
Journal of Athletic Training 2019;54(5):505–512
doi: 10.4085/1062-6050-414-17
� by the National Athletic Trainers’ Association, Inc
www.natajournals.org

Knee

Deficits in Quadriceps Force Control After Anterior
Cruciate Ligament Injury: Potential Central
Mechanisms

Sarah H. Ward, PhD, PT, BSc*; Luke Perraton, PhD, PT*; Kim Bennell, PhD*;
Brian Pietrosimone, PhD, ATC†; Adam L. Bryant, PhD*

*Centre for Health, Exercise and Sports Medicine, University of Melbourne, Victoria, Australia; †Department of
Exercise and Sport Science, University of North Carolina at Chapel Hill. Dr Ward is now with the Insight Centre for Data
Analytics, University College Dublin, Ireland.

Context: Poor quadriceps force control has been observed
after anterior cruciate ligament (ACL) reconstruction but has not
been examined after ACL injury. Whether adaptations within the
central nervous system are contributing to these impairments is
unknown.

Objective: To examine quadriceps force control in individ-
uals who had sustained a recent ACL injury and determine the
associations between cortical excitability and quadriceps force
control in these individuals.

Design: Cross-sectional study.
Setting: Research laboratory.
Patients or Other Participants: Eighteen individuals with a

recent unilateral ACL injury (6 women, 12 men; age¼29.6 6 8.4
years, height ¼ 1.74 6 0.07 m, mass ¼ 76.0 6 10.4 kg, time
postinjury ¼ 69.5 6 42.5 days) and 18 uninjured individuals (6
women, 12 men; age¼ 29.2 6 6.8 years, height¼ 1.79 6 0.07
m, mass ¼ 79.0 6 8.4 kg) serving as controls participated.

Main Outcome Measure(s): Quadriceps force control was
quantified as the root mean square error between the
quadriceps force and target force during a cyclical force-
matching task. Cortical excitability was measured as the active
motor threshold and cortical silent period. Outcome measures
were determined bilaterally in a single testing session. Group

and limb differences in quadriceps force control were assessed
using mixed analyses of variance (2 3 2). Pearson product
moment correlations were performed between quadriceps force
control and cortical excitability in individuals with an ACL injury.

Results: Individuals with an ACL injury exhibited greater
total force-matching error with their involved (standardized mean
difference [SMD]¼ 0.8) and uninvolved (SMD¼ 0.9) limbs than
did controls (F1,27 ¼ 11.347, P ¼ .03). During the period of
descending force, individuals with an ACL injury demonstrated
greater error using their involved (SMD ¼ 0.8) and uninvolved
(SMD¼ 0.8) limbs than uninjured individuals (F1,27¼ 4.941, P¼
.04). Greater force-matching error was not associated with any
cortical excitability measures (P . .05).

Conclusions: Quadriceps force control was impaired bilat-
erally after recent ACL injury but was not associated with
selected measures of cortical excitability. The findings highlight
a need to incorporate submaximal-force control tasks into
rehabilitation and ‘‘prehabilitation,’’ as the deficits were present
before surgery.

Key Words: knee injury, motor control, transcranial mag-
netic stimulation, cortical excitability

Key Points

� Individuals with a recent anterior cruciate ligament (ACL) injury exhibited deficits in submaximal quadriceps force
control.

� Quadriceps force control was compromised in both the involved and uninvolved limbs of individuals after ACL injury
compared with the limbs of uninjured individuals.

� Quadriceps cortical excitability measured from the rectus femoris was not associated with quadriceps force control.
� Further investigation is needed to fully understand the mechanistic underpinnings and functional relevance of force-

control deficits after ACL injury.

Q
uadriceps weakness after anterior cruciate ligament

(ACL) injury and ACL reconstruction (ACLR) has

important clinical implications, given the associa-

tions with patient-reported disability,1 functional deficits,2

and knee osteoarthritis.3,4 For these reasons, numerous
authors have assessed quadriceps strength after ACL injury
and ACLR.5 However, people do not routinely perform
tasks requiring maximal quadriceps effort during activities
of daily living (ADLs).6,7 The ability to control submaximal

quadriceps forces may be an important determinant of knee
function for individuals after ACLR8 and potentially after
ACL injury.

