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Abstract

Purpose Altered quadriceps muscle activity can contribute to reduced ability of the muscle to quickly generate force and
appropriately attenuate landing forces, exacerbating poor landing and movement strategies commonly seen after anterior
cruciate ligament reconstruction (ACLR). The purpose was to evaluate if electromyographic (EMG) activity and knee bio-
mechanics during a single-limb forward hop task are influenced by a history of ACLR.

Methods Twenty-six individuals with a history of unilateral ACLR (age 20.2+2.7 years, height 1.7+ 0.1 m; weight
69.6 +12.4 kg; time from surgery, 2.9 +2.7 years; graft type, 21 bone-patellar-tendon bone, 5 hamstring) and 8 healthy
controls (age 23.3 + 1.8 years, height 1.7 +0.1 m; mass 66.3 + 13.9 kg) volunteered. Sagittal plane knee kinetics and EMG of
the vastus lateralis were synchronized and measured using a three-dimensional motion analysis system during a single-limb
forward hop task. Mixed-effect models were used to assess the effect of group on kinetic and EMG variables.

Results Kinetic outcomes (peak and rate of knee extension moment) and temporal muscle activity and activation patterns
differed between the ACLR limb and healthy-control limb. Inter-limb asymmetries in the ACLR group were observed for
all variables except EMG onset time; no limb differences were observed in the healthy cohort.

Conclusion Years after ACLR, persistent quadriceps functional deficits are present, contributing to altered neuromuscular
control strategies during functional tasks that may increase the risk of reinjury. To counteract these effects, emerging evidence
indicates that clinicians could consider the use of motor learning strategies to improve neuromuscular control after ACLR.
Level of evidence III.
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Introduction

A substantial portion of patients after anterior cruciate
ligament reconstruction (ACLR) experience prolonged
quadriceps strength deficits, contributing to the presence
of long-term aberrant knee biomechanics, decreased force
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attenuation, and increased risk of reinjury [23, 35]. Although
quadriceps strengthening is heavily emphasized after ACLR,
and symmetry between limbs is used as a benchmark for
progression back to functional activities, discrepancies in
quadriceps neuromuscular control between the injured and
uninjured limbs often persist [5, 7, 12, 13]. During both
single- and double-limb landing tasks, individuals with a
history of ACLR exhibit significant reductions in the ACL
limb knee extension moment and vertical ground reaction
force [16]. These findings highlight the potential unloading
of the injured limb after ACLR, despite rehabilitation efforts
to restore biomechanical function to pre-surgery levels [16].
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Appropriate quadriceps strength is required for force
absorption and joint loading during functional tasks, and
thus research has continued to evaluate the underlying driv-
ers of persistent deficits [17]. To this point, emerging evi-
dence has indicated that the rate in which the quadriceps
muscle can develop torque (rate of torque development)
during both static and dynamic movements is altered in
the ACL limb of patients [13]. Specifically, reductions in
rate of torque development (during a static task) and rate of
knee extension moment (during a running task) in the ACLR
limb compared to the contralateral limb have been observed
[13]. This work, however, did not evaluate the root of these
quadriceps-dominant deficits, although they hypothesized
that biomechanical alterations could be the consequence of
decreased quadriceps neural drive [13]. To this point, global
changes in neural activity may contribute to the reduction
in the ability of the quadriceps to quickly generate force to
appropriately attenuate landing forces, further exacerbating
poor landing and movement strategies [29, 35]. To address
this gap, factors related to quadriceps muscle activation
strategies and their contribution to reductions in global knee
function were evaluated.

Neuromuscular control, including the contribution of
the timing of electromyographical (EMG) activity prior to
landing has previously been studied using pre-activation
patterns, where ACLR patients have been found to acti-
vate their quadriceps much sooner compared to healthy
controls [7]. While evaluation of pre-activation patterns
is important, analysis of neuromuscular control strategies
during the load-absorbing phase is also needed. Under-
standing the control strategies used during landing can
provide clinicians with relevant contextual information on
modifiable components of neuromuscular control that can
be targeted during rehabilitation after ACLR. Thus, the

purpose of this study was to evaluate if quadriceps EMG
activity and knee mechanics during a single-limb forward
hop task are influenced by a history of ACLR. It was
hypothesized that compared to healthy controls, ACLR
participants would present with reductions in knee kinetic
variables and altered neuromuscular control strategies.

