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Physiological and pathological motor unit phenotypes
coexist within single motor pools after cervical SCI

Devon R. Rohlf', Raul Simpetru!, Dominik I. Braun', Daniela Souza de Oliveira?, Matthias
Ponfick?®, Alessandro Del Vecchio'$

Abstract
Individuals with chronic cervical spinal cord injury (SCI) retain voluntary motor unit (MU)
activation below the level of the lesion despite profound impairments in muscle relaxation, yet the

MU-level mechanisms underlying this dissociation remain unclear.

Here, we investigated MU recruitment and derecruitment dynamics using high-density surface
EMG (HD-sEMG) and intramuscular EMG (iEMGQG), in functionally paralyzed muscles across
open- and closed-loop tasks in four participants with chronic cervical SCI. Building on prior work
that distinguished task-modulated from non-modulated MUs, we combined closed-loop MU
feedback with targeted intramuscular implants to determine whether tonic units remain accessible

to voluntary control and whether distinct firing phenotypes coexist within individual motor pools.

Participants voluntarily recruited MUs and modulated discharge rates (45.2%), but a significant
fraction (54.8%) of active MUs could not be derecruited during attempted relaxation. Quantitative
analysis of 409 MUs revealed that derecruitment impairment spans a graded continuum rather than
the binary distinction between modulated and non-modulated units reported previously. Three
phenotypes, controllable (45.2%), modulated-tonic (42.8%), and tonic (12%), partition this
spectrum based on derecruitment timing, discharge regularity, and firing persistence and coexist
within the same motor pools, including within single muscle compartments sampled
intramuscularly. Kaplan-Meier survival analysis confirmed graded derecruitment dynamics:
controllable units ceased firing within 500 ms of rest onset, whereas most tonic units persisted
throughout the observation window (log-rank y?=164.10, P <0.001). Tonic units displayed highly
regular discharge consistent with intrinsic motoneuron excitation via persistent inward currents
(PIC). Phenotypes were consistent across recording modalities and task contexts, and phenotype

effects on derecruitment metrics exceeded movement-type effects by an order of magnitude.


https://doi.org/10.64898/2026.06.04.730075
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.64898/2026.06.04.730075; this version posted June 10, 2026. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under a CC-BY 4.0 International license.

These findings identify impaired MU derecruitment as a core feature of spastic paralysis, driven
by maladaptive motoneuron and spinal network properties that preserved descending drive cannot
fully counteract. A proof-of-concept spike-train-level temporal filter selectively suppressed tonic
firing while preserving voluntary modulation (>94% correlation retained), demonstrating a

physiologically grounded strategy for improving neural interfacing after SCI.
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Introduction

After spinal cord injury (SCI), motoneurons below the lesion can begin to exhibit tonic firing that
persists in the absence of voluntary drive, generating sustained involuntary muscle contractions. !>
This pathological involuntary activation of motor units (MUs) is a core feature of what is clinically
termed spasticity. While the classic definition of spasticity emphasizes a velocity-dependent
increase in tonic stretch reflexes,’ the broader clinical syndrome encompasses involuntary muscle
activity, exaggerated reflexes, and impaired voluntary muscle relaxation.* In this study, we

operationally define spasticity as the pathological involuntary activation of MUs that interferes
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with voluntary motor control. Individuals with spasticity can often initiate movements but struggle
to terminate them, leading to sustained muscle activation during attempted rest.>® Although
spasticity is frequently attributed to reflex hyperexcitability,’® this does not fully explain persistent
tonic MU activity at rest or the dissociation between voluntary activation and relaxation. Whether
these impairments arise from disrupted supraspinal drive, maladaptive spinal circuitry, or intrinsic
motoneuron properties remains a central challenge, particularly given the limited studies

examining MU behavior in paralyzed humans.

MUs translate descending neural commands into muscle force, and decades of research have
demonstrated that MU recruitment and rate modulation can be voluntarily controlled.”!* MU firing
is governed by synaptic input and PICs, voltage-dependent calcium and sodium currents that
amplify and sustain motoneuron excitation.!''* After SCI, loss of descending regulatory signals
from the brainstem can lead to exaggerated PICs, enabling motoneurons to continue firing after
voluntary drive has ceased."!>!® Such intrinsic excitation provides a plausible mechanism for
sustained muscle activity, yet its impact on voluntary MU derecruitment has not been
systematically examined.!” Whether such post-injury changes act uniformly across the motor pool
or differentially across its constituent motoneurons is unresolved, yet the distinction is
mechanistically central: uniform alteration implies global dysfunction of the pool, whereas
differential alteration would imply a mosaic of preserved and impaired motoneurons that residual

descending drive could still partially engage.

Several fundamental questions remain unresolved: to what extent is voluntary MU recruitment
preserved in motor complete cervical SCI, and does impaired relaxation reflect failure of activation
or disengagement?>!'® Do all MUs in agonist muscles exhibit pathological firing, or do normal and
dysfunctional units coexist? Can task context modulate pathological firing? These questions are
essential for understanding spastic pathophysiology and for interpreting neural signals in

applications that decode voluntary intent from MU activity.!>?