Muscle force control is a term used to describe the
steadiness or accuracy of the voluntary force produced by
skeletal muscles.9–11 The accuracy of quadriceps force
production is typically quantified by examining the average
force deviation (ie, error) from a submaximal isometric
target force.10,11 Deficits in quadriceps force control are
apparent in individuals with ACLR compared with
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uninjured individuals,12 and these deficits are associated
with worse knee-joint function in this population.8

Quadriceps force control after ACL injury has been
assessed using a constant submaximal isometric target
force.13 However, during most functional activities, the
quadriceps muscles are required to produce continually
fluctuating force levels.12 Therefore, using an isometric
testing protocol that involves a fluctuating target force may
better approximate quadriceps action during functional
activities (eg, walking and running).

Quadriceps dysfunction after ACL injury and ACLR may
be caused, in part, by altered mechanoreceptor-mediated
feedback from the injured joint to the central nervous
system (CNS).14 Mechanistically, diminished quadriceps
force control after ACL rupture and ACLR may be
attributed to alterations in the primary motor cortex.14–18

Transcranial magnetic stimulation (TMS) can be used to
noninvasively examine modulation of intracortical and
corticomotor excitability after injury.19 Single-pulse TMS
is commonly used to assess corticomotor excitability,
which is a measure of the membrane threshold needed to
generate and propagate an action potential.19 An increase in
the motor threshold suggests reduced excitability and
potential difficulty in generating a motor response.19

Authors of TMS studies20,21 have provided mixed evidence
on whether primary motor-cortex excitability regarding the
motor threshold is altered after ACL injury. In a concurrent
study, Ward et al21 demonstrated that rectus femoris active
motor threshold (AMT) and measures of intracortical
inhibition were not different between individuals with and
those without ACL injury. However, the duration of the
cortical silent period (cSP), a gross measure of cortical
inhibition, was reduced in the involved limb after ACL
injury, suggesting a dysfunction in inhibitory rather than
excitatory systems; the meaningfulness of a shortened cSP
has not been established.21

Assessing quadriceps-muscle force control in people with
an ACL injury may highlight important neuromuscular
deficits, which may be associated with changes in cortico-
motor excitability. Therefore, the primary purpose of our
study was to examine submaximal quadriceps force control
and quadriceps corticomotor excitability in individuals who
had recently sustained an ACL injury. We hypothesized that
individuals with a recent ACL injury (ie, ,8 months before
the study) would demonstrate poorer submaximal quadriceps
force control than uninjured controls. Our secondary purpose
was to examine associations between quadriceps force
control and measures of rectus femoris cortical excitability.

METHODS

Participants

Eighteen recreationally active adults (age range¼ 18–50
years) who had sustained a unilateral ACL injury that was
confirmed on magnetic resonance imaging (MRI) within
the 8 months before the study were recruited from 2 local
orthopaedic surgery clinics using consecutive sampling.
Eighteen healthy, recreationally active adults were recruit-
ed from local sporting clubs to serve as a control group.
Participants were considered recreationally active if they
self-reported being active for at least 30 minutes, 2 or more
days each week. Participant characteristics are presented in
Table 1. Participants with an ACL injury were, on average,

69.5 6 42.5 days (range ¼ 11–138 days) postinjury at the
time of testing. Thirteen individuals (72.2%) had injured
their dominant limb and 5 (27.8%) had injured their
nondominant limb. Limb dominance was determined as the
preferred foot for kicking a ball.22 Volunteers with multi-
ligament or meniscal trauma, or both; grade III or IV
chondral defects; or previous ACL injury or surgery, or
both, of either limb were excluded. Volunteers were
excluded from the control group if they had a history of
(1) a substantial orthopaedic injury requiring surgery or (2)
a lower limb musculoskeletal injury in the year before the
study that caused them to seek treatment or affected their
function for more than 1 week. Based on the work of
Perraton et al,8 who examined quadriceps force control, we
determined that a minimum of 12 participants would be
needed to find a difference (b ¼ 80%, a ¼ .05) and strong
standardized mean differences (SMDs; SMD ¼ 1.673) in
root mean square error (RMSE) between limbs and groups.
However, we recruited 18 participants to increase the
statistical power for the correlation analysis.

