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Introduction: It is well documented that marked weakness of the quadriceps is
present after knee joint injury. This joint trauma induces a presynaptic reflex
inhibition of musculature surrounding the joint, termed arthrogenic muscle
inhibition (AMI). The extent to which anterior cruciate ligament (ACL) injury
affects thigh musculature motor unit activity, which may affect restoration of
thigh muscle strength after injury, is undetermined.

Methods: A randomized protocol of knee flexion and extension isometric
contractions  (10%-50% maximal voluntary isometric contraction) were
performed for each leg on 54 subjects with electromyography array electrodes
placed on the vastus medialis, vastus lateralis, semitendinosus, and biceps
femoris. Longitudinal assessments for motor unit recruitment and average firing
rate were acquired at 6-month intervals for 1 year post ACL injury.

Results: The ACL-injured population demonstrated smaller quadriceps and
hamstrings motor unit size (assessed via motor unit action potential peak-to-
peak amplitude) and altered firing rate activity in both injured and uninjured
limbs compared to healthy controls. Motor unit activity remained altered
compared to healthy controls at 12 months post ACL reconstruction (ACLR).
Discussion: Motor unit activity was altered after ACLR up to 12 months post-surgery.
Further research is warranted to optimize rehabilitation interventions that adequately
address altered motor unit activity and improve safety and success with return to sport
after ACLR. In the interim, evidence based clinical reasoning with a focus on
development of muscular strength and power capacity should be the impetus
behind rehabilitation programming to address motor control deficits.

KEYWORDS

ACL reconstruction (ACLR),
hamstrings, motor control

motor unit (MU), motor unit recruitment, quadriceps,

Introduction

Thigh strength is vital for deceleration capacity in athletes, especially those in level I and
II sports (1, 2). Anterior cruciate ligament (ACL) injuries are highest in athletes who
participate in such sports that involve high volumes of acceleration, deceleration, and
change of direction (1, 3). Naturally, rehabilitation for return to sport (RTS) after ACL
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reconstruction (ACLR) should ensure that athletes redevelop these
capacities to reduce risk of reinjury, which has been reported as
high as 33% within two years of RTS (4, 5). However, studies
consistently report thigh muscle strength deficits at RTS (6),
despite many RTS testing batteries requiring 85%-90% limb
symmetry in thigh muscle strength and power (7).

It is well documented that marked weakness of the quadriceps
is present after knee joint injury (8). This joint trauma induces a
presynaptic reflex inhibition of the musculature surrounding the
knee joint, termed arthrogenic muscle inhibition (AMI) (9-11).
It is well established that AMI persists after ACL injury and
during rehabilitation after ACLR; however, different mechanisms
that contribute to AMI and their effects continue to be explored.
It is well known that deficits exist and persist in central neural
activation after ACLR and beyond RTS (8, 12). Previous studies
have demonstrated acute and long-term changes in both central
and peripheral mechanisms of inhibition, including altered
electrocortical brain activity, increased excitability of the spinal-
reflex pathways and reduced excitability of corticospinal pathways
(13-15), and central activation failure (14, 15). Further, with the
inhibition of the thigh
musculature and known central activation alterations post ACL-

hypothesized presynaptic reflex
injury, it would follow that changes of motor control are evident
in analysis of the electrical activity of the thigh muscles (12).
These neural deficits may contribute to aberrant motor patterns
that could contribute to future ACL injury risk, even though
patients are expected to achieve 85%-90% limb symmetry on
functional tasks necessary to return to sport. However, to date,
there are limited methods used to assess AMI in the ACL-
injured population, which hinders clinicians’ and researchers’
abilities to assess, quantify, and adequately address these deficits
in a rehabilitation setting. Given the current suboptimal RTS
outcomes after ACLR that persist up to one year after ACL
injury (16-22) and the high rates of reinjury (4, 5, 23), research
methods to improve understanding and the effects of AMI are
warranted.