Here, we investigated MU recruitment and derecruitment dynamics using high-density surface
electromyography (HD-sEMG) and targeted intramuscular EMG (i(EMG) across open- and closed-
loop tasks. We hypothesized that derecruitment impairment in SCI is heterogeneous, reflecting
graded disruption of the balance between residual inhibitory control and intrinsic motoneuron

excitability, rather than a uniform failure of voluntary drive. Participants voluntarily recruited MUs
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and modulated discharge rates, demonstrating preserved supraspinal command.?’ However, many
MUs could not be voluntarily derecruited despite shared descending commands. We identified
three distinct phenotypes, controllable, modulated-tonic, and tonic, reflecting progressively
impaired disengagement,!” consistent across recording modalities and supporting an intrinsic
spinal origin.'>!'* The coexistence of distinct MU behaviors within the same motor nucleus
suggests that residual supraspinal drive is insufficient to overcome maladaptive spinal
reorganization and altered intrinsic motoneuron properties after SCI. Finally, we demonstrate that
phenotype-informed spike-level temporal filtering can selectively suppress tonic firing while
preserving voluntary signals, enabling more robust spinal cord-computer interfaces for motor

augmentation after SCI.

Materials and methods

Ethics and Patient Information

All procedures were approved by the ethics committee of Friedrich-Alexander-University
Erlangen-Nuremberg (applications 21-150B, 22-138Bm, and 23-271B) in accordance with the
Declaration of Helsinki. All participants provided written informed consent. Intramuscular
electrode implantation was performed by a licensed physician guided by ultrasonographic

imaging. Full exclusion criteria are provided in Supplementary Methods.

Four participants (P1-P4) with chronic cervical SCI (C4—6, American Spinal Injury Association
Impairment Scale (AIS) A & B) were recorded across three experimental modalities: closed-loop
sEMG with visual feedback, open-loop sSEMG without feedback, and open-loop iIEMG without
feedback. P1 and P2 participated in all three experiments; P3 participated only in iEMG
recordings; P4 participated only in open-loop SEMG. Each experimental modality was conducted
on separate days. The open-loop sSEMG and iEMG protocols were each completed in a single
session; the closed-loop sSEMG protocol was performed across multiple consecutive sessions (P1:
5 sessions; P2: 4 sessions). Recording modalities were separated by weeks to months, depending
on participant availability and clinical scheduling. Three movements common across all sessions

were analyzed: index flexion, two-finger pinch, and fist closure/opening.
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Subsets of the SEMG recordings from P1, P2, and P4 have been reported previously in the context
of real-time MU—computer interfacing,?® spinal cord—computer interface control,?° latent manifold
analysis of spared motor dimensions,>! and EMG decoding framework validation.?? The present
study applies new analyses: phenotype classification, survival analysis, and temporal filtering, to
these recordings and additionally includes intramuscular EMG data from P1, P2, and P3 not

reported elsewhere. (Supplemental Table 3)

Participant identifiers were harmonized across recording modalities for clarity. Demographic and

clinical data are provided in Supplementary Table 1.

Acquisition Hardware

All experiments used the Quattrocento bioelectrical amplifier (OT Bioelettronica, Torino, Italy).
SEMG was sampled at 2,048 Hz (monopolar, hardware bandpass 10—4,400 Hz). IEMG was
sampled at 10,240 Hz (bipolar, hardware bandpass 104,400 Hz). A ground reference was placed

at the elbow. The skin was cleaned with an alcohol solution prior to electrode placement.

Electrodes

Surface recordings used 64-channel high-density grids: 8%8 arrays (GR10MMO0808, 10 mm
interelectrode distance) and 13x5 arrays (GROSMM1305, 8 mm interelectrode distance; OT
Bioelettronica). For intramuscular recordings, bipolar fine-wire electrodes (DIMW11050300102,
Spes Medica, Genoa, Italy) were used, consisting of paired 50 pm stainless steel wires insulated

with polytetrafluoroethylene (PTFE) and housed in a 23G cannula.

Experimental Tasks

Open-Loop sEMG without Feedback

Participants P1, P2, and P4 were seated in their wheelchairs with the forearm of the most affected
arm supported on the armrest. Three 8x8 and two 13x5 HD-sEMG grids were placed on the
forearm. The 8x8 grids were positioned approximately one-third of the forearm length from the
elbow, over the proximal muscle bellies of the flexor digitorum superficialis (FDS) and extensor
digitorum (ED). The 13x5 grids were placed at approximately one-third of the forearm length

proximal to the wrist over the flexor and extensor compartments.

A virtual hand interface was displayed on a monitor positioned in front of the participant.?%?22*

Participants were instructed to mimic the movements of the virtual hand as closely as possible.
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Because the virtual hand trajectory was pre-programmed and independent of the participant's
EMG, no neuromuscular feedback was provided; however, participants received continuous visual
instruction via the displayed movement and verbal cues from the experimenter. Movements
consisted of sinusoidal flexion—extension trajectories (0.5 Hz; 2 s cycles), preceded by a 2 s rest
period and repeated 20 times per recording (42 s total). EMG recordings were acquired using the
manufacturer's acquisition software, OTBPlus (OT Bioelettronica), and synchronized with virtual

hand movement onset via a 5 V TTL trigger signal connected to the amplifier's auxiliary input.
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Figure 1 - Experimental setup, recording modalities, and tasks

(4) Participants with chronic cervical spinal cord injury performed instructed hand/finger tasks from one of three experimental
protocols while electromyography was recorded with a multichannel bioelectronic amplifier and task cues were presented via a
virtual hand interface. (B) High-density surface EMG (HD-sEMG) open-loop task: participants attempted to follow a periodic
sinusoidal flexion—extension trajectory displayed by the virtual hand without receiving feedback derived from their own EMG
activity. HD-sEMG signals were recorded for offline analysis. (C) HD-sEMG closed-loop task: motor unit discharge rates extracted
from online decomposition of HD-sEMG were used to provide real-time visual feedback, allowing participants to modulate activity
to follow trapezoidal target trajectories. (D) Intramuscular EMG (iEMG) open-loop task: fine-wire electrodes recorded
intramuscular activity during instructed movements without feedback, enabling single-MU resolution to confirm that sustained
activity during rest is not a surface-signal mixing or decomposition artifact.

