulses (62), amplification of the response
due to temporal summation was unlikely to have taken place in
the motor axons. It should, however, be noted that, if some
motor axons were recruited, they were likely to stay recruited
due to their supernormal excitability when stimulated at 100
Hz (47). For these reasons, it was assumed that no or only a
small degree of direct motor axon stimulation (M-wave) oc-
curred during the experiments, and that the induced muscle
activation was almost exclusively evoked via afferent path-
ways.

The results of this study indicate that the nonphysiological
properties of the contractions elicited by classic NMES, i.e.,
nonordered recruitment order, perfect synchronization, and
highly uniform discharge rates, could be partly overcome by
activating the MNs indirectly via high-frequency stimulation of
afferent fibers at a constant stimulation current that is below the
motor axon rheobase current. Whether or not size-ordered
recruitment can be achieved depends on the strength by which
the Ia fibers project to the MN pool (Fig. 4), and it should
further be noted that significant recruitment likely requires that
a single-stimulus H-reflex of a certain magnitude can be
elicited. While the present study serves to establish the basic
feasibility of the approach and its physiological foundation, the
functional applicability remains to be investigated. For exam-
ple, the obvious extension of the proposed concept is the
gradation of muscle force by modulation of the stimulation
frequency. The range of forces that can be obtained with this
approach, the sensitivity of force gradation, and the degree of
the resulting muscle fatigue need to be characterized in detail
in future work.

In conclusion, the simulation and experimental results of this
study strongly support the working hypothesis that stimulation
of afferent fibers at a sufficiently high frequency (in this case
100 Hz) evokes temporal summation of EPSPs in MNs, am-
plifying the magnitude of their response to each stimulus and
recruiting different groups of MNs in response to each indi-
vidual stimulus. These findings suggest a potential for recruit-
ing substantial numbers of MNs and evoking from them
activity patterns more similar to physiological activation than
what can be obtained using classical NMES.
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