Muscle force generation is a product of both motor unit (MU)
rate coding and quantity of MU recruitment, and it is well
established that there an inverse relationship exists between MU
rate coding and MU recruitment threshold (24). Previous work
utilizing decomposed electromyography (dEMG) techniques has
demonstrated altered MU activity in an ACL-injured population
(25) Specifically, ACL-injured subjects demonstrated decreased
size of recruited MUs and decreased rate coding compared to
healthy controls (26); however, differences between the injured
and uninjured limb were not assessed. Previous work has

TABLE 1 Population demographics (divided by sex and by group).
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demonstrated the both the injured and uninjured limb have
altered quadriceps activation after an ACL injury (7); thus,
investigation of injured and uninjured limb motor control
relative to healthy subjects is warranted.

The purpose of this study was to further describe thigh
musculature motor unit (MU) activity in individuals who
sustained ACL injury and completed standard rehabilitation and
clinical care after ACL injury. Specifically, electromyography
signals were captured and decomposed to characterize recruited
MU size
amplitude (27)], time of recruitment, and average firing rate of

[assessed via MU action potential peak-to-peak

uninjured and injured limbs within ACL-injured subjects over
time throughout recovery, with additional comparison to healthy
control subjects. It was hypothesized that quadriceps and
MU (MUAP)
amplitude would be decreased from that of healthy controls,

hamstrings action  potential peak-to-peak
particularly acutely after injury, and MU average firing rate
(AvgFR) would be lower than healthy controls for both the

injured and uninjured limbs.

Materials and methods

The Mayo Clinic Institutional Review Board approved this
study (16-010600). Fifty-four subjects were recruited (see Table 1
for demographics) and completed written informed consent
compliant with the latest revision of the Declaration of Helsinki.
ACL-injured subjects were recruited either prior to surgery (data
capture the day prior to ACLR; n=24; “ACL Pre-Surg”) or at 6
months post-surgery (£1 month; n=6). Of the ACL-injured
subjects, 7 (23%) had experienced a second ACL tear prior to
recruitment, a percentage consistent with existing literature (28).
Subjects (n=3) with bilateral ACL injuries were excluded from
analysis. The ACL-injured subjects were followed longitudinally
for testing intervals of 6 months (+1 month), which could
include 6 months post-surgery (total n=14; “ACLR 6mo”) and/
or 12 months post-surgery (total n=12; “ACLR 12mo”). Control
subjects (n=25,“CTRL”) were also recruited and were followed
longitudinally for 6 months after the initial visit. Among the
ACL-injured 73%
autograft, 24% received a hamstring autograft, and 3% received
an allograft. Control subjects (n=25, “CTRL”) were also
recruited and followed longitudinally for 6 months after the

subjects, received a bone-patellar-bone

initial visit. From initial recruitment, the overall attrition rate was
26%. Subject inclusion criteria were healthy, active individuals
between the ages of 14-25 years old. Exclusion criteria included

Height (cm) Mass (kg)  Age (yrs)  ACL-Injured (n) Non-contact Mechanism of Injury (n)
Sex M (n=24) 180.3+5.6 81.6+13.8 194429 13 10 (77%)
F (n=32) 169.0 £7.2 66.4+12.6 187432 18 14 (78%)
Significance 0.001 0.001 0.397 1.000 1.000
Group Control (n=25) 173.9£8.5 67.6+13.4 18.8 +3.1 — —
ACL-Injured (n=31) 173.8+838 772+15.1 19.1+3.1 — —
Significance 0.948 0.016 0.726 — —
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previous lower extremity injury or surgery in the past 6 months
(other than  ACL),
neuromuscular disease, cardiovascular disease, exercise-induced

neurological  disorders,  paralysis,
injury, asthma, and pregnancy.

