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Corticomotor excitability associated
with unilateral knee dysfunction
secondary to anterior cruciate ligament injury

Abstract In the present report, we
investigated changes in corticomotor
excitability associated with unilat-
eral knee dysfunction secondary to
anterior cruciate ligament (ACL)
injury. Ten participants, each with a
previous history of unilateral ACL
injury (median time post-injury

22 months) and eight healthy con-
trols underwent transcranial mag-
netic stimulation (TMS) to assess
excitability of the lower limb motor
representation. Resting motor
thresholds (RMTs) and stimulus re-
sponse curves were measured at rest,
while amplitude of motor evoked
potentials and silent period duration
were measured during active con-
traction. Correlations between these
indices of excitability and three
clinical measures of knee function
were identified. Paired comparisons
of indices by hemisphere revealed an
asymmetry only in RMTs, which

were significantly reduced on the
side of injury in the ACL group.
Correlations with clinical measures
showed that the extent of quadriceps
motor representation, as reflected by
the steepness of SR curves, was
strongly associated with quadriceps
strength (+*=0.71) on the injured
side. The RMT asymmetry reported
here in the context of ACL injury is
consistent with other recent reports
describing enhanced excitability of
corticomotor projections targeting
muscles adjacent to an immobilized
or a painful joint. In such condi-
tions, alterations in the quantity and
quality of sensory feedback from the
affected limb may underlie the rise in
cortical excitability.

Keywords Transcranial magnetic
stimulation - Motor evoked
potentials - Motor cortex -
Quadriceps - Knee

Introduction

Injury of the anterior cruciate ligament (ACL) is the
most common knee pathology in sports and occupa-
tional activities [2, 44]. In the long term, ACL injuries
often result in chronic knee instability and residual
weakness in the quadriceps muscle [2]. This residual
weakness can be substantial (15-40% decrease) persist-
ing for months and even years following the initial injury
and contributing ultimately to functional limitations
[39, 41]. This persistent state of diminished ability to
contract the musculature surrounding a joint after
injuries has been referred to as ‘“‘arthrogenic muscle

inhibition (AMI)”’[24]. At the neurophysiological level,
AMI is thought to reflect an ongoing reflex inhibition
resulting from damage or distension of joint structures,
which affects the excitability of spinal interneurones and
ultimately the ability to produce motor output [24, 33].
In the case of ACL injuries, the inability of affected
individuals to fully activate the quadriceps in the context
of maximal voluntary contraction (MVC) has been
ascribed to AMI induced by sub-clinical joint effusion
and reductions in joint afferent input [12, 16, 47, 51].
However, as shown recently by Mrachacz-Kersting et al.
[30], the net contribution of reflex mechanisms to
extensor torque at the knee in healthy persons is
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relatively small (~12%) at maximal or near maximal
levels of effort, suggesting that additional mechanisms
beyond reflex-mediated inhibition must be involved in
persistent deficits of quadriceps strength in individuals
who have recovered from an ACL injury. In this respect,
several authors have stressed the possibility that altera-
tions at the cortical level could also be present in this
patient population and contribute to chronic deficits in
muscle strength [15, 19, 42, 45, 46]. For instance, Urbach
et al. [42] examined the extent of quadriceps activation
during MVC in patients with confirmed ACL rupture
using the interpolated twitch technique. Compared to
healthy controls, patients with ACL rupture exhibited
mild, but significant, deficits in voluntary activation in
both the injured and uninjured legs, consistent with the
existence of alterations at the cortical level. The high
incidence of deficits in quadriceps activation was re-
cently confirmed by Chmielewski et al. [10] in a sample
of 100 consecutive highly active individuals examined 6—
8 weeks after acute ACL rupture, with 43% of them
exhibiting quadriceps inhibition in either the injured or
the uninjured leg and 21% in both legs. Although little is
known about the extent and nature of the cortical
alterations that may affect the knee motor representa-
tion after ACL injury, evidence from TMS studies
indicate that pain and restrictions imposed by bone and
joint pathology can have profound effects on excitability
at the motor cortical level [28, 49].

In the present study, using TMS to assess the excit-
ability of the lower limb motor representation, we looked
for possible asymmetries at the corticomotor level asso-
ciated with unilateral knee dysfunction secondary to ACL
injury. We also looked at possible relationships between
indices of excitability on the injured side and clinical
measures of knee function derived from a recent study
involving the same patient population [21].