Materials and methods

Twenty-six individuals with a history of unilateral ACLR
and eight healthy controls participated in a single, cross-
sectional controlled laboratory study. This study was
approved by the University’s Institutional Review Board
and informed consent was obtained prior to testing. The
patients included in the study reported to the University
of Connecticut’s Sport Optimization and Rehabilitation
Laboratory for testing where subjects were required to
perform a single-limb forward hop task. All individuals
had previously been enrolled into a physician-directed
rehabilitation program and were cleared by the treating
physician to return to unrestricted sporting activities. Pre-
injury and current activity level participation are included
within Table 1. Sagittal plane knee kinematics and kinetics
and EMG of the vastus lateralis (VL) were synchronized
and measured using a three-dimensional motion analysis
system during the forward hop task [22]. The patients were
excluded if they: (1) had a previous history of knee surgery
other than the current ACLR, (2) sustained a contralateral
lower extremity injury within the past 6 months, (3) if
they were pregnant or planning pregnancy, (4) if they had
a demand-type cardiac pacemaker and (5) if they had an
allergy to adhesives or any open skin lesions.

Table 1 Demographic
information

Age (year)*

Height (m)

Mass (kg)

Time from surgery (year)
Graft type

Concomitant injuries (self-reported)

Tegner activity scale
Pre
Post

ACLR Healthy

26 (10 males, 16 females) 8 (4 males, 4 females)
202+2.7 233+1.8
1.7+0.1 1.7+0.1
69.6+12.4 66.3+13.9
22427 n/a

21 BPTB, 5 HS n/a

6 meniscal debridement n/a

1 meniscal repair

1 collateral ligament sprain

5 bone bruises

8.0 (5.0-10.0) 9.0 (5.0-10.0)
7.0 (5.0-9.0) 9.0 (5.0-10.0)

Tegner activity scale is reported in median (range). All other variables are reported as mean+ SD

BPTB bone—patellar tendon—bone autograft, HS hamstring autograft
*Significant (P < 0.05) difference between ACLR and healthy controls
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Biomechanical analyses

Sagittal plane knee kinematics and kinetics were collected
during a single-limb forward hop task. A 12-camera motion
capture system (Vicon, Oxford Metrics, London, England)
sampling at 240.0 Hz, synchronized with two force plates
sampling at 1200.0 Hz (Bertec Corp., Columbus, Ohio)
and a wireless EMG system sampling at 1200.0 Hz (DTS
System, Noraxon Inc, Scottsdale, AZ, USA) were utilized
to quantify three-dimensional biomechanical and muscle
activity data, respectively. Participants hopped forward
the distance of their limb length, defined as the tip of the
greater trochanter to the tip of the lateral malleolus [22].
The patients were allowed unlimited practice trials. Three
successful trials were captured consecutively for each limb,
where a trial was considered successful when the partici-
pants landed on the force platform and balanced on their
injured limb for a least one second. The hop task was per-
formed bilaterally and the order of limb testing was rand-
omized. Trunk and lower limb joint rotations were defined
based on 3D coordinates of 37 precisely positioned retro-
reflective markers [trunk; (C7 spinous process, T10 spinous
process, acromioclavicular joints, sternum), right and left
limbs; (anterior and posterior superior iliac spines, iliac
crest, greater trochanter, distal thigh, medial and lateral
femoral epicondyles, tibial tuberosity, distal shank, lat-
eral shank, medial and lateral malleoli, calcaneus, dorsal
navicular, head of first and fifth metatarsal)]. A static trial
[19] of each subject aligned with the laboratory coordinate
system was recorded and a kinematic model including eight
skeletal segments and 27 degrees of freedom was created
using Visual3D software (C-Motion; Rockville, MD, USA).
Ground reaction force data was sampled and synchronized
with the kinematic data and filtered using a fourth-order,
zero-lag, low-pass Butterworth filter at 12.0 Hz cut-off fre-
quency [18]. Filtered kinematic and ground reaction force
data were then submitted to a standard inverse dynamics
approach within Visual3D. Kinetic outputs were normal-
ized to body height and mass and represented as internal
moments. Initial contact and toe-off were defined as the time
when the vertical ground reaction force first exceeded 10.0 N
[3, 18] and fell below 10.0 N, respectively. The rate of knee
extension moment (RKEM) was calculated from heel strike
to peak knee extension moment [13].