All data collections were performed with the subjects
positioned in a dynamometer (HumacNORM; CSMi, Stoughton,
MA, United States). A custom load cell apparatus (MLP-300;
Transducer Techniques, Temecula, CA, United States) was
affixed to the dynamometer torque arm to measure the subjects’
force production required for the EMG decomposition software
(dEMG Analysis; Delsys, Natick, MA, United States) (26, 29, 30).
For isometric knee extension testing, subjects were seated with
their knee flexed to 80° (0°=full extension). Subjects were
secured with straps at the shoulder and waist to minimize whole
body movement during testing. Surface 5-pin dEMG electrodes
(Bagnoli; Delsys, Natick, MA, United States) were placed on the
muscle belly of both the vastus medialis (VM) and vastus
lateralis (VL) muscles. Pairwise subtraction of voltages at the five
detection surfaces was used to derive multi-channel sEMG
signals. For isometric knee flexion testing, subjects were
positioned prone on the dynamometer with knee flexed to 30°
(0°=full extension). 5-pin dEMG electrodes were placed on the
muscle belly of the biceps femoris (BF) and semitendinosus (ST)
muscles. Prior to electrode placement, the skin was shaved and
cleansed with an alcohol swab to ensure adequate skin-electrode
All electrodes
Electromyography for the Non-Invasive Assessment of Muscles
(SENIAM) standards (31).

contact. were placed according to Surface

Testing protocol

Three isometric knee flexion and extension maximal voluntary
isometric contractions (MVICs) were performed first to determine
10%, 25%, 35% and 50% MVIC contraction levels for each leg.
Subjects were verbally encouraged to push as hard as possible for
three seconds and the computer monitor was visible during the
MVIC trials for visual feedback and motivation. A randomized
protocol was generated for each subject to determine test order
of limb side (right vs. left), muscle group (hamstring vs.
quadriceps), and order of trials (10%-50% MVIC). All trials were
repeated twice to ensure adequate MU data capture. Each trial
consisted of following a trapezoidal waveform (three second
ramp up, ten second sustained contraction at designated %
MVIC, three second ramp down). Subject were instructed to
follow the trapezoidal waveform displayed via real-time visual
feedback on a monitor.

EMG signal decomposition

MUAP peak-to-peak amplitude and average firing rates
(AvgFR) were captured through sEMG. MUAP peak-to-peak
amplitude has been used in the literature as a representative for
MU size (27, 32). The analog sEMG channels were band-pass
filtered with cut-off frequencies of 20 and 1750Hz. Each channel
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was over-sampled at 20 kHz to avoid introduction of significant
phase skew across channels. The sEMG signals were digitally
filtered using a high-pass filter with a cutoff frequency of 50 Hz
before decomposition (33). The signal decomposition algorithm
first extracted action potential “templates” of as many MUAP
trains as possible from the input sEMG signal. The algorithm
then searched for signal regions where the extracted MUAP train
templates were superimposed with other identified MUAP trains
or with unidentified action potentials. The algorithm takes both
constructive and destructive interference effects into account
when analyzing such superpositions. Moreover, the algorithm
requires that the unidentified action potentials account for less
than 25% of the signal energy at the firing locations of the
decomposed MUAP trains (33).

In order to verify the decomposed signal, the algorithm
performed a Decompose-Synthesize-Decompose-Compare  test
(25, 33). The original signal was decomposed, as described in the
preceding paragraph. Then, white noise with a root mean square
error value equivalent to the residual of the non-decomposed
signal was added to the decomposed signal and synthesized. This
synthesized signal was then decomposed again, as described
above, and compared to the original signal decomposition. Only
MUs with an accuracy of >90% were included in analysis for the
current study. In addition to internal validation by the
development group, the decomposition algorithm has been
externally validated against spike triggered averaging technique
and further details of the methodology can be found elsewhere
(33, 34). This technique has been able to determine differences
between both healthy and pathological conditions (26, 35).

Rehabilitation protocol

Each subject followed the standard of care protocol at the
healthcare institution, and the treatment guidelines of their
respective physical therapist. All ACL-injured subjects were
permitted to return to sport between 9 and 11 months once
standard of care targets of the medical care team, including the
treating orthopedic surgeon and respective physical therapist
were achieved.