Materials and methods
Characteristics of study participants

The study participants consisted of a convenient sample
of 18 young adults who were initially recruited for a
study on weight discrimination. Of these, 10 participants
presented with a history of unilateral knee dysfunction
secondary to ACL injury (ACL group, mean age:
27+8 years, 6 females) in the months or years before
testing (grade II-III knee sprain, 7 left knees, median
time post-injury: 22 months; range 4-108 months). The
remaining sample consisted of 8 healthy subjects without
antecedent of knee injuries (control group, mean age:
23+ 3 years; 4 females). The University of Ottawa Hu-
man Research Ethics Board approved the study’s pro-
cedures and all participants provided informed consent
prior to participation.

In the context of the study on weight discrimination,
all participants underwent clinical testing to assess sub-
jective knee function, quadriceps strength and to obtain
threshold values for differences in weight detected (see
[21] for further details). This assessment was performed
separately from the TMS session, usually on the same
day but with a minimum 2-h interval between the two
sessions. The clinical data derived from this assessment
are summarized in Table 1 for the two groups of par-
ticipants. In the ACL group, all participants reported
some limitation on the injured side, as reflected by scores
derived from the Knee Outcome Survey Activities of
Daily Living (KOS-ADL) scale [26]. The majority (8/10)
also exhibited reductions in quadriceps strength when
torque produced during static MVC (n=3) were com-
pared in the two legs (knee held at 45°, peak torque
measured on a KIN-COM® 500H dynamometer,
Chattanooga Group, TN 37343, USA). Finally, as we
reported recently [21], the ability to detect small differ-
ences in weight during active leg lifting actions was also
unilaterally decreased in participants of the ACL group.

Transcranial magnetic stimulation (TMS) and motor
evoked potentials (MEP)

For TMS, participants were seated in a recording chair
with 70° of hip flexion and 60° of knee flexion. Magnetic
stimulation was produced using a MagStim 200 (The
Magstim Company, Whitland, Dyfed, UK). The first
few participants (n=4, ACL group) were tested using a
90-mm circular coil. However, a more efficient double-
cone coil became available shortly after and the decision
was made to continue with this new coil for the
remaining participants (n=14). The fact that two dif-
ferent coils were used for testing was taken into account
in the statistical analysis.

For MEP recordings, the quadriceps was selected as
the target muscle. A pair of auto-adhesive disposable
electrodes (1 cm?, AgCl) was placed along the mid-line
over the distal one-third of the thigh, with the proximal
electrode being placed at the border between rectus
femoris and vastus lateralis, and the distal electrode
being 2.5 cm caudal to that point. This placement, tar-
geting the distal end of the rectus femoris, has been
shown to be optimal to record evoked potentials in the
quadriceps [18]. The electromyographic signal was
amplified by 1,000 with a time constant of 3 ms and a
low-pass filtering of 1 kHz using a polygraph amplifier
(RMP-6004, Nihon-Kohden Corp.). Data acquisition
was controlled using custom software in a PC running
on Windows 98, equipped with an acquisition card
(NI-DAQ PCI-6023, National Instrument Corp.). All
signals were sampled at 2 kHz and saved for later
analysis.
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Table 1 Clinical data on knee function in the two groups of participants

Assessment ACL (n=10) Controls (n=238)

Injured Uninjured Right Left
Ratings of knee function 66+10 80 80 80
Quadriceps strength (peak torque in Nm) 98 +44* 109 +43 121+30 128 +35
Weight discrimination (Weber’s fraction in %) 6.6 +£2.3*%* 48+1.1 54+1.4 57+1.3

Values are given as mean = SD. Ratings of knee function were derived from the Knee Outcomes Survey of Activities of Daily living
(KOS-ADL) scale. Note that a score of 80 is equivalent to no perceived limitations. Quadriceps strength was measured by averaging peak
torque values produced during three maximal voluntary contractions with the knee held at 45°. Acuity for weight discrimination was
assessed by asking participants to report differences in weight during unilateral leg lifting actions. Values represent Weber’s fraction (i.e.
the percentage difference from the standard that could be discriminated reliably, see Héroux and Tremblay [21] for details)

*P<0.05
**P<0.01, paired ¢ test

To determine the optimal site on the scalp to evoke
activity in the contralateral quadriceps, the experimenter
moved or tilted the coil (at first, the circular and then the
double cone) in 1-cm step from the vertex, while stim-
ulating at high intensity until reproducible MEPs could
be obtained. For most subjects, the optimal site for the
quadriceps was slightly anterior and lateral to the vertex.
Once the optimal position was determined on the scalp a
small adhesive marker was placed on the spot. The coil
(either the circular or the double-cone) was maintained
firmly in place using a custom-made coil-holder moun-
ted at the back of the recording chair. Head movements
were restrained during testing by means of a U-shaped
cushion, which was fitted at the neck of the participant.