Electromyographic analyses

To quantify peak muscle activity of the VL, raw EMG sig-
nals were filtered using a high-pass Butterworth filter using a
12.0 Hz cut-off frequency. EMG data were then rectified and
processed using a root mean square algorithm with a 50-mil-
lisecond moving window. EMG signals that were recorded
from heel strike (defined as 10.0 N) to when peak knee
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extension moment (PKEM) was reached were used for sta-
tistical analysis. The average peak muscle activity obtained
from this period of interest across the three trials was used.
Dynamic EMG data recorded during the single-limb for-
ward hop were then normalized to the peak muscle activity
recorded across all trials. Muscle activity onset times of the
VL relative to PKEM (EMG onset =time of PKEM — time
of EMG “on”) were established using the Teager—Kaiser
Energy Operator [32, 33] (EMG onset defined as median
plus three standard deviations). This operator was applied
only to band-pass filtered data and not signals that had been
rectified and processed using a root mean square algorithm,
as this would have potentially masked true muscle onset
times.

Statistical analyses

Independent ¢ tests were performed to assess differences
between ACLR and healthy controls for demographic vari-
ables. Mixed-effect models, with individual included as a
random factor [10], were used to assess the effect of group
(ACL, healthy control) on PKEM, RKEM, peak VL muscle
activity, and VL muscle activity onset time. Differences in
subject age were controlled for by inclusion of age as a ran-
dom factor [31]. Additionally, paired ¢ tests were performed
to assess differences between limbs within each group. An
a priori power analysis based on previous work evaluating
rate of knee extension moment [13] determined that at least
24 ACLR subjects were needed to detect differences between
limbs. Statistical analyses were performed using the Statisti-
cal Package for the Social Sciences (SPSS) software version
24.0 (IBM Corp., Armonk, NY, USA) and a level was set a
priori at P <0.05.

Results

Kinetic outcomes and temporal muscle activity and activa-
tion patterns of the ACLR limb and healthy matched limb
during a single-limb forward hop task were determined for
both ACLR and healthy controls. Demographic information
is provided in Table 1. Details (means + SD) of both groups
and limbs for all kinetic and muscle activity properties are
presented in Table 2.

Kinetic variables

There was a significant effect of group (ACLR, healthy) on
PKEM. Peak knee extension moment was lower in ACLR
participants (1.3 +0.4 nm/kg?) compared to healthy con-
trols (1.6 0.2 nm/kgz, Table 2). There was also a signifi-
cant effect of group on the RKEM, where there were deficits
in the RKEM in the ACLR group (16.9 +4.5 nm/kg m s)
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Tab.lel 2 Kineti§s apd muscle ACLR Healthy
activity properties in ACLR and
healthy controls Peak knee extension moment (nm/kg?) ACL/matched limb* 1.3+0.4° 1.6+0.2
Contralateral 1.7+0.1 1.7+0.1
Rate of knee extension moment (nm/kg*m¥*s) ACL/matched limb?* 16.9+4.5° 19.9+2.1
Contralateral 209+1.0 19.70+0.9
Vastus lateralis peak muscle activity (%) ACL/matched limb* 29.4+11.2° 39.5+11.7
Contralateral 35.1+£3.6 39.5+4.2
Vastus lateralis onset time (ms) ACL/matched limb* —-0.5=+16.1 73+14
Contralateral 34+29 7714

A negative onset time is indicative of a delay in muscle activation timing compared with the timing of

PKEM

Significant (P <0.05) difference between ACLR and healthy controls for ACL/matched limb
®Significant (P <0.05) difference between ACL limb and contralateral limb within the ACL group only

compared to the healthy group (19.9 +2.1 nm/kg m s,
Table 2). When assessing limb differences (Table 2) within
the ACLR group, the ACLR limb exhibited reductions in
both PKEM and RKEM compared to the contralateral limb.
No differences between limbs within the healthy control
group were observed.