Participants completed a 15-item questionnaire to assess
contraindications to TMS.23 No participant in either group
had neurologic or other medical problems that would
contraindicate noninvasive brain stimulation. We instructed
participants to abstain from caffeine intake in the 12 hours
before testing and, at the start of the testing session, asked
them whether they had consumed caffeine (eg, tea, coffee,
other beverages) in the previous 12 hours. The Knee Injury
and Osteoarthritis Outcome Score (KOOS) was used to
evaluate self-reported knee function. Individuals in the
ACL-injury group completed the KOOS questionnaire with
reference to their injured knee, whereas individuals in the
control group considered their knees in general. A visual
analog scale (VAS) was used to measure current knee-pain
levels during the testing procedures.24 All outcome
measures were collected during a single data-collection
session. Participants provided written informed consent,
and the University of Melbourne Human Ethics Sub-
Committee approved the study (ID: 1340551.2).

Quadriceps Force-Matching Task

Participants performed a submaximal isometric open
kinetic chain quadriceps force-matching task at a standard-
ized angle of 608 of knee flexion and 908 of hip flexion
while seated in a chair. The intensity of the isometric
contraction varied constantly between 5% and 25% of the
participant’s body weight (BW) in a sinusoidal pattern at a
frequency of 0.10 Hz. Therefore, participants experienced
periods of ascending and descending target force. We used
BW to determine force targets rather than percentage of
maximal voluntary isometric contraction (MVIC) because
we could not accurately assess MVIC in individuals with an
ACL injury given the likely presence of joint effusion,
arthrogenic muscle inhibition, or both.25

Quadriceps contraction intensity was measured using a
force transducer (model 60001 S-Beam; Sensortronics,
Covina, CA) attached to a chair via an adjustable arm and
to the distal shin via a soft cuff to ensure that the
participants’ hip joints remained at 908 and knee joints
remained at 608 of flexion (Figure 1). This position has
been demonstrated to minimize tibiofemoral shear forces26

while maintaining an optimal quadriceps length-tension
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relationship for force production.6 Four 60-second trials
were performed, with a 60-second rest between trials.
Participants were instructed to match their quadriceps force
with that of the target for the duration of the test. Using a
custom LabView (National Instruments, Austin, TX)
program, we set the target force for each participant and
displayed it on a computer screen directly in front of the

participant at a fixed distance of 40 cm (Figure 2). No oral
feedback regarding the performance was provided during
the trials; however, at the end of the test, visual feedback of
the performance was provided using a graph that displayed
the participant’s force throughout the trial superimposed
over the target force.8,12

Accuracy of quadriceps force control was assessed using
the RMSE of quadriceps torque relative to the target
torque12 and expressed as a percentage of BW. The first and
last repetitions of each 60-second trial were removed from
the analysis, and the remaining repetitions were averaged
for each trial. In addition to determining total RMSE
(RMSEtotal), we performed a subregional analysis to assess
the accuracy of the quadriceps force control over the
increasing force ramp (ascending [RMSEascending]) and the
decreasing force ramp (descending [RMSEdescending])
components of the task. The intersession reliability for this
task in our laboratory has been reported previously
(intraclass correlation coefficient¼ 0.91).12

Quadriceps Corticomotor Excitability and Inhibition

A Bi-Stim2 magnetic stimulator (Magstim Inc, Eden
Prairie, MN) producing a monophasic pulse shape with a
figure-eight 70-mm coil (Magstim Inc) held tangential to
the skull was used to examine rectus femoris corticomotor
excitability. A custom-designed, form-fitting cap (EasyCap
GmbH, Herrsching, Germany) with stimulus sites marked
at 1-cm spacing in latitude and longitude was fitted to each
participant’s head.27–30 The interaural and nasion-inion
distances were measured for each participant, and the
vertex was aligned with the center of the cap coordinates.31