Assessment of corticomotor excitability

Resting motor threshold (RMT)

For RMT determination, we followed a procedure
similar to that described by Mills and Nithi [29] that
consists of eliciting a series of consecutive responses to
determine an upper and a lower threshold, and then
using the mean between the two as the threshold inten-
sity. Because we investigated the lower limb in the pres-
ent study, we used 7 instead of 10 consecutive responses
to avoid too many stimuli. To speed up the process, the
initial stimulator intensity used to locate the optimal spot
on the scalp was first decreased in increments of 5% until
no further MEPs could be evoked. The intensity was then
gradually increased until a MEP reappeared. From this
point, intensity was decreased in increments of 1% to
find the maximal intensity that produced 0/7 responses in
consecutive trials (lower threshold). Intensity was then
gradually increased in 1% increments to find the minimal
intensity that produced reliable MEPs of at least 25 uV in

7/7 consecutive trials (upper threshold). The RMT for
each side was taken as the mean between the lower and
upper threshold intensities. EMG activity was continu-
ously monitored on an oscilloscope, at high gain, to
ensure no voluntary muscular activity occurred during
the procedure.

Stimulus—response (SR) curve

Stimulus—response curves display the relationship
between the rise in MEP amplitude and the increase in
TMS intensity [37]. For SR curve measurement, the
stimulator intensity was initially set to the previously
determined lower threshold value rounded down to the
closest multiple of five (e.g. lower threshold = 58%,
stimulator intensity set to 55%). Five MEPs were then
recorded at this intensity. From this point, the stimu-
lator output was increased gradually in 5% increments
with 5 MEPs being recorded for each subsequent
increase. The procedure ended when no further aug-
mentation in MEP amplitude could be obtained after
two successive increases in intensity (i.e. point of sat-
uration). SR curves were obtained by plotting varia-
tions in MEP amplitude (mean, peak-to-peak) against
corresponding increases in TMS intensity. As suggested
by Ray et al. [36], we used simple linear regression
analyses to compute the slope parameter of each SR
curve. The slope summarizing the strength of the SR
curve provided a single parameter for statistical com-
parisons.

MEP facilitation and silent period (SP) duration
during active contraction

The last two indices were measured concomitantly dur-
ing active contraction of the quadriceps. Participants
were asked to extend the knee and to hold this position
for the duration of a tone, which lasted 1,000 ms. In the
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course of the contraction, TMS was delivered at a fixed
delay of 500 ms at an intensity corresponding to the
upper motor threshold determined previously (see ear-
lier). Eight trials were performed for each leg with a 15 s
rest period between each. MEP amplitude (peak-to-
peak) and durations of SP were recorded on each trial
and averaged for each leg. The SP duration was defined
as the interval between MEP onset and the return of
EMG activity (i.e. 30% of peak-to-peak EMG activity
prior to stimulation, see Fig. 3a).

Quadriceps H-reflex recording

For half of the participants in the ACL group, those in
which an H-response could be evoked in the quadriceps,
the amplitude of the reflex was measured to assess spinal
excitability. For this measurement, the participants were
seated with 50° of hip flexion and 60° of knee flexion [20].
After appropriate skin preparation, a pair of electrodes
(2-cm inter-electrode distance) was positioned over the
inferior third of the vastus lateralis, an area suitable for
recording maximal H-reflex in the quadriceps [18]. The
femoral nerve was stimulated with the active electrode
(half-ball 2-cm diameter) positioned at the femoral tri-
angle, 1-2 cm lateral to the femoral artery. The stimuli
consisted of 1 ms square wave pulse generated by a S88
Stimulator (Grass Instrument CO, MA 02169, USA).
The indifferent electrode was positioned over the buttock
on the ipsilateral side. In each case, the intensity was
adjusted so as to obtain a maximal H while eliciting a
minimal M-response. Ten trials (75 ms epoch) were
recorded and averaged for each leg to get amplitude
(peak-to-peak) and latency measurements.