Data analysis

All statistical analyses were performed with JMP Pro 16 (SAS
Institute Inc., Cary, NC, United States). As MU strategies are
non-linear (36, 37), log MUAP peak-to-peak amplitude and cube
root Recruitment Threshold transformations were utilized to
provide parametric data for linear regressions. MU data were
normalized to force and mass for statistical analysis, when
appropriate. Additionally, we calculated an interaction these
variables (AvgFR * MUAP * Recruitment Threshold) to assess
the overall contribution of each MU factors to muscle activity.
Descriptive statistics were calculated for both sex and group via
Student’s t-test and Fisher’'s Exact test and reported as mean
(SD) or n values, as appropriate (Table 1). MUAP peak-to-peak
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amplitude and AvgFR were compared between groups with
standard least squares regression and least square means
ANOVA. Tukey’s HSD post-hoc comparisons were utilized when
appropriate. Significance was set a priori at p <0.05.

Results

For all groups, a total of 37,827 MUs were identified and
analyzed. The decomposition methodology identified 18,097
hamstring MUs and 19,730 quadriceps MUs. Within the
quadriceps MUs, 10,654 MUs were VL and 9,076 were VM. For
the hamstring MUs, 8,619 MUs were from BF and 9,478 were

10.3389/fspor.2023.1143376

ST. 9,762 MUs were classified as injured limbs and 28,065 were
uninjured limbs, which included control subjects’ limbs.

MUAP peak-to-peak amplitude

The regression models of MUAP peak-to-peak amplitude by
recruitment threshold demonstrated that both quadriceps
(Figure 1) and hamstrings (Figure 2) in uninjured and injured
limbs of ACL-injured have lower MUAP peak-to-peak amplitude
across all time points when compared with CTRLs (R* Quad"®=
0.42; R? Quad™ =0.44; R? Hams"™" = 0.36; R?> Hams™ = 0.40).

For ACL-injured subjects, quadriceps MUAP peak-to-peak
amplitude for a given recruitment threshold did not change from

Uninjured

=== Control

=== ACLR Pre-Surg

== ACLR 6mo Post-Surg
==ACLR 12mo Post-Surg

1.5

1.0

0.5

0.0

Log [MUAP P2P Ampl / Mass] (uV)

QUADRICEPS

Injured

00 05 10 15 20 25 3.0

FIGURE 1

35
Cube Root [Recruitment Threshold] (%MVIC)

3.0

00 05 10 15 20 25

Quadriceps motor unit action potential by group for uninjured and injured limbs. MUAP peak-to-peak amplitude represents motor unit size. (Insets) Least
means square ANOVA demonstrates significant differences of MUAP between groups. (* denotes p < 0.05; *** denotes p < 0.001; line shading and error
bars denote 95% confidence intervals of the mean.)
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Hamstring motor unit action potential by group for uninjured and injured limbs. MUAP Peak to Peak amplitude represents motor unit size. (Insets) Least
means square ANOVA demonstrates significant differences of MUAP between groups. (* denotes p < 0.05; *** denotes p < 0.001; line shading and error

15 -1 20 25 B Es
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00 05 10

pre-surgery to 6 months post-ACLR in the uninjured limb
(Figure 1, inset; LS mean=-0.04 vs. —0.07, respectively;
p=0.26). However, MUAP peak-to-peak amplitude decreased
from 6 months post-ACLR to 12 months post-ACLR (LS mean
=—-0.15; p=0.03). For the injured limb, MUAP peak-to-peak
amplitude decreased from pre-surgery to 6 months post-ACLR
(Figure 1, inset; LS mean=-0.16 vs. —0.33, respectively;
p <0.001). However, in contrast to the uninjured limb, MUAP
peak-to-peak amplitude increased between 6 months post-ACLR
and 12 months post-ACLR (LS mean=-0.33 vs. —0.13,
respectively; p <0.001).