Closed-Loop sEMG with Feedback

Closed-loop recordings assessed MU behavior under conditions of controlled descending drive,
using the NeurOne real-time MU-computer interface as previously described.”> EMG data were
streamed to the NeurOne decomposition system using OTBLite, the manufacturer's real-time
streaming software (OT Bioelettronica). Participants P1 and P2 were recorded across multiple
consecutive sessions (P1: 5 sessions; P2: 4 sessions). As in the open-loop protocol, participants
were seated in their wheelchairs with the most affected forearm supported. One 8x8 grid was
placed over the flexor muscle belly and one over the extensor muscle belly, approximately one-

third of the forearm length distal to the elbow.
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Each session began with a one-minute sinusoidal warm-up task in which the participant followed
a virtual hand display. This recording was decomposed offline using DEMUSE to generate a
separation matrix, which was then loaded into the NeurOne online decomposition system to serve
as a spatial filter for real-time MU identification. Using this filter, participants tracked trapezoidal
target trajectories consisting of a 3 s ramp up, 5 s plateau, and 3 s ramp down. The visual feedback
cursor represented the mean MU discharge rate relative to the participant's maximum voluntary
effort established during calibration, allowing participants to modulate their activity to match the
target. Six ramps per recording were performed at target effort levels of 20% and 60% of maximum

voluntary effort, separated by 10 s rest periods.

Open-Loop iEMG without Feedback

Participants P1, P2, and P3 performed open-loop iEMG tasks. Participants were seated in their
wheelchair (P1, P3) or reclining in a hospital bed (P2), the latter to accommodate the longer
preparation time required for intramuscular electrode implantation. Fine-wire electrodes were
implanted in functionally paralyzed target muscles under real-time ultrasound guidance (ArtUs
EXT-2H, 15-MHz linear transducer, L15-7H40-AS5; Telemed, Vilnius, Lithuania). Targets
included: abductor pollicis longus (APL) and flexor pollicis longus (FPL) for DI1; FDS
compartments for D2, D3, and D4/DS5. Full details of the implantation protocol, including
ultrasound-guided localization, electrode positioning, and verification procedures, are provided in

the Supplementary Methods.

Maximum voluntary contractions were obtained for each digit to establish proportional control
scaling, with offsets computed from resting baseline activity to account for the influence of tonic
MU activity. Participants then mimicked virtual hand movements (flexion tasks for individual
digits, pinch grips, and fist) in 30—60 s blocks, adjusted for individual fatigue levels. As in the
open-loop sSEMG protocol, the virtual hand trajectory was pre-programmed and independent of the
participant's EMG; participants received visual and verbal instruction only. Movement speed, hold

duration, and inter-cycle rest were adapted to each participant's ability.

Signal Processing

SEMG signals were visually inspected and channels with poor electrode contact or excessive

artifacts were excluded. The monopolar signals were bandpass filtered (20-500 Hz, 4th-order
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Butterworth) and a 50 Hz notch filter was applied to remove power line interference. IEMG signals
were bandpass filtered (10—-1,500 Hz, 4th-order Butterworth). All offline filtering was performed
in MATLAB.

To characterize the phase relationship between each motor unit's firing rate and the kinematic
reference, spike trains were converted to continuous firing rate traces by convolution with a 1 s
Hanning window. Instantaneous phase of each smoothed firing rate and the kinematic reference
was extracted via the Hilbert transform after linear detrending; sample-wise phase differences were
wrapped to [—x, 7] and retained only where both analytic-signal amplitudes exceeded their 30th
percentile. The resulting distributions were visualized as 36-bin polar histograms and summarized

per unit using circular mean, circular standard deviation, and mean resultant length.

Decomposition

SEMG signals were decomposed using the convolution kernel compensation (CKC) algorithm?®
implemented in the DEMUSE tool (v4.5; University of Maribor, Slovenia). Monopolar bandpass-
filtered signals (20-500 Hz) were decomposed with 55 iterations per recording; no spatial filter
was applied and 95% of electrode channels with the highest signal quality were selected for
decomposition. Identified MU spike trains were visually inspected and manually edited by an
experienced investigator following established procedures.?® MUs were accepted if the pulse-to-
noise ratio (PNR) exceeded 30 dB and the silhouette score exceeded 0.9 after editing. Units with

unstable or physiologically implausible discharge patterns were excluded.

IEMG was decomposed via manual spike sorting in EMGLAB.?” Motor unit action potential
(MUAP) templates were identified by amplitude discrimination and waveform morphology.
Individual spikes were assigned to templates based on shape matching, and assignments were
manually reviewed for consistency across the full recording duration. Spike trains were inspected

to confirm stable MUAP waveforms and physiologically plausible discharge rates.

Motor Unit Phenotype Classification

MU derecruitment behavior after SCI spans a continuum from normal voluntary disengagement
to complete failure of firing cessation. Rather than reflecting discrete pathological states, the
degree of derecruitment impairment varies continuously across the motor pool, shaped by the

balance between residual inhibitory control and intrinsic motoneuron excitability. To
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systematically characterize this heterogeneity, we defined three phenotypes that partition this
continuum into operationally distinct categories based on converging derecruitment metrics. The
controllable, modulated-tonic, and tonic labels designate regions along a graded spectrum of
derecruitment impairment; individual MUs may occupy intermediate positions, and the
modulated-tonic phenotype explicitly captures the transitional zone between preserved and failed

voluntary disengagement.
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Figure 2 - Voting-based motor unit phenotype classification system.