Statistical analysis

Given that two different coils were used to assess
participants and the large inter-subject variability of
TMS-derived indices of excitability [43], only paired
comparisons between sides (i.e. injured vs. uninjured;
right vs. left) were performed for the statistical analysis.
Individual indices derived from each hemisphere (i.e.
RMT, SR curve, MEP amplitude and SP duration) were
compared using paired ¢ tests to detect significant dif-
ferences. Pearson’s product-moment correlation coeffi-
cients were also computed to look for possible
associations between indices of excitability and clinical
measures of knee function on the injured side (i.e.
ratings of knee function, quadriceps strength and weight
discrimination). All statistical tests were performed
using GraphPad Prism version 4.00 for Windows,
(GraphPad Software, San Diego, CA, USA, http://
www.graphpad.com) with the level of significance being
set at 0.05 for all comparisons.

Results
RMTs

The distribution of individual RMTs from both groups
is shown in Fig. 1. In the ACL group, most participants
exhibited lower threshold values on the injured, as
compared to, the uninjured side. The cluster of higher
values simply reflects the fact that some participants
were tested with the less efficient circular coil (see
Materials and methods). The asymmetry found in the
distribution of RMTs was statistically significant
(t=2.87, P=0.02). In contrast, RMTs determined in
healthy controls were highly comparable in the two
hemispheres (1=0.60, P=0.57).

SR curves

Examination of SR curves in the ACL group revealed no
systematic patterns of variation with regards to the
injured versus uninjured leg. Individual SR curves for
the 10 ACL participants can be regrouped into three
categories. Firstly, three participants presented SR
curves similar to that shown in Fig. 2a, exhibiting stee-
per slopes on the uninjured, as opposed to, the injured
side. Secondly, SR curves for four other participants
showed the reverse pattern, exhibiting steeper slopes on
the injured side, as exemplified in Fig. 2b. Finally, the
remaining three participants presented a pattern closely
resembling that seen in control participants (Fig. 2c),
exhibiting similar SR curves on both sides. The absence
of any systematic patterns in the ACL group can be
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Fig. 1 Resting motor threshold (RMT). Distribution of RMTs, as
determined from the quadriceps muscle on each side, in the two
groups of participants. Note that the cluster of higher values in the
ACL group simply reflects the fact that the first few participants in
this group were tested with the less-efficient circular coil (see
Materials and methods). *P <0.05, paired 7 test
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Fig. 2 Stimulus-response (SR) curves in the quadriceps at rest.
Examples of individual SR curves, with associated slope parame-
ters, obtained from ACL group participants (a, b) and one healthy
control (¢). d Distribution of individual slope parameters computed

further appreciated by examining Fig. 2d, where indi-
vidual slope parameters computed from SR curves are
given for each leg in the two groups.

MEP facilitation and SP duration during
active contraction

An example of MEP recorded during active contraction
of the quadriceps and the subsequent period of EMG
silence following the TMS pulse is shown in Fig. 3a. In
this subject, as for the majority in the ACL group, no
major difference was seen in the traces between the
injured and uninjured leg. In fact, as evident in the dis-
tributions illustrated in Fig. 3b and ¢, both the MEP
amplitude and the SP duration were very similar in the
two sides of both groups. Accordingly, no side-to-side
difference was detected in either group.

Quadriceps H-reflex

Among the participants in the ACL group who had a
measurable quadriceps H-reflex, there was a tendency
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from each leg in the two groups. Note that the absence of any
systematic pattern of variation with regard to the injured versus
uninjured leg in the ACL group

for the reflex to be smaller on the injured side than on
the uninjured side. An example of such reduction in
H-reflex amplitude is shown in Fig. 4a. The tendency for
H-reflex to be smaller on the side of injury is also
apparent in Fig. 4b, although the difference did not
reach statistical significance owing to the small number
of observations (1=2.475, P=0.07).

Correlations with clinical measures

As shown in Table 2, corticomotor indices of excit-
ability were only poorly correlated with subjective
ratings of knee function. Slightly higher r values were
obtained for the relationships with quadriceps strength
and acuity thresholds for weight discrimination,
although only the correlation with SR curves and
strength came out as significant. Indeed, the slope
parameters derived from SR curves showed a strong
positive correlation with individual variations in
quadriceps strength. To further appreciate this rela-
tionship, individual slope values computed for each leg
have been plotted against corresponding strength val-
ues for the two groups of participants in Fig. 5. It can
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be seen in that participants exhibiting steeper slopes
(Fig. 5a) on the injured side were also those that
produced greater torque in the quadriceps during
MVC. In contrast, no such association could be seen
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Fig. 3 MEP facilitation and silent period (SP) duration during
active contraction of the quadriceps. a Example of a facilitated
MEP with the subsequent SP recorded from the injured and
uninjured leg of an ACL group participant. b, ¢ Distribution of
individual variations in MEP amplitude and SP duration measured
from each leg in the two groups

on the uninjured side of the same participants, nor in
healthy control (Fig. 5b).