The belly of the rectus femoris was identified through
palpation during manually resisted knee extension. We
prepared the skin site by shaving, debriding, and cleaning it
with alcohol. A Trigno wireless electromyography (EMG)
electrode (Delsys Inc, Natick, MA) was affixed to the skin
over the muscle belly halfway between the anterior-
superior iliac spine and patella in the direction of muscle-
fiber orientation.32 We sampled EMG signals at 2000 Hz

Table 1. Group Demographics

Variable

Group, Mean 6 SD

P ValueAnterior Cruciate Ligament Injury Control

Age, y 29.6 6 8.4 29.2 6 6.8 .87

Height, m 1.74 6 0.07 1.79 6 0.07 .08

Mass, kg 76.0 6 10.4 79.0 6 8.4 .36

Body mass index, kg�m2 24.8 6 2.3 24.6 6 2.3 .76

Knee Osteoarthritis Outcome Score

Pain 73 6 19a 99 6 3 ,.001

Activities of daily living 78 6 17a 100 6 1 ,.001

Symptoms 68 6 19a 99 6 2 ,.001

Quality of life 38 6 22a 100 6 0 ,.001

Visual analog scale, mm 1.4 6 1.7a 0 6 0 .005

Dominant limb, No.

Right 17 17 NA

Left 1 1

Sex, No.

Male 12 12 NA

Female 6 6

Abbreviation: NA, not applicable.
a Different from control group (P � .05).

Figure 1. Schematic of experimental setup for the participants.
a Hook-and-loop cuff. b Load cell. c Chain.
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for 500 milliseconds and set the EMG amplification at a
gain of 1000 (PowerLab 4/35; ADInstruments, Colorado
Springs, CO) with a 10-Hz, high-pass filter. The common
mode rejection ratio of the EMG amplifier was 100 dB with
an input impedance of 1 MX. Sites near the estimated
center of the rectus femoris area (1–3 cm lateral to the
vertex) were explored at 50% maximal stimulator output to
determine the site at which the largest motor-evoked
potential (MEP) could be obtained for each limb individ-
ually.19 This was defined as the optimal stimulation site
where the AMT was established for the rectus femoris
muscle of each limb. At the optimal site, the stimulator
intensity was adjusted until the AMT was identified. We

defined the AMT as the minimal stimulus intensity required
to elicit an MEP greater than 200 lV while the participant
maintained a quadriceps contraction at 10% BW.21,29,33 The
specific methods for determining the cSP duration were
reported by Ward et al.21 The cSP duration was defined as
the onset of the MEP to the return of normal, uninterrupted
EMG activity.21,34

Statistical Analysis

We determined the percentage of dominant limbs that
were injured in the ACL-injury group and randomly
assigned which of the control participants would contribute
a dominant limb. Data were assessed for normality using
Shapiro-Wilk tests. Independent-samples t tests were used
to compare participant demographics. A separate mixed 2 3
2 analysis of variance with repeated measures for limb was
used to assess differences in quadriceps RMSE between test
limbs and participant groups. We used SMDs to examine
the magnitude of any group differences. The SMDs were
classified as small (,0.2), moderate (0.2–0.5), or large
(.0.5). Separate Pearson product moment correlations (r)
were used to examine associations between quadriceps
RMSE and cortical excitability in the ACL-injury group.
Associations were classified as weak (0.00–0.39), moderate
(0.40–0.69), or strong (0.70–1.00).35 Statistical analyses
were performed using SPSS (version 21; IBM Corp,
Armonk, NY), and the a level was set a priori at .05.

RESULTS

The ACL-injury group self-reported worse knee function
(KOOS-Pain, KOOS-ADLs, KOOS-Symptoms, and
KOOS-Quality of Life) and greater pain (VAS) than the
control group (Table 1).