(4) Decision flowchart for classifving motor units (MUs) into one of three phenotypes. Four metrics, shown in purple, are computed

from each MU spike train: coefficient of variation of inter-spike intervals (CV ISI), silent epoch fraction, derecruitment delay, and
tonic firing fraction. Each metric casts a controllable, tonic, or abstain vote according to the thresholds shown in Panel B. Votes
are then evaluated through a decision cascade, shown in yellow: a supermajority, defined as >3 votes, or a simple majority, defined
as >2 votes with no opposing votes, assigns the MU as tonic (red) or controllable (green). Hard physiological constraints override
the vote count: derecruitment delay <0.1 s prevents tonic classification, whereas derecruitment delay >500 ms prevents controllable
classification, redirecting the MU to the modulated-tonic phenotype (blue). MUs with mixed or insufficient evidence are likewise
classified as modulated-tonic. (B) Threshold table for the four voting criteria. Green, grey, and red columns indicate value ranges
that yield controllable, abstain, and tonic votes, respectively. Three representative MUs from a single open-loop recording illustrate
the classification outcomes: MU 2, tonic with 3 tonic votes, 0 controllable votes, and 1 abstention; MU 10, modulated-tonic with 1
tonic vote, 1 controllable vote, and 2 abstentions; and MU 21, controllable with 0 tonic votes, 4 controllable votes, and 0
abstentions. Annotation boxes show each metric value and corresponding vote, and tally boxes summarize the vote counts.

MUs were classified using a four-criterion voting system based on derecruitment behavior. For

each MU, the following metrics were computed: (1) coefficient of variation of inter-spike intervals
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(CV ISI) across the full recording (active and rest epochs combined), (2) fraction of rest epochs in
which the unit was completely silent, (3) mean derecruitment delay (time from instructed rest onset
to cessation of firing), and (4) per-epoch tonic firing fraction. Each criterion cast a vote of
"controllable," "tonic," or "abstain" based on predefined thresholds (Supplementary Table 2).
Threshold values were derived from prior literature on PIC-mediated tonic firing characteristics''
and applied without optimization to the present dataset. The voting system is designed to capture
the same underlying phenomenon (sustained intrinsic motoneuron excitation) from multiple
complementary angles: discharge regularity and firing rate characterize the real-time firing
signature, while silent fraction and derecruitment delay capture epoch-level behavioral outcomes.

This redundancy provides robustness across operational contexts, including real-time applications

where epoch structure is unavailable.

A MU was classified as tonic if >3 criteria voted tonic, or >2 voted tonic with no controllable
votes. Controllable classification required >3 controllable votes, or >2 controllable votes with no
tonic votes. MUs not meeting either criterion were classified as modulated-tonic. Hard constraints
were applied: units with derecruitment delay >500 ms could not be classified as controllable; units
with delay <0.1 s could not be classified as tonic. Classification confidence was computed as the
fraction of supporting criteria, reduced by 30% for units with fewer than three rest epochs and by

50% if CV ISI or silent fraction was undefined.

Because the phenotype boundaries are defined by physiological thresholds applied to
derecruitment metrics, the resulting groups necessarily differ on those metrics. Group comparisons
on classification inputs are therefore reported to quantify separation magnitude rather than as
independent validation. The critical test is whether the phenotype partition captures meaningful
structure beyond what alternative grouping variables explain: phenotype effects exceeded
movement-type effects on the same metrics by an order of magnitude (see Results), and mean
firing rate, which was not a classification input, also differed significantly across phenotypes (&? =
0.106, P < 0.001). Kaplan—Meier survival analysis confirmed graded derecruitment dynamics
across phenotypes (log-rank y? = 164.10, P < 0.001), with controllable MUs derecruiting within
500 ms, modulated-tonic MUs declining gradually, and most tonic MUs persisting throughout the
observation window. Phenotype distributions were consistent across all three recording modalities,

confirming that the classification was not driven by decomposition artefact or recording technique.


https://doi.org/10.64898/2026.06.04.730075
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.64898/2026.06.04.730075; this version posted June 10, 2026. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under a CC-BY 4.0 International license.

Cross-session stability of phenotype assignments was assessed via MU tracking and is reported in

the Supplementary Materials.

Statistical Analysis

MU derecruitment metrics were compared across phenotypes (tonic, modulated-tonic,
controllable) and recording modalities. Primary outcomes included derecruitment delay, fraction
of silent epochs, CV ISI, and mean firing rate. Normality was assessed via Shapiro-Wilk tests;

non-parametric methods were used due to significant departures from normality (all P <0.001).

Phenotype comparisons used Kruskal-Wallis H-tests with Dunn's post-hoc pairwise comparisons
(Bonferroni-corrected o = 0.0167). Effect sizes were quantified using epsilon-squared (&?),
calculated as H/(n—1) where H is the Kruskal-Wallis statistic and n is total sample size.?® Following
conventions for eta-squared in ANOVA,? we interpret 2 using thresholds of 0.01 (small), 0.06
(medium), and 0.14 (large), noting that no consensus exists for epsilon-squared interpretation
specifically. Kaplan-Meier survival curves were constructed for derecruitment dynamics, with
sustained firing beyond the observation window treated as right-censored; group differences were

evaluated using log-rank tests.