Muscle activation properties

Similar to kinetic properties during the forward hop task,
there was a significant effect of group on quadriceps muscle
activity and activation patterns. Specifically, VL peak mus-
cle activation was reduced in the ACL group compared to
the healthy control group during the hop task (Table 2). The
ACLR group also exhibited significant delays in VL muscle
onset times, turning on the quadriceps muscle in their ACL
limb approximately 0.5 ms after reaching PKEM, where
the healthy control group activated their quadriceps 7.3 ms
before PKEM (Table 2). Between limbs differences (Table 2)
within the ACLR group were also observed reinforcing the
observations in declined ACLR limb peak muscle activity
during the forward hop task. No differences between limbs
within the healthy control group were observed.

Discussion

The most important finding of the present study was that
years after ACLR, patients continue to demonstrate altered
neuromuscular control and quadriceps activation strategies
during a dynamic single-limb landing task compared with
healthy controls. Specifically, the ACLR limb exhibited
reductions in PKEM, RKEM, peak VL muscle activity, and
delayed onset time compared with healthy controls. These
between group differences are reinforced by between limb
differences in the ACLR group (deficits in PKEM, RKEM,
and peak muscle activity of the VL) that were not observed

within the healthy cohort. These results suggest that quadri-
ceps functional deficits are resistant to the standard of care
after ACLR, and protracted deficits in muscle activation
impair knee mechanics during dynamic tasks.

Reductions in PKEM have been widely reported follow-
ing ACLR during hop tasks [4, 11, 36, 38], walking [15, 28,
30], and running [24]. PKEM deficits observed in our ACLR
cohort are consistent with previous work, and highlights the
reduced underloading of the involved limb during the load-
absorbing phase [21, 38]. While knee moments are com-
monly evaluated and reported after ACLR, more thoroughly
evaluating how quickly the quadriceps is able to generate
force during dynamic tasks (i.e., RTD) has become a recent
focus of attention. Several studies evaluating RTD during
less functional tasks such as isokinetic strength measure-
ments have reported deficits within the injured limb of an
ACLR cohort [12, 13]. Extending this work, Kline et al. [13]
and Pamukoff et al. [24] have reported diminished RTD of
the knee extensor moment (RKEM) during running, which
is in agreement with our work. Taken together, our work
highlights that those with a history of ACLR utilize reduced
PKEM and RKEM strategies during functional movement
tasks, which is clinically significant as it negatively influ-
ences the ability of the knee to adequately attenuate force.
This has implications for short- and long-term knee joint
health [26, 34, 37].

The underlying driver of these knee mechanical deficits
remains unclear, as data that have directly evaluated adap-
tations in muscle activity in concert with aberrant knee
mechanics during functional tasks are sparse. To this end,
we evaluated synchronized peak muscle activity and mus-
cle activation patterns during the hop task. Interestingly,
we observed that there were reductions in quadriceps peak
muscle activity and a delay in muscle onset time during
the load-absorbing phase between the ACLR and healthy
controls. The timing of muscle activation relative to PKEM
is especially important as it can provide us with context
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regarding quadriceps muscle activity during the movement
when there is increased demand on the knee to stabilize
the lower extremity. Our work is novel as it examines this
metric of quadriceps health during the energy absorption
phase of ground contact. In relation to previous work [1,
7, 27], it appears that those with a history of ACLR have
adaptations in VL muscle activity prior to and immediately
following ground contact. Specifically, it appears that pre-
activation strategies are employed to enhance joint stabil-
ity prior to landing, by turning on the quadriceps muscle
earlier, perhaps in an attempt to assist in the stabilization
of the knee during the high physical demands of a single-
leg landing task [7]. Others have observed that ACLR indi-
viduals often adopt increased co-activation strategies (i.e.,
increased quadriceps-to-hamstring co-activation) in an effort
to increase joint stability during dynamic tasks [6, 9]. Simi-
lar to our work, ACLR individuals that utilize this increased
co-activation strategies also exhibited reduced knee extensor
torque compared to healthy controls [25]. Uniquely, most
research evaluating RTD after ACLR, including the current
study, has been performed in a cohort heavily dominated
by bone—patellar tendon—bone autografts (BPTB) [13, 25].
Although we were unable to evaluate differences in quadri-
ceps function between graft types, it has been hypothesized
that individuals who receive a BPTB autograft may exhibit
different impairments in quadriceps function compared to
those receiving hamstring autografts [13, 25]. However, the
data in this area are limited. Future studies are needed to
evaluate whether differences exist in co-contraction strate-
gies as well as hamstring muscle activation timing during
dynamic and functional tasks and whether the magnitude of
RTD deficits exist in patients receiving hamstring autografts.