Submaximal Quadriceps Force Control

The means and standard deviations for RMSEtotal,
RMSEascending, and RMSEdescending for the ACL-injury
and control groups are provided in Table 2. We observed
no limb-by-group interaction for RMSEtotal (F1,27¼ 0.071,
P¼ .79) but found a main effect for participant group (F1,27

¼ 11.347, P ¼ .03). The ACL-injury group had greater
RMSEtotal in both the involved (29% difference; SMD ¼
0.8) and uninvolved (27% difference; SMD ¼ 0.9) limbs
than the control group. We observed no main effect of test
limb for RMSEtotal (F1,27 ¼ 0.033, P ¼ .86).

Similarly, we noted no limb-by-group interaction for
RMSEdescending (F1,27¼ 0.951, P¼ .34). We demonstrated a
main effect for participant group (F 1,27¼ 4.941, P¼ .04),
and the ACL-injury group had poorer submaximal force
control, as evidenced by higher RMSEdescending, in both the
involved (38% difference; SMD ¼ 0.8) and uninvolved

Table 2. Quadriceps Root Mean Square Error for Involved and Uninvolved Limbs (Mean 6 SD)

Root Mean Square Error, % Body Weight

Group

Anterior Cruciate Ligament Injury Control

Involved Limb Uninvolved Limb Matched Involved Limb Matched Uninvolved Limb

Total 3.36 6 1.81a 3.28 6 1.15a 2.40 6 0.61 2.40 6 0.58

Ascending 2.80 6 1.06 3.17 6 0.97 2.42 6 0.73 2.49 6 0.70

Descending 3.92 6 2.89a 3.39 6 1.69a 2.43 6 0.61 2.36 6 0.52

a Different from matched control limb (P � .05).

Figure 2. Force-matching task and participant interface. The target
force arrow oscillated up and down the screen at a preset
frequency. Participants attempted to match the target using their
quadriceps force.
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(30% difference; SMD ¼ 0.8) limbs than in the control
group. No main effect of test limb was present (F1,27 ¼
1.498, P ¼ .22).

We observed no limb-by-group interaction (F1,27¼3.759,
P¼ .06), group main effect (F1,27¼ 0.727, P¼ .40), or limb
main effect (F1,27 ¼ 1.496, P ¼ .23) for RMSEascending.

Associations Between Quadriceps Force Control and
Corticomotor Excitability

In the ACL-injury group, we found no associations
between RMSE and AMT for the involved limb (r ¼
�0.289, P¼ .28) or uninvolved limb (r¼�0.139, P¼ .64)
or between RMSE and cSP for the involved limb (r¼0.509,
P¼ .08) or uninvolved limb (r¼�0.192, P¼ .51; Figure 3).

DISCUSSION

The primary aim of this study was to examine the
accuracy of submaximal quadriceps force production in
individuals who had recently sustained an ACL injury. In
accordance with our hypothesis, quadriceps force control
was compromised in both the involved and uninvolved
limbs after ACL injury compared with that of healthy,
uninjured individuals. An exploratory aim of this study was
to examine associations between quadriceps force control
and measures of rectus femoris cortical excitability in order
to evaluate the mechanisms of quadriceps force-control
deficits. We found no associations between measures of
quadriceps cortical excitability measured from the rectus
femoris and quadriceps force control.

Quadriceps strength-based measures are commonly used
to indicate physical function and determine readiness for
return to sport after ACL injury and ACLR.5,36 Researchers