Spike-Train-Level Temporal Filtering
To demonstrate functional consequences of impaired derecruitment, we implemented a spike-train-
level temporal filter to selectively exclude pathological firing while preserving voluntary activity.

The filter operates on spike timing information from online MU decomposition.?*??

For each MU, firing behavior was evaluated in a sliding window of 15 consecutive inter-spike
intervals (~2 s at typical firing rates). A segment was classified as pathological when mean firing
rate fell between 7.5-8.5 Hz and windowed CV ISI was below 0.15, criteria derived from tonic
phenotype characteristics and prior PIC literature. Spikes within detected pathological segments
were excluded while spikes outside were retained, and filtered spike trains were smoothed using a

1 s Hanning window to yield a continuous control signal.
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Results

Motor unit recruitment and derecruitment across recording modalities

Consistent with previous reports,'® participants with chronic cervical SCI and severe hand motor
impairment voluntarily recruited MUs and modulated their discharge rates in accordance with
instructed movement trajectories across all experimental modalities (Fig. 3). However, a
substantial fraction of MUs failed to disengage during attempted relaxation (Fig. 3E-G),
continuing to fire during rest periods even when participants were explicitly instructed to relax and

when the same descending command was shared across the MU pool.

This derecruitment failure was not uniform. Across all recording modalities, 409 MUs were
classified as controllable (45.2%, n = 185), modulated-tonic (42.8%, n = 175), or tonic (12%, n =
49) based on converging derecruitment metrics (Fig. 2). All three phenotypes were present in every
participant (Supplementary Table 4), indicating that this heterogeneity arises within individual
motor pools rather than from between-participant differences. Controllable MUs ceased firing
rapidly during rest periods, often before the instructed rest phase, resulting in negative
derecruitment delays and near-complete silence across rest epochs (Fig. 3A). Modulated-tonic
MUs displayed intermediate behavior: they showed task-locked rate modulation during
contraction phases but continued firing into rest before eventually ceasing activity after a delay
(Fig. 3B). Tonic MUs exhibited sustained firing throughout rest periods, with prolonged positive
derecruitment delays and no silent epochs (Fig. 3C). Intramuscular recordings confirmed sustained
firing of individual MUs, revealing persistent single-unit activity in multiple muscles and digits
(Fig. 4). Within the intramuscular recordings, which sample a single motor pool through
compartment-targeted fine-wire electrodes, two or more phenotypes co-occurred within the same
compartment in every participant studied with iIEMG (P1, P2, P3), demonstrating that the

heterogeneity is resolved to the level of a single motor pool.

Time-to-derecruitment and discharge variability across phenotypes

Kaplan—Meier survival curves estimate the probability that a MU remains active (that is, has not
yet derecruited) as a function of time after rest onset; a steeper decline indicates faster
derecruitment, and units remaining active beyond the observation window are treated as right-

censored. Because survival timing requires a precisely defined rest onset, this analysis used closed-
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loop recordings only, where the trapezoidal target specifies when relaxation should begin; the
open-loop tasks lack a comparable kinematic reference. Time-to-event analysis revealed graded
differences in derecruitment dynamics (Fig. 5A). Controllable MUs derecruited rapidly and
completely, with all units ceasing firing within 500 ms of rest onset. In contrast, most tonic MUs
remained active throughout the observation window (only 27.3% derecruited). Modulated-tonic
units exhibited gradual decline, with 74.5% remaining active at 500 ms and 23.4% still firing at
1.5 s post-rest onset. Log-rank tests confirmed highly significant differences between survival

curves (y’=164.10, P <0.001).

Analysis of discharge timing revealed differences in firing regularity. Whole-recording CV ISI
(computed across all inter-spike intervals from both active and rest epochs) was lowest for tonic
MUs (median = 0.27), followed by modulated-tonic (1.45) and controllable MUs (4.20). Because
this aggregate metric pools highly regular tonic segments with more variable voluntary segments,
tonic units typically fell in the classification abstain range (0.25-0.35; Supplementary Table 2),
and phenotype assignment depended primarily on the remaining three criteria. The low discharge
variability of tonic MUs persisted across active and rest periods in both surface and intramuscular

recordings.
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Figure 3 - Preserved recruitment and impaired derecruitment of MUs during surface EMG task

(4) Controllable phenotype: motor units (MUs) are recruited and modulate discharge during active phases, then rapidly cease
firing during intended rest, resulting in clear silent periods. (B) Modulated-tonic phenotype: MUs show task-locked modulation
during effort but continue firing into rest before eventually derecruiting, indicating delayed disengagement. (C) Tonic phenotype:
MUs remain active throughout intended rest with persistent, regular firing. Because phenotype classification reflects converging
evidence across multiple derecruitment metrics rather than any single criterion, some tonic MUs retain partial discharge-rate
modulation during active phases while still meeting tonic criteria through sustained firing across rest epochs, absence of silent
periods, and low discharge variability. Tonic MUs occupy the most impaired end of the derecruitment spectrum but may retain
partial modulation during voluntary effort. (D) Phase relationship between discharge-rate modulation and the movement trajectory
for representative MUs, illustrating strong phase locking for controllable MUs and weak or absent coupling for tonic MUs. (E)
Closed-loop recordings showing MU discharge during trapezoidal target tracking. Participants successfully modulated activity to
Jollow the target, but tonic MUs continued firing during rest plateaus. (F) Kernel density estimates of derecruitment timing relative
to movement offset, demonstrating delayed or absent derecruitment in modulated-tonic and tonic MUs. (G) Inter-spike interval
distributions during active and rest epochs, highlighting increased discharge regularity during tonic firing.
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Figure 4 - Intramuscular EMG confirms derecruitment failure at the single-motor-unit level

