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Introduction: Spinal motonenrons (MIN) transmit nenral commands from the brain to the muscles they
innervate and, as a result, produce functional movement. However, MINs are not simply passive conduits of these
commands and, instead, actively shape motor output through alterations in intrinsic excitability. We hypothesize
that the excitability of MINs is not fixed across the body; instead, MINs are functionally tuned to the tasks they
control. Such findings could indicate a divergent control strategy that allows for the differential regulation of motor
pools for specific tasks. We aim to investigate the mapping of MIN excitability across motor pools. Methods:
High-density surface electromyography of the tibialis anterior (1.A) and first dorsal interosseons (FDI) was
recorded from four nenrologically intact participants while they performed low-level, isometric contractions. The
data were decomposed into underlying motor unit action potentials and paired motor unit analyses were
subsequently performed on these spike trains to quantify MIN excitability (AF). Results: 1,638 motor unit
spike trains were extracted across all contractions. Mann-Whitney U fest revealed that all subjects (4/4) had
significantly higher maximal discharge rates in FDI, 19.13 [17.62 — 20.59] pps, when compared to the TA,
13.08 [11.51 — 15.46] pps. All subjects (4/4) had a higher AF in the TA 4.22 [2.89 — 5.61] pps) than
the FDI (3.62 [1.23 — 5.94] pps), with 3/4 reaching statistical significance. Conclusions: Our findings
suggest that the discharge rate and intrinsic excitability of human MINs differs across TA and FDI motor pools
during similar isometric tasks. These results support the notion that motor pools are functionally tuned to their
environmental demands.

Introduction

Spinal motoneurons (MN) are the conduits for volitional movement in humans, communicating
motor commands from the brain through the spinal cord to muscle fibers.! The motor system
is organized such that a single MN and the muscle fibers it controls (i.e., motor unit) represents
the smallest functional unit of the motor system. Two accepted mechanisms explain the way by
which the human nervous system controls force output: 1) by recruiting more motor units to
contribute to the task; 2) by increasing the discharge rate of those motor units already active.”
These mechanisms have been well-explored and suggest a highly linear, rigidly organized, model
for the regulation of motor unit activity.”> However, more recent investigations show MNs do
not simply act as a passive follower of the brain, but instead, have complex intrinsic properties
that may cause non-linear changes to motor unit behavior.”® This active role of the MN in the
generation of muscle force is largely unaccounted for in current models of motor control and
understanding of pathologies of the neuromotor system.
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These intrinsic properties of MNs are regulated via monoamines (i.e., norepinephrine and
serotonin) released from the brainstem.” The released monoamines result in intrinsic changes to
the excitability of MNs through the activation of persistent inward Ca2+ and Na+ currents
(PICs) on the soma and proximal dendrites."’ The functional consequence of this is to allow the
MN to remain active even after descending synaptic drive has lessened or ceased.”! A classic
example of this is a current clamp recording from a spinal motoneuron from an animal, which
is provided a triangular injection of current and hysteresis is observed in the discharge of the
neuron."” That is to say, more current is needed to initiate discharge than is needed to maintain
repetitive discharge — this extra current and resulting hysteresis is provided in large part by the
activation of PICs. It has been proposed that these channels are more prominent in postural
muscles, to support the tonic activation of muscles.” Further, there is evidence that disruptions
in the regulation of monoamines and PICs may lead to clinically significant symptomology in a
wide range of disease conditions including spinal cord injury," amyotrophic lateral sclerosis
(ALS)," stroke,'* and sepsis."’

Direct observation of transmembrane currents of human MNss is not yet possible. But because
the neuromuscular junction is a high-fidelity synapse where each MN action potential results in
an action potential of the associated muscle fibers, it is possible to infer underlying cellular
process from the discharge of pairs of individual motor units. Further, utilization of non-
invasive, high-density surface electromyography (hdEMG) arrays and decomposition
techniques'® allows for the quantification of the concurrent discharge of a large amount (in some
cases >40) of individual human motor units. Such population measures of human MN discharge
provide us with a new means to quantify the distribution of human spinal MN excitability across
motor pools."