Uninjured limb hamstrings musculature demonstrated a
decrease in MUAP peak-to-peak amplitude across all timepoints
from pre-surgery to 12 months post-ACLR (Figure 2, inset; LS
mean =0.25 vs. 0.214 vs. 0.03, respectively; p <0.001). Injured

Frontiers in Sports and Active Living

limb hamstrings musculature did not demonstrate any significant
differences between time pre-surgery and 6 months post-ACLR
(Figure 2, inset; LS mean=0.14 vs. 0.13; p=0.98), but
significantly between 6 months post-ACLR and 12 months post-
ACLR, as well as compared to pre-surgery for MUAP peak-to-
peak amplitudes (LS mean =0.13 vs. 0.21, respectively; p <0.05).

MU average firing rate

For AvgFR by recruitment threshold, the regression models
demonstrated that quadriceps (Figure 3) had lower AvgFR across
all timepoints when compared with CTRLs for both injured and
uninjured limbs and higher AvgFR across all timepoints for the
hamstrings (Figure 4), except for the injured limb at pre-surgery

frontiersin.org
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Quadriceps average firing rate by group for uninjured and injured limbs. Average firing rate represents motor unit firing frequency. (Insets) Least means
square ANOVA demonstrates significant differences of MUAP between groups. (* denotes p <0.05; *** denotes p <0.001; line shading and error bars

(R? Quad™=0.09; R*> Quad™=0.11; R®> Hams""=0.11; R?
Hams™ =0.13).

For ACL-injured subjects, quadriceps AvgFR for a given
recruitment threshold did not change between pre-surgery, 6
months post-ACLR, and 12 months post-ACLR in the uninjured
limb (Figure 3, inset; LS mean=15.3 vs. 156 vs. 153,
respectively; p>0.06). For the injured limb, AvgFR increased
from pre-surgery to 6 months post-ACLR (Figure 3, inset; LS
mean = 15.1 vs. 15.5, respectively; p=0.02), but returned back
towards pre-surgery levels at the 12-month post-ACLR timepoint
(LS mean = 14.5, p < 0.01).

Uninjured limb hamstrings musculature demonstrated increased
AvgFR from pre-surgery to 6 months post-ACLR (Figure 4, inset; LS
mean = 16.6 vs. 17.1, respectively; p <0.001), but was no different at
12 months post-ACLR (LS mean =17.2, p>0.87) from either pre-
surgery or 6 months post-ACLR. Injured limb hamstrings
musculature AvgFR increased across all three timepoints, from pre-
surgery (LS mean =15.9) to 6 months post-ACLR (LS mean = 16.7)
to 12 months post-ACLR (LS mean = 18.2, p <0.001).

AvgFR * MUAP * Recruitment Threshold
interaction

For the quadriceps (Figure 5A), the interaction term was lower
in the uninjured limb for pre-surgery and 6 months post-ACLR

Frontiers in Sports and Active Living

(p<0.001), but no at 12 months post-ACLR (p = 0.68) compared to
controls. Pre-surgery was not different from 6 months post-surgery
or from 12 months post-ACLR (p>0.06), but 6 months post-
surgery was significantly lower than 12 months post-ACLR (p<
0.01). For the injured limb, all ACL-injured groups were significantly
lower than controls (p <0.01), and all three ACL-injured groups
were significantly different from each other (p < 0.01).

For the hamstrings (Figure 5B), the interaction term was lower
in the uninjured limb for all ACL-injured groups compared to
controls (p <0.01). Pre-surgery was higher than both 6 and 12
months post-ACLR (p <0.01), but 6 and 12 months post-ACLR
were not significantly different (p=0.99). For the injured limb
hamstrings, both pre-surgery and 6 months post-ACLR were
lower than controls (p <0.01), but 12 months was not different
than controls (p=1.00). Pre-surgery and 6 months post-ACLR
were not different from each other (p=1.00), but both groups
were lower than 12 months post-ACLR (p <0.01).