have used maximal isokinetic tasks to provide insight into
force fluctuations during maximal-effort muscle contraction
after ACLR37–39 and have demonstrated diminished steadi-
ness of both the quadriceps38 and hamstrings.37 More
recently, quadriceps and hamstrings maximal isokinetic
steadiness has been examined in individuals after ACL
injury, with diminished steadiness evident in both the
quadriceps and hamstrings muscle groups.40 Submaximal
strength and force control have not been widely examined
after ACL injury, but considering that most ADLs are
performed at submaximal intensities, these measures may be
more appropriate determinants of physical function after
ACL injury and ACLR. The findings of our study add to this
body of research and demonstrated that individuals with a
recent ACL injury had ongoing impairment in their ability to
produce an accurate submaximal quadriceps contraction.
After ACL injury, individuals had bilateral impairments in
quadriceps submaximal force control, as evidenced by
greater force-matching error with both limbs than in a
control group. The deficits in force control were largest
during the RMSEdescending as the contraction intensity was
decreasing. These control deficits could be contributing to
the differences in the RMSEtotal. It appears that matching an
isometric force that was decreasing in intensity was more
challenging for the ACL-injury group than the control group.
Conversely, the performance of the ACL-injury group during
the RMSEascending component of the task using the involved
limb was similar to that of the control group. However, the
ACL-injury group also performed worse than the control
group in the RMSEdescending component of the task using the
uninvolved limb. Exploring the reasons for this unexpected
finding was beyond the scope of our study, but the finding
could be related to cross-adaptation or neuromuscular

Figure 3. Scatterplots of the association between measures of quadriceps force control and cortical excitability in the involved and
uninvolved limbs of individuals with anterior cruciate ligament injury. A, Involved-limb active motor threshold. B, Uninvolved-limb active
motor threshold. C, Involved-limb cortical silent period. D, Uninvolved-limb cortical silent period.
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deficits that existed before ACL injury. Bilateral alterations
in quadriceps strength28 and voluntary activation41 have been
found after ACL injury. It is possible that a cross-education
effect occurs after ACL injury, resulting in neuromuscular
alterations, including submaximal force-control deficits, in
both the involved and uninvolved limbs.42 The deficits in
force control may have implications for knee-joint loading
and the development of early-onset knee osteoarthritis after
ACL injury. Specifically, an inability to accurately control
forces through the knee joint during everyday activities,
particularly during activities requiring control of changing
intensities of force, could alter joint-contact forces and load
areas of the cartilage that are not adapted to regular
loading.43 However, this is an area for future research.

Although no comparable studies have included patients
with ACL deficiency, our protocol has been used in an
ACLR cohort.8,12 In these previous studies, individuals who
were, on average, 18 months post-ACLR demonstrated
23% to 48% greater quadriceps force-matching error
(RMSE) using their involved limb than did the uninjured
control participants.8,12 Furthermore, submaximal force
control was related to patient-reported function and
functional performance (3 hop tests) in individuals with
ACLR; specifically, diminished quadriceps force control
was associated with worse knee function.8 The results from
participants with ACL injuries demonstrated that these
impairments in force control are present postinjury and are
more likely to be due to the initial injury than to a longer
postinjury or postsurgery time. Longitudinal data are
needed to better understand the timescale of such changes.

Quadriceps dysfunction has been well documented after
ACL injury44 and ACLR,45–49 and researchers14,18,49 have
hypothesized that altered quadriceps corticomotor excit-
ability underlies quadriceps dysfunction after ACL injury
and ACLR. Altered quadriceps motor threshold has been
demonstrated after ACL injury,20 and authors of a
concurrent study21 found a difference in the rectus femoris
cSP of individuals with ACL injury.

A secondary aim of our study was to explore associations
between quadriceps force control and cortical excitability
and the cSP duration in particular; however, no associations
were found among any measures of rectus femoris cortical
excitability and quadriceps force control. The rectus femoris
has an important role in force attenuation and locomotion,
but as the biarticular quadriceps muscle, its contribution to
knee extension depends on hip and knee position.50–53