Here, we map the excitability of human spinal MNs within and across motor pools in the upper
and lower extremity. We hypothesize that the excitability of MNs is not fixed across the body,
but rather is functionally tuned to the tasks they control. We hypothesis that a MN that
innervates a key postural muscle of the lower extremity (TA) will have greater intrinsic
excitability compared to a MN that innervates an intrinsic muscle in the hand (FDI).
Understanding the diverse repertoire of mechanisms available for the central nervous system to
control motor output will provide insight for future therapeutic interventions for individuals
with neuromotor pathology.

Methods
Participants

Four human subjects (2 females, mean age 26.5 * 4.98) with no known neuromuscular
impairments were recruited for this study. All subjects self-reported right hand and foot
dominance and provided written informed consent prior to participation. All procedures were
approved by the Institutional Review Board at Temple University (Protocol # 23971).
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Experimental Design

To investigate the behavior of MNs within and across motor pools of the upper and lower
extremity, two experimental sessions were implemented on non-consecutive days. Each
experiment consisted of data collection from a single muscle. Similar protocols were conducted
during both experimental sessions, with the muscle being tested first randomly assigned. To
quantify the discharge characteristics and estimated excitability of individual MNs, a series of
slow ramping isometric muscular contractions were utilized, in which the force output could be
slowly modulated over time in a consistent manner. During this time, MN activity was recorded
with hdEMG.

Experimental Set Up — Leg

Prior to the experimental session, the skin over the dominant-side (i.e., right) tibialis anterior
(TA) was shaved, abraded with high-grit sandpaper, and cleansed. One 64-channel high-density
electrode array (8mm inter-electrode distance; OT Bioelettronica; Turin, Italy) was placed on the
skin over the muscle, covering the largest portion of the muscle belly, and secured with medical
tape (3M Transpore; St. Paul, MN). Participants were seated in an isokinetic dynamometer
(Biodex; Shirley, NY) and secured with straps across the torso and upper leg in a comfortable
position of 60-90° hip flexion and 15° knee flexion. The ankle was secured to a footplate
achieving 15° degrees of plantarflexion and affixed to a six degrees of freedom load cell (JR3;
Woodland, CA). The ankle’s axis of rotation was centered to the load cell in this position (See
Figure 1). Real-time feedback of torque output was provided on a TV monitor positioned
directly in front of the participant to assist task performance.
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Figure 1. Experimental setup. A. Laboratory setup during data collection. Subject is seated in Biodex
facing the feedback display. B. Sagittal view of the ankle during data collection for the TA. The axis of
rotation of the ankle is lined up with the center of the load cell.
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Experimental Set Up — Arm

In a similar manner as described above, the skin over the dominant-side (i.e., right) first dorsal
interosseous (FDI) was prepared and one 64-channel high-density electrode array (4mm inter-
electrode distance) was placed on the skin over the largest portion of the muscle belly and
secured with medical tape. Participants were seated in a comfortable position in a chair facing
an exam table. Chair height was adjusted such that their arms were resting in a neutral position
on the exam table (forearm pronated, such that the palms were facing down). The tested hand
was positioned against a rigid block on the exam table with fingers fully extended and thumb
abducted 90° away from the index finger. This position enabled the participant to exert
abduction force with their index finger into the rigid block without moving the rest of their hand
or fingers. Real-time feedback of FDI EMG was provided on a TV monitor, positioned directly
in front of the participant, to assist task performance.

Expetimental Protocol

At the beginning of each experimental session, participants performed three maximal volitional
isometric contractions (MVIC) of the tested muscle, waiting at least two minutes between
attempts, to establish a baseline of performance. For the purpose of EMG decomposition and
subsequent motor unit analysis, participants were asked to produce a symmetrical time-varying
isolated joint torque up to a fixed percentage (20%) of their MVIC and at a consistent rate of
torque development. Participants performed three sets of three isometric contractions for each
muscle tested. To mitigate the effects of fatigue and windup, 10 seconds of rest between
contractions and 2 minutes of rest between sets was imposed.