Discussion

This is the first study that has quantified MU activity of injured and
uninjured limbs post ACL injury. This study confirms an ACL-injured
population demonstrates smaller quadriceps and hamstrings MU size
in both injured and uninjured limbs compared to healthy CTRLs. In
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FIGURE 4

Hamstrings average firing rate by group for uninjured and injured limbs. Average firing rate represents motor unit firing frequency. (Insets) Least means
square ANOVA demonstrates significant differences of MUAP between groups. (* denotes p <0.05; *** denotes p <0.001; line shading and error bars
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addition, ACL-injured subjects demonstrated reduced AvgFR
compared to healthy controls for the quadriceps musculature but
mostly increased AvgFR for hamstrings musculature in both the
injured and uninjured limbs. Together, these findings partially
support the hypotheses of this study. Consistent with previous
findings in this cohort, MU activity did not appear to fully recover at
12 months post-ACLR compared to healthy control subjects (26).
These findings provide important insight for efforts to improve
rehabilitation in athletes with ACLR who aim to return to level I or
These insight into
neuromuscular and motor control deficits that could persist in

II sports. findings provide important
athletes with ACLR up to 12 months postoperatively.

The finding that both quadriceps and hamstrings musculature
MUAP amplitude is reduced in both injured and uninjured limbs
compared to controls suggests that post-ACL injury, smaller MUs
are favored for recruitment and utilization to achieve a targeted force
output. We speculate that this reduced MU size may be compensated
for in the hamstrings musculature by the increased AvgFR observed in
the ACL-injured subjects since it is known that in healthy
musculature, neural activity adapts varying strategies via AvgFR and
MU recruitment to achieve a desired force output (25, 38).
However, this similar effect was not observed for the quadriceps
musculature in either the injured or uninjured limb. This supports

the previous finding that quadriceps activation is bilaterally

Frontiers in Sports and Active Living

impaired, despite a unilateral ACL injury (39). This may be
correlated with the muscle atrophy that clinicians have observed
with the quadriceps musculature post-ACL injury and warrants
further exploration in future research (40).

All together, these data suggest that at 12 months post-ACLR small
MUs do not function like those of healthy controls. It appears that fine
motor control may be altered, as demonstrated by differential small MU
recruitment and firing rate patterns in the ACL-injured subjects across
timepoints compared to healthy controls. This can further be seen when
looking at recovery as a whole, through the lens of the interaction
between the three main MU characteristics that drive muscle output:
MUAP peak-to-peak amplitude, recruitment threshold, and AvgFR
(Figure 5). For both the quadriceps and hamstrings, neither the
injured or uninjured limb reach healthy control subjects’ values with
the exception of the injured limb hamstrings, which suggests and
further supports that the traumatic knee injury affects not only the
involved limb but may also have a crossover effect (41). These
findings suggest smaller MUs in conjunction with altered firing rate is
a strategy the central nervous system may adopt after an ACL injury
to achieve a desired result. Together, these altered MU strategies may
provide insight into the neural mechanisms that contribute to the
observed deficits associated with AML

It is interesting to note that for both the quadriceps and
hamstrings muscles at 6 months post-ACLR, both injured and
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uninjured limbs’ regression lines follow a similar slope to the healthy
controls (Figures 1, 2), which may suggest that during this period of
heavily focused rehabilitation, the subjects may begin to reattain
motor control more similar, yet depressed, to healthy controls.
However, by the 12-month post-ACLR timepoint, there is yet
another shift in the MU size trend away from that of the healthy
controls. Interestingly, this trend is also observed in the injured
limb at the 12-month post-ACLR timepoint for both quadriceps
and hamstrings musculature, where quadriceps AvgFR returns to
near pre-surgery levels further away from the control level and
hamstrings AvgFR increases away from the control level. Previous
studies have similarly demonstrated altered neural activation and
motor control deficits at 12 months post-ACLR and beyond, via
different methodologies (12, 14, 15). The findings of this study, in
combination with previous investigations that have identified
altered motor control, may suggest that rehabilitation should be
extended until motor control, both central and specifically of the
thigh musculature, returns and is more similar to motor control of
healthy subjects (26, 42).