(4) Fine-wire implantation and recording configuration, with an example implant located in a digit-specific compartment of the
flexor digitorum superficialis. (B) Representative intramuscular electromyography (iIEMG) during attempted movements: sustained
motor unit (MU) activity persists during intended rest across multiple task contexts recorded from the same implant. (C) MU action
potential templates identified via manual spike sorting for two concurrently recorded units at the implant site. (D) Close-up view
illustrating sustained firing, shown in red, interspersed with task-related modulated activity, shown in blue. (E) Smoothed discharge
rates derived from intramuscular spike trains across task conditions, demonstrating preserved modulation during voluntary effort
and persistent firing during rest. These recordings confirm that impaired derecruitment and tonic firing are present at the single-
MU level and are not artifacts of surface electromyography signal mixing or decomposition.
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Figure 5 - Phenotypes separate MUs by time-to-silence, discharge regularity, and rest suppression

(4) Kaplan—Meier survival curves, computed from closed-loop recordings where the trapezoidal target provides a defined rest
onset, quantify the probability that a MU remains active after rest onset, sustained firing beyond the observation window is treated
as right-censored. Controllable MUs derecruit rapidly, whereas tonic MUs often remain active throughout the observation window.
(B) Discharge variability, quantified as the coefficient of variation (CV) of inter-spike intervals, differs across phenotypes, with
tonic MUs exhibiting markedly reduced variability consistent with highly regular firing. (C) Derecruitment delay relative to
movement offset captures graded impairment: controllable MUs cease firing near or before rest onset, modulated-tonic MUs show
delayed cessation, and tonic MUs show the largest delays or non-derecruitment. MUs were treated as right-censored if they did
not stop firing within 2 s of rest onset. (D) Fraction of silent rest epochs summarizes failure to cease firing during intended rest;

controllable MUs are largely silent, whereas tonic MUs remain active. Statistical comparisons indicate significant phenotype
effects (***P < 0.001).

Comparison of phenotype and movement-type effects on derecruitment metrics

To quantify how much of the variance in derecruitment behavior the three-phenotype partition
captures relative to other potential sources, we compared phenotype effects with movement-type
effects on the same metrics (Fig. 5SB—D). Derecruitment delay, fraction of silent epochs, and CV
ISI differed significantly between phenotypes (all P <0.001). Phenotype effects on derecruitment
delay (¢?=0.746) were 13-fold larger than movement-type effects (¢?= 0.056); similar ratios held
for fraction of silent epochs (¢? = 0.541 vs. 0.049) and CV ISI (&?= 0.431 vs. 0.056). Mean firing

rate, which was not used as a classification input, also differed significantly across phenotypes (&?
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= 0.106, P < 0.001), providing an independent confirmation that the partition reflects
physiologically meaningful differences. Detailed statistical comparisons are provided in

Supplementary Table 5.

Spike-train-level temporal filtering of pathological motor unit activity

Spike-train-level temporal filtering was applied to selectively exclude pathological firing while
preserving voluntary activity (Fig. 6). Using criteria derived from the tonic phenotype (7.5-8.5 Hz
firing rate, CV ISI < 0.15; see Methods), the filter identified pathological firing segments within
individual MUs. The same MU could exhibit excluded pathological firing during rest and

preserved task-related firing during voluntary effort.
A Raw Spike Trains
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Figure 6 - Spike-train-level temporal filtering suppresses tonic firing while preserving voluntary modulation

(4) Raw motor unit (MU) spike trains with tonic firing segments highlighted in red and voluntary task-related firing shown in blue.
The same MU may exhibit both behaviors at different times. Filtered spike trains after removal of tonic activity are shown in green.
(B) Smoothed discharge-rate signals, computed using a 1 s Hanning window from raw and filtered spike trains, show that filtering
reduces tonic baseline activity while preserving the temporal structure of voluntary modulation. Shaded regions denote excluded
tonic segments.

The smoothed discharge-rate signal from filtered spike trains remained highly correlated with the
unfiltered signal during active task periods (> 0.94). The filter selectively removed 43% of spikes
from representative units, increasing the contrast between rest and activity periods. In units where
tonic baseline activity was large relative to the voluntary modulation amplitude, filtering revealed

task-locked discharge rate changes that were otherwise obscured in the unfiltered signal.
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Discussion

The central finding of this study is a dissociation in chronic motor complete cervical SCI: voluntary
MU recruitment and discharge-rate modulation are preserved, but voluntary derecruitment is
impaired across target muscles. Participants voluntarily recruited MUs and modulated their
discharge rates across multiple recording modalities, demonstrating intact supraspinal access to
the motor system.!*? However, a substantial fraction of MUs failed to disengage during attempted
relaxation, continuing to fire despite shared descending commands.>® This indicates that difficulty
relaxing muscles in spastic paralysis reflects selective disruption of disengagement mechanisms
rather than global failure of voluntary drive, constituting a defining feature of spastic MU behavior:
the capacity to engage the motor system is retained, but the capacity to disengage it is selectively

compromised.