Previous work evaluating RKEM and EMG onset has
only included comparisons to the contralateral limb; nar-
rowing the interpretations of these values to “normal” physi-
ological function. Namely, comparison strictly to the con-
tralateral limb has the potential to be confounded as neural
alterations after ACLR have been known to occur bilaterally
[20, 29] and may influence overall differences. To mitigate
this concern, a healthy cohort was included. The strength of
this approach is that it provides further evidence that patients
undergoing ACLR are exhibiting these maladaptive strat-
egies and that they persist in the years following surgery,
despite rehabilitation efforts.

There were several limitations of this study. The ACLR
patients included in this study were on average 2 years
removed from surgery, hence the extent of these deficits
during important recovery time points (such as return to
play) remains unclear. Additionally, this cohort was only
evaluated at a single time point after ACLR, limiting appli-
cability. Future longitudinal studies should aim to evalu-
ate how these metrics of knee health may change over the
continuum. There was also difference in age between the
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ACLR and healthy control groups; however, this was con-
trolled for in the analysis by including age as a covariate.
This limitation is further mitigated by the inclusion of an
inter-limb comparison within groups. The findings support
that regardless of age, the ACLR group displayed signifi-
cantly different kinetic and EMG variables compared to their
contralateral limb; a finding that is not replicated within the
healthy control group. Although this study was appropriately
powered to evaluate differences in rate of knee extension
moment amongst ACLR patients, it was not able to account
for the influence of concomitant injury or gender on these
outcomes.

Alterations in the timing of muscle activation relative
to PKEM, along with reductions in the RKEM highlight
a reduced ability for patients after ACLR to appropriately
stabilize and control the lower extremity during a dynamic
landing task compared to healthy counterparts. This is clini-
cally relevant as it helps to identify areas where clinicians
can potentially intervene to promote more optimal landing
strategies during rehabilitation. Global quadriceps strength-
ening alone, without consideration of the neural deficits, has
been shown to be insufficient in eliminating the inter-limb
biomechanical deficits after ACLR. Based on the findings
of the present study and previous work, it is clear that cli-
nicians should consider the addition of therapies that can
enhance neuromuscular control. Motor learning strategies
such as gait retraining [8] and external cueing (e.g., biofeed-
back [2, 14]) are the two potential therapies that could be
added to clinical practice that show promise in enhancing
neuromuscular control after ACLR. Utilizing these motor
learning strategies can help target and improve movement
skill acquisition and quadriceps activation patterns that may
allow patients to more appropriately attenuate forces upon
landing [8]. Clinicians can feasibly integrate these treatment
modalities into a structured rehabilitation program, prior to
a patient resuming functional activities. This may help cli-
nicians mitigate some of the common biomechanical and
neuromuscular alterations observed in the years after ACLR.

Conclusion

Individuals after ACLR display deficits in PKEM and
RKEM, which may negatively influence the ability to ade-
quately attenuate forces during functional movement tasks.
Further, reductions in peak muscle activity and a delay in
quadriceps muscle onset time during the load-absorbing
phase indicate that ACLR patients continue to experience
altered neuromuscular control compared to healthy controls.
Taken together, this work highlights that protracted impair-
ments in knee mechanics and quadriceps activation strate-
gies are present during the loading phase of a landing task
after ACLR.
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