Future research should investigate the effects of targeted
interventions in individuals after ACLR who may demonstrate
factors associated with AMI. This work could help optimize
interventions to address lingering motor control deficits despite
current recommended clinical practice. Interestingly, strength
training literature has shown that training with heavy loads
(>80% of 1 repetition maximum) increased neural drive; in
addition, intent to move weight quickly and ballistic power
training methods have helped increase rate of force development
by lowering MU recruitment thresholds (43). Such interventions
could be considered to determine utility to address AMI in both
ipsilateral and contralateral limbs after ACL injury. It is currently
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unknown if these changes in motor control ever fully resolve or
return to the patterns observed in the healthy control subjects, as
our longitudinal data collection stopped at 12 months post-
ACLR. It may be possible that longer investigations are
warranted to determine if interventions can fully restore normal
motor control patterns after a traumatic knee injury.

Despite an extensive body of clinical research, RTS rates after
ACLR are suboptimal (17-19, 23). In an updated systematic
review by Ardern et al. [69 articles; n=7,556 athletes (66%
male); average age: 25 + 3.2 years], the authors found only 65%
of athletes returned to preinjury level of sport after ACLR; of
those who previously participated in competitive sports, only
55% returned to the competitive level after ACLR (17). These
rates were consistent with another study that reported 56% of
young athletes (17.1 + 2.4 years, n = 124) who planned to return
to level T or level II sports returned to preinjury level after
ACLR (21). Further, the body of evidence suggests ACL
reinjury rates for those who RTS after ACLR are at least 20%
(4, 5, 23) and individuals who RTS after ACLR are 15x more
likely to sustain another ACL injury than controls (44, 45). The
extent to which AMI affects these RTS and reinjury rates may
be a missing link in current RTS assessments, potentially
suggesting suboptimal management after ACLR. Evidence-based
recommendations for RTS include evaluation of readiness
through a battery of tests, including open tasks when possible,
incorporating reactive decision making, and assessing
psychological readiness (46). Standard clinical and rehabilitation
practices often utilize peak torque for normalized comparisons
of strength capacity and assessment of readiness for RTS.
Inclusion of these values in combination with MU information

could be additive to improve the current understanding of AMI
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and associated risk of ACL reinjury (both ipsilateral and
contralateral limb).

Persistent motor deficits after ACLR, such as decreased strength
and activation capacity, have been linked to an increased risk of
reinjury (47, 48). Additionally, bilateral motor deficits after injury
have negative repercussions for normative tests that use within-
subject limb-to limb-comparisons. Strength decrements in the
uninjured limb after ACLR can provide a false indication of
readiness to RTS when using limb symmetry indices (LSIs) (49).
Given the bilateral decrease in ACL-injured subjects’ MUAP peak
amplitude in the current study compared to control subjects that
was found up to 12 months post-ACLR, changes in the uninjured
limb could contribute to an altered sense of physical readiness and
a unsubstantiated quantification of achieving an 85%-90% LSI.
These
programming and implications for further research.

findings warrant considerations for rehabilitation

The current study is not without limitations but could help to
inform future investigations. Use of the HumacNORM dynamometer
added additional noise to the dEMG signal; therefore, we had to use
a custom load cell in place of the dynamometer to capture subjects’
force output. Thus, we were only able to register force and could not
accurately translate this information to joint torque. In addition, the
isometric tasks utilized in the current study may not be
representative of dynamic tasks required for rehabilitation and sport
clearance. Thus, future studies could investigate differences between
injured and uninjured limbs in more dynamic, athletically relevant
tasks with the use of wireless dEMG sensors.

In conclusion, ACL-injured subjects demonstrated altered
quadriceps and hamstrings MUAP activity in both the injured and
uninjured limbs relative to healthy controls across multiple
timepoints post injury. MUAP activity was different pre-
operatively, post-ACLR, and persisted throughout rehabilitation up
to 12 months post-operatively. Further research is warranted to
determine if MUAP peak amplitude is reflective and consistent
with other of AMI,

rehabilitation interventions that address altered MU activity to

implications and then to optimize
improve RTS outcomes after ACLR. Evidence-based clinical
reasoning with a focus on development of muscular strength and
power capacity should be the impetus behind rehabilitation
programming to address potential motor deficits.
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