This distinction is physiologically important. Recruitment reflects the capacity of descending
pathways to activate motoneurons, whereas derecruitment requires withdrawal of excitation and
engagement of inhibitory mechanisms. The preservation of recruitment argues against a primary
cortical deficit and instead implicates maladaptive spinal mechanisms that selectively impair

termination of MU activity. 33

Derecruitment failure was not uniform across the MU pool. MUs segregated into three distinct
phenotypes, controllable, modulated-tonic, and tonic, that coexist within the same muscles and
individuals, indicating substantial intrinsic heterogeneity after SCI.? Notably, even in uninjured
individuals, a small fraction of MUs (~7%) are not modulated by task demands,’! suggesting the
tonic phenotype may represent pathological amplification of a feature present within normal motor

pools.

Previous work using HD-sEMG during open-loop attempted hand movements identified two broad
MU populations after cervical SCI'®: units whose discharge was modulated with the task and units
that fired tonically or showed little task-related modulation. This raised two mechanistic questions.
First, are tonic or weakly modulated units truly outside voluntary control, or can residual
descending drive still modulate them under conditions of explicit neurofeedback? Second, do these
units belong to the same motor pools as voluntarily recruited units, or do they reflect posture-

related activity from other forearm muscles, a feature that can also occur in uninjured motor
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pools?*? The present study addressed these questions by combining closed-loop MU feedback with
targeted intramuscular recordings from anatomically defined muscles. Together, these approaches
show that derecruitment impairment is not a simple binary distinction between controllable and
non-controllable MUs. Instead, MUs within the same motor pool span a continuum: controllable
units can be recruited and derecruited closely according to task constraints, modulated-tonic units
retain task-locked rate modulation but show delayed disengagement, and tonic units fail to
derecruit during intended rest. Thus, the key pathological feature is not absence of voluntary

recruitment, but impaired voluntary disengagement.

This framework refines the binary classification reported previously in overlapping participants,
where MUs were categorized as task-modulated or non-modulated based on their phase
relationship with reference kinematics.!® The comparable proportion of units with impaired
derecruitment observed here, together with participant-level consistency across studies, suggests
that both approaches capture the same underlying biological phenomenon. The present work
extends that finding by resolving the broader task-modulated/non-modulated distinction into
physiologically distinct derecruitment behaviors. In particular, modulated-tonic units may retain
voluntary rate modulation during effort but still fail to disengage during rest, a distinction that
becomes apparent only when derecruitment timing, discharge regularity, closed-loop control, and

intramuscular motor-pool-level recordings are considered together.

Critically, the intramuscular recordings anatomically resolve this heterogeneity to the level of a
single motor pool. In every participant studied with fine-wire electrodes, two or more phenotypes
were recorded simultaneously from within the same muscle compartment, meaning that
motoneurons innervating the same muscle, and presumably receiving common descending input
during attempted movement, expressed qualitatively different derecruitment behaviors at the same
time. The maladaptive process underlying spasticity therefore does not act uniformly across the
motor pool. Some motoneurons retain near-normal disengagement, others fail to derecruit at all,
and the population spans a graded continuum in between. The motor pool after chronic SCI is
better understood as a mosaic of motoneurons in different post-injury states than as a uniformly

altered population.

Controllable units exhibited rapid cessation of firing consistent with preserved inhibitory control.

Tonic units continued firing throughout rest with no silent epochs, reflecting complete failure of
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voluntary disengagement. Modulated-tonic units showed delayed but ultimately successful
derecruitment, suggesting that inhibitory mechanisms remain partially effective but are initially
overwhelmed by sustained excitation, with intermediate discharge variability consistent with a
mixed mode of synaptic and intrinsic excitation. Phenotype effects exceeded movement-type
effects by more than an order of magnitude (e.g., € = 0.746 vs. 0.056 for derecruitment delay),
confirming that intrinsic MU properties rather than movement context are the dominant
determinant of derecruitment behavior. This heterogeneity provides a physiological explanation
for the mixed clinical presentation of spasticity.® Cross-session MU tracking confirmed phenotype
stability, with matched units showing 76% categorical agreement and significantly correlated

continuous derecruitment scores.

The extremely low discharge variability of tonic units is inconsistent with synaptic drive alone and
instead characteristic of sustained intrinsic depolarization from PICs. These amplify motoneuron
excitation and exhibit hysteresis, allowing firing to persist after synaptic drive is withdrawn.!!:1>-33
These findings extend prior indirect evidence from paired MU PIC estimates and pharmacological
studies by demonstrating, at the single-unit level, how intrinsic excitation manifests as

derecruitment failure in humans with chronic SCI.

Intrinsic motoneuron properties alone, however, may not fully account for the observed phenotype
heterogeneity. After SCI, the spinal cord undergoes spontaneous reorganization: spared

corticospinal fibers sprout into denervated territories,>*3°

and new propriospinal relay circuits
form around the lesion site.’” In the absence of early targeted rehabilitation, this reorganization can
be maladaptive, producing altered synaptic inputs to motoneurons®® and changes in network
excitability that contribute to spasticity.>® This may explain why modulated-tonic and some tonic
units retain partial rate modulation during active phases despite failing to derecruit: descending
input reaches them through reorganized pathways that cannot support inhibitory termination. The
interplay between maladaptive network reorganization and PIC-mediated intrinsic excitability
could thus produce a continuum of derecruitment impairment, with the balance between these
mechanisms varying across individual motoneurons. The within-pool heterogeneity observed
intramuscularly implies that this reorganization is itself non-uniform. Differential changes in
intrinsic excitability and PIC expression,'""!> heterogeneous sprouting of spared descending and

34-37

propriospinal fibers onto motoneurons that previously received distinct input patterns, and
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uneven loss of segmental inhibitory control>® likely affect individual motoneurons within the pool
to varying degrees rather than transforming the pool as a coherent unit. A direct consequence is
that residual descending drive can still access and modulate the subset of motoneurons whose
voluntary control has been spared, consistent with the partial preservation of voluntary recruitment
we observed and with prior reports of preserved volitional MU activity below the level of the
lesion.'®?* Earlier intervention through targeted rehabilitation or neuromodulation may guide
plasticity before maladaptive networks consolidate,®® potentially reducing the proportion of

motoneurons that develop tonic firing.