Data Collection

During isometric contractions, hdEMG data was recorded using the OTBioLab software
(OT Bioelettronica; Turin, Italy). Torque was baseline corrected and filtered using a 20 Hz
low pass filter, this signal was used for visual feedback of task performance during the TA
contractions. A single channel of EMG was isolated, amplified, rectified, and smoothed
using a ~500 ms root mean square filter, and then utilized for visual feedback of task
performance during the FDI contractions. EMG was filtered at 20-900 Hz and collected at
2048 Hz using a 16-bit A/D converter (OT Bioelettronica; Turin, Italy), simultaneously with
the torque data.

Motor Unit Decomposition and Analysis

hdEMG array recordings were decomposed offline into the discharge of individual motor
units using a blind source separation algorithm'™ (Figure 2).
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Figure 2. Conditioned EMG and decomposed MU spike trains. Representative data from the TA of
one individual. A) Surface EMG is collected from 64 channel surface EMG during an isometric
ramp contraction. B) Surface EMG recordings are decomposed into their corresponding motor
unit action potentials; 28 motor units from the TA are shown here

This algorithm has been extensively validated and provides an accurate method for
decomposing motor unit spike trains (e.g. Thompson et al.*). For each participant,
individual isometric contractions were isolated. Thereafter, each spike train was identified
and convolved with a 2-second hanning window (Figure 3). From these windowed spike
times, the maximum discharge rate of each MN was calculated.
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5.0 pps

Figure 3. Paired motor unit analysis. Exemplar data from the paired motor unit analysis technique
for the FDI (left) and TA (right); lower threshold motor units (gray) from the same contraction are
paired with higher threshold units for analysis (FDI in orange; TA in blue). In this example, AF is
greater in the TA (right; 5.0 pps), as such, a larger hysteresis is observable and the higher threshold
motor unit remains active for much longer when compared to its paired lower threshold motor unit.

(Pulses per second; pps)
Measurement of Inttinsic Motorneuron Excitability (AF)

PICs act to augment and prolong the activity of motor units. To estimate the magnitude of
these effects, we measured the prolonged activity of motor units through the use of slow,
symmetrically ramping (up to 20% MVIC and back down), isometric muscle contraction. If
there were no appreciable nonlinear properties of these MNs, the time at which a motor
unit was recruited and derecruited would be perfectly equal and symmetrical on the up- and
down-slope of the triangular contraction. However, if there are increases in the excitability
of spinal motoneurons (as such is the case with increased PICs), motor units would have an
observable hysteresis, in which a motor unit would remain active long after it was expected
to derecruit. Because it is not possible to directly assess the synaptic input to a motor pool
from the nervous system in humans, a paired motor unit technique"” was utilized.
Specifically, the recruitment and derecruitment time of a higher threshold unit was found
and compared to the estimated synaptic current (i.e., the firing frequency of a lower
threshold motor unit). AF is calculated by finding the difference in discharge rate of the
lower threshold unit between these two time points. In instances where AF is greater, a
larger hysteresis will become observable between the time at which a higher threshold unit
is recruited and derecruited (see Figure 3). In an effort to limit the amount of erroneous
comparisons between motor unit pairs, several criteria were employed. Firstly, the time
between the first discharge of the lower and higher threshold units was less than 500 ms.
Secondly, to ensure a lack of saturation, an increase of at least 0.5 pps in the lower threshold
unit following the recruitment of the higher threshold unit was observed. Lastly, to ensure
common synaptic drive underlying the rate modulation of both units, only pairs with a rate-
rate 2 value of greater than 0.7 were considered suitable pairs.”
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Statistical Analysis

Normality of the data was tested with the Shapiro-Wilk test and revealed non-normal
distributions for AF and maximal firing rate. Thus, Mann-Whitney U tests were used to
compare the AF and maximal firing rate within each subject between the TA and FDI. A
Bonferroni correction was applied to account for multiple comparisons. All statistical
analyses were performed using MATLAB 2017b (MathWorks, Natick, USA) and
significance was accepted at the p value < 0.05. Cliff’s Delta (A) was utilized to calculate
effect size.”” Results are reported as median and [first quartile — third quartile].