Although the rectus femoris demonstrated high EMG
activity during pilot testing of the task, the testing position
used in our study placed the rectus femoris in a shortened
position, which influenced the force-generating capacity of
the muscle.50,51 Investigators50,51,54–57 have suggested that, in
the shortened position, the contribution of the rectus femoris
to knee-extension force is reduced compared with the vasti.
The results of the exploratory correlations would support the
notion that the rectus femoris is not a major contributor
relative to the other quadriceps muscles in this hip and knee
position. It is possible that rectus femoris excitability is not
contributing to the force-control task when assessed in a
seated position, where the contribution of the rectus femoris
may be less. In future studies, researchers may want to
investigate corticomotor excitability of the vasti muscles to
further explore the relationship between corticomotor
excitability and quadriceps force control. Although not

assessed in our study, one mechanism that may also
contribute to quadriceps dysfunction is altered spinal reflex
inhibition.44,45,49 Acute-injury models have demonstrated
alterations in quadriceps spinal reflex excitability58,59 but not
quadriceps corticomotor excitability60 after experimental
joint effusion. The ACL injury and associated effusion are
thought to alter the ascending signal from the knee joint to
the CNS, resulting in inhibitory descending signals to the
quadriceps a motor-neuron pool and, thus, a reduced ability
to voluntarily activate the muscle.61

Existing TMS paradigms in sports medicine research have
generally assessed only the primary motor cortex. Data from
studies using functional MRI (fMRI) would suggest that
CNS adaptations to ACL injury62 and ACLR63 are not
limited to the primary motor cortex. An apparent shift occurs
in how the brain generates the motor drive after injury, most
likely resulting from changes in sensorimotor input and
integration in the cortical regions.17,62,63 The authors of fMRI
studies62,63 demonstrated increased activation in motor
planning, visual processing, and sensory regions during a
simple knee-extension task. Typical peak or maximal force
tasks, such as the MVIC, may be less dependent on visual-
motor integration and more related to primary motor-cortex
excitability. The force-matching task that we used requires a
combination of visual and sensory feedback from the knee
joint to drive motor output matched to the target force. Given
the visual nature of the force-matching task, it is possible
that the sensory or visual integration region, rather than
primary motor-cortex excitability, is the limiting region.
Using advanced paired-pulse TMS techniques to target
nonprimary motor-cortex regions or fMRI-compatible force-
matching tasks would enable a more in-depth examination of
the relationship between quadriceps cortical excitability and
force control, providing further insight into the mechanisms
that underlie neuromuscular adaptations after ACL injury.6,18

In our study, individuals with an ACL injury reported pain
during functional activities (KOOS-Pain subscale) but had
minimal pain during force-control testing as assessed on a
VAS. Quadriceps strength64 and submaximal force control10

were diminished with experimentally induced pain, indicat-
ing that pain may be an independent factor in quadriceps
dysfunction after ACL injury.64 Given that pain is an
important confounder during strength and force-control
tasks, the low levels of pain during testing in our study are
important. However, the isometric nature of matching
muscle and target forces with visual feedback may not be
generalizable to normal functional movements that occur
during ADLs or sport activity. Although not representative
of a true eccentric muscle contraction, the changing target
torque resulted in small increases and decreases in muscle
and tendon length that may be more representative of
functional movement than a static isometric task.65

Because of the cross-sectional nature of this study, we
could not draw causal conclusions regarding altered
quadriceps force control in individuals with an ACL injury,
as we did not know whether force-control deficits existed
before the injury. The force-matching task was novel for all
participants in our study and the study of Perraton et al,8

and although we attempted to provide a standardized but
limited familiarization process to avoid a large practice
effect, it is possible that the differences in RMSE reported
in these studies were related to neuromuscular training that
patients with ACLR undertook during rehabilitation.
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Alternatively, given the limitations of our sampling
strategy, it is possible that these different groups of
individuals were inherently better or worse at performing
a novel task. Our findings highlight a potential need to
incorporate submaximal force-control–type tasks into
rehabilitation protocols and prehabilitation, as deficits were
present before surgery in these individuals. However, a
cause-and-effect relationship between a force-control
intervention and improved quadriceps force control has
not been established.

CONCLUSIONS

Individuals who had sustained an ACL injury within the 8
months before the study exhibited bilateral deficits in
submaximal quadriceps force control. We found no
relationship between diminished force control and rectus
femoris cortical excitability measures. Further investigation
is needed to fully understand the mechanistic underpinnings
and functional relevance of force-control deficits after ACL
injury.
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