The coexistence of voluntary and pathological activity has direct functional consequences.
Sustained tonic unit firing creates a mismatch between voluntary intent and motor output,
complicating neural signal interpretation in interfaces that assume MU activity reflects movement
intent. Our proof-of-concept temporal filtering demonstrates that derecruitment phenotypes can be
exploited to distinguish voluntary from pathological activity at the spike-train level. This is
particularly relevant for low-amplitude voluntary commands, where tonic firing from spastic MUs
can generate large MU action potentials that dominate the composite signal and obscure movement
intent. Such filtering could be integrated directly into existing real-time EMG decoding
frameworks such as MyoGestic,?? which already supports online HD-EMG decomposition and
proportional control in individuals with SCI. Phenotype-aware preprocessing would allow the
decoder to operate on voluntarily modulated spike trains, potentially improving control fidelity

without requiring retraining of the underlying model.'®

These findings have important implications for contexts where MU activity serves as a proxy for
movement intent. Distinct derecruitment phenotypes demonstrate that spastic paralysis involves a
mixture of normally behaving, delayed, and persistently active MUs with pathological and
voluntary firing potentially coexisting within the same unit at different times.? This heterogeneity
complicates EMG-based neural interfaces that have demonstrated preserved proportional control

21,22

in SCI populations, as spastic firing patterns contaminate the decoded voluntary signal.

Common clinical approaches such as antagonist vibration or electrical stimulation act through
global spinal mechanisms that broadly suppress motoneuron activity.»*!> While effective for

reducing spasticity, these interventions may also attenuate voluntary MU firing, potentially
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eliminating signals required for neural interface control. Global suppression thus risks trading

spasticity reduction for loss of usable control information. !

In contrast, spike-train-level temporal filtering selectively excludes pathological activity based on
physiological firing characteristics without suppressing voluntary discharge. This emphasizes a
fundamental distinction: clinical interventions aim to alter spinal excitability, whereas neural
interfaces require accurate extraction of motor intent from available signals. Spasticity-related MU
activity should not be treated as noise to be globally suppressed, but as a distinct physiological

process that can be identified and selectively excluded.

Several limitations should be considered. The sample size was modest, and although derecruitment
phenotypes were robust across participants, larger cohorts will be required to determine how
phenotype prevalence depends on injury characteristics such as lesion level, chronicity, and
spasticity severity. The small number of participants precludes formal hierarchical modeling of
between-participant variance; however, all four participants individually exhibited all three
phenotypes (Supplementary Table 4), and the phenotype proportions are consistent with what
would be expected given differences in injury characteristics. The statistical analyses treat MUs as
individual observations, which may overstate precision for population-level estimates of
phenotype prevalence, but does not affect the within-participant finding that distinct derecruitment
behaviors coexist within the same motor pools. In addition, PIC involvement was inferred from
MU discharge characteristics rather than measured directly. While such features are well-
established signatures of intrinsic motoneuron excitation, direct validation using paired MU
techniques was not always feasible in the presence of tonic firing. Future studies incorporating
paired MU analyses, pharmacological manipulation, or neuromodulatory interventions could

provide more direct confirmation of the underlying mechanisms.

Longitudinal studies are also needed to assess the stability of derecruitment phenotypes over time
and to determine whether MUs transition between states with training, neuromodulation, or
recovery. Establishing the temporal dynamics of these phenotypes could enable their use as

physiological biomarkers of disease progression or treatment response.

The spike-train-level filtering demonstrated here represents a proof-of-concept based on fixed,

physiology-informed criteria. The current rate and regularity thresholds identify firing segments
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consistent with PIC-mediated activity, but equivalent firing patterns could in principle occur during
sustained voluntary contractions in uninjured individuals. Incorporating task-context information,
for example, restricting detection to epochs in which no voluntary activation is instructed, would
disambiguate pathological from physiological tonic firing and improve specificity. Future work
should explore such context-aware approaches, along with adaptive methods that account for non-

stationary firing behavior.

Conclusions

This study demonstrates that individuals with chronic cervical SCI retain the ability to voluntarily
recruit MUs but exhibit a selective and heterogeneous impairment in voluntary derecruitment, the
pathological involuntary MU activation that we argue defines spasticity at the MU level. Three
distinct phenotypes, controllable, modulated-tonic, and tonic, capture this heterogeneity and are
robust across surface and intramuscular recordings, open- and closed-loop tasks, and multiple
participants. The highly regular discharge of tonic units implicates intrinsic motoneuron properties,
consistent with PICs, rather than a global failure of supraspinal drive. Finally, spike-train-level
temporal filtering demonstrates that pathological and voluntary firing can be separated within the
same MUs, preserving voluntary control signals while selectively suppressing tonic activity.
Together, these findings provide a mechanistic framework linking intrinsic motoneuron
excitability to impaired muscle relaxation and offer a physiologically grounded strategy for

improving neural signal interpretation after SCI.
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