Results

Each of the four subjects completed three sets of three contractions in both the TA and
FDI for a total of 72 contractions. Figure 2 shows an example of a single contraction in
which the hdEMG signals are overlaid above the decomposed discharge times. The TA
contractions were performed at 18.4% [15.8 — 22.1] maximal EMG amplitude while FDI
contractions were performed at 23.8% [21.1 — 27.7] maximal EMG amplitude. From these
signals, a significant difference in the number of MUs yielded per contraction is observed
between the TA (15.5 [12 - 21]) and FDI (5.5 [4 - 7]; p = .006). All subjects (4/4) had a
significantly higher maximum discharge rates in the FDI than in the TA (all p < 0.01). This
ranged from a 15.1% to a 67.5% increase in discharge rate of the FDI as compared to the
TA (Figure 4a). These differences represent a large effect size in discharge rate between FDI
and TA (Cliff’s A: 0.64 — 0.79).

To conduct the paired motor unit analysis, suitable motor unit pairs in each contraction
were found (see methods). Figure 3 shows an example of the AF analysis in pairs of motor
units from the TA and FDI, note the greater hysteresis in the TA. This resulted in a median
of 42 [11 - 101] pairs in the TA and 6 [4 - 10] pairs in the FDI per contraction. When pooling
these values, all subjects (4/4) had a higher AF in the TA (4.22 [2.89 — 5.61] pps) than FDI
(3.62 [1.23 — 5.94] pps), with 3/4 reaching statistical significance (Figure 4b). The effect size
of the AF between FDI and TA varied from small to moderate, among the four subjects
(Cliff’s A: 0.04 — 0.34).
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Figure 4. Individual data findings. Individual data (subjects 1-4) for maximal discharge rate (top row,
filled boxes) and AF (bottom row, empty boxes). Significant differences between TA (blue) and FDI
(orange) are noted with (¥).

Discussion

The discharge patterns and intrinsic excitability of human MNs is different across
functionally diverse motor pools. These findings indicate that the FDI preferentially utilizes
higher discharge rates than the TA to achieve the same relative level of effort. Furthermore,
using the delta-f approach, we observe the intrinsic excitability of human MNs is higher in
the TA than in the FDIL

Two functionally diverse muscles appear to be controlled in fundamentally different ways
by the CNS to achieve task dependent outcomes. This evidence supports the notion that
motor pools are functionally tuned to their environmental demands. While others have
observed state-dependent changes in the motor system through neuromodulation,” none
have yet assessed the baseline organization and relative sensitivity of these motor pools (TA
and FDI) in humans. Because of the nonlinear ways in which PICs can augment motor unit
behavior, it is possible that the nervous system may utilize these organizational differences
to transform the motor command between motor pools, to facilitate complex motor tasks.
For example, the TA, predominantly a postural control muscle, is utilized constantly for
stability and locomotion. As such, its MNs may have a biophysical benefit to higher levels
of excitability (AF), this would lower the effective activation threshold of the motor pool to
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assist in repetitive tasks. In contrast, the FDI is almost exclusively utilized for fine control
in grasping. As such, its MNs may benefit from a reduced level of excitability when executing
controlled, fine motor tasks, in which prolonged MN activation may increase the difficulty
of controlling a precise movement.

In addition to differences in intrinsic MN excitability, during slow time varying isometric
contractions the FDI preferentially utilizes higher discharge rates than the TA to achieve
the same relative level of effort. The difference in maximal discharge rates could reflect
further organizational differences between the TA and FDI. Others have reported similar
findings in the characteristics and discharge rates of the TA** and FDI.” While the absolute
size and maximal force output of the TA and FDI muscles may greatly vary, the use of a
normalized task (20% MVIC) acts to diminish these differences and alone are not likely
responsible for the observed differences. However, relative differences in the amount of
MNs and corresponding innervation ratio to muscle fibers, between these two motor pools
could result in varying force-generating capabilities® and, as a result, require divergent
control strategies. The current data is consistent with previous work suggesting the FDI
uses a rate-modulation (as opposed to recruitment) based strategy for increasing force.”
Taken together, the data suggest that distinct organizational differences exist between the
TA and FDI motor pools.

It is important to note that consequent to the calculations involved in estimating intrinsic
MN excitability with the paired motor unit method, the AF value cannot exceed the peak
discharge of the motor pool under observation. Thus, it is possible that the observed AF
findings in the TA may have been underestimated by their inherently lower discharge rates
when compared to the FDI (with a higher discharge rate and lower AF value). It is possible
the differences between motor pools may be even larger without this limitation. This would
be more of a concern if both the peak discharge rate and the AF measure trended in the
same direction, regardless this should be considered in its future use in comparing values
across motor pools.

This method of hdEMG analysis generates an extraordinary amount of data per subject (in
some cases hundreds of data points, per muscle, per contraction), in which important
biophysical signals and individual variation may be lost when collapsing the data across
subjects. Further, within the same subject, the TA and FDI may not have had the same
number of representative data samples recorded in each motor pool. To address this unequal
sampling, unpaired tests of statistical inference were chosen to assess changes within
subjects. Additionally, due to a multitude of reasons including subcutaneous fat, anatomical
differences, and signal noise, not all subjects yielded similar numbers of motor unit spike
trains after decomposition. For example, subject 2 yielded a total of 145 motor unit
comparisons for the paired motor unit analysis compared to subject 4 who yielded 847. This
disparity in motor unit comparisons may account for the non-significant increase in TA AF
in subject 2 (see Figure 4b). Future efforts should aim to improve motor unit spike train
yield and to provide further rigor in statistical inference testing with this unique data
collection method.
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Motor unit decomposition methods in hdEMG, such as the ones employed in this study,
present multiple advantages in data collection over the lifespan in populations with
neuromuscular pathology. Fine-wire EMG, in which a needle is inserted percutaneously into
the muscle belly to temporarily place metal wires for direct recording and electrostimulation,
is commonly used for diagnosis and prognosis across a range of neuromuscular pathologies,
including amyotrophic lateral sclerosis (ALS) and peripheral nerve lesions (e.g., obstetric
brachial plexus injury). However, the invasiveness of these procedures creates discomfort
for vulnerable populations, deters patients from serial studies, requires trained clinician
oversight, and presents analytical limitations.”” Instead, noninvasive hdEMG techniques can
be employed, creating opportunities for remote testing in outpatient facilities, or even
patients’ homes, without the resources needed in a hospital or laboratory setting. The
noninvasive nature of the hdEMG collection allows for longer recording periods with
minimal discomfort and often yielding magnitudes more data.”® Fine-wire EMG, despite
high levels of focal fidelity, cannot provide information about the entire motor pool during
contractions. As a result, fine-wire EMG is unable to distinguish between individual MN
activity and the behavior of the entire motor pool.

These findings extend the non-linear role of MNs in the animal model to humans (e.g.,
Hounsgaard & Kiehn®), suggest different levels of excitability across MN pools,"” and
characterize non-linear MN behavior in healthy humans. High-density EMG and motor unit
decomposition may be used in future research to map MN behavior (e.g., excitability and
discharge rate) across motor pools in response to other conditions (e.g., modes, intensities,
and intervals of activation).” Understanding this behavior may have implications for the
diagnosis, prognosis, and treatment of neuropathologies, including ALS, spinal cord injury,
and stroke.
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