Discussion

In the present study, bilateral comparisons of cortico-
motor indices of excitability in individuals with ante-
cedents of unilateral ACL injury revealed no major
inter-hemispheric asymmetries in the lower limb motor
representations, except for RMTs, which were found to
be significantly reduced on the hemisphere contralateral
to the injured leg. In addition, a strong association was
found between the steepness of SR curves on the injured
side and individual variations in quadriceps strength.

RMTs and SR curves at rest

Resting motor thresholds and SR curves provide slightly
different, but complementary, information about the
excitability of a given motor representation. The RMT
reflects the neuronal excitability of the most excitable
elements under the coil, whereas the SR curve provides
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Fig. 4 Quadriceps H-reflex. a Example of quadriceps H-reflex
recorded, respectively, from the injured and uninjured leg of an
ACL group participant (overly of 10 trials each). b Distribution of
H-reflex amplitudes measured in selected ACL group participants.
Note that the tendency for the H-reflex to be diminished in
amplitude on the injured side
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information about the spatial distribution of excitable
elements under the coil [1, 40]. In terms of mapping,
RMTs thus provide information about the central core
region of a motor representation, while the steepness of
SR curves reflect the extent of the motor representation
[1, 6]. In the ACL group, the reduction of RMTs ob-
served on the injured side was not accompanied by a
parallel systematic increase in the steepness of the SR
curve, which suggests a change in the excitability of the
central core region of the quadriceps rather than an
expansion of its representation. The steepness of the SR
curve is also an index of the strength of corticospinal
projections to a given motoneurones pool [4, 13, 37] and,
as such, the variations observed in the ACL group might
have reflected the inherent variability in the incidence
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Fig. 5 Correlations with knee function. Relationship between
individual slope parameters derived from SR curves and variations
in quadriceps strength in the ACL (a) and control (b) groups. Note
the strong association between the two variables for data collected
on the injured side in the ACL group, which is absent for data
collected on the uninjured side and in the legs of control
participants. The data point with asterisks “*” correspond to
ACL participants with no deficit in quadriceps strength on the
injured side

and severity of “‘quadriceps activation failure” reported
recently by Chmielewski et al. [10] in their survey of 100
consecutive cases. These authors concluded that, while
the overall incidence of quadriceps inhibition was high
after ACL rupture, a substantial proportion of subjects
(~60%) remain unaffected and those affected showed as
much frequent inhibition on the injured side as to the
uninjured side [10]. Such variability may thus account
for the present observation that some participants of the
ACL group showed steeper SR curves on the injured
side as opposed to the uninjured side, while others
showed the exact reverse pattern. It remains that the
reductions seen in RMT were quite systematic in the
ACL group and likely reflective of a change in cortical
excitability. The possibility that the observed reductions
might have reflected changes in the excitability of spinal
motoneurones is unlikely, given that participants tended
to exhibit signs of inhibition rather than facilitation, as
judged from H-reflex measurements. Besides, persistent
reflex-inhibition of the quadriceps motoneurone pool
appears to be a common pathophysiological feature in
knee ligament injuries [15, 33, 46]. Such considerations
reinforce our contention that reductions of RMTs in the
ACL group were largely attributable to changes in
excitability at the cortical level.

The importance of the asymmetry in RMTs reported
here needs to be emphasized since motor thresholds tend
to be quite symmetrical between homologous pairs of
muscles in healthy persons [11, 29]. In fact, this was the
case for our group of healthy controls. Thus, this
asymmetry likely reflects a genuine inter-hemispheric
difference in the excitability of the central core repre-
sentation of the quadriceps muscle. To a certain extent,
the present finding of reduced RMTs in an individual
with ACL injuries is reminiscent of the changes in cor-
tical excitability reported after limb deafferentation
secondary to clinical amputations or induced by ische-
mic nerve blockade. In such deafferentation, TMS
indices of excitability are typically increased in the mo-
tor representation of muscles proximal to the deprived
area with reduced RMTs, increased MEP size and
enlarged motor output maps (reviewed in [9]). This
increased excitability is thought to reflect changes pri-
marily at the motor cortical level via reductions in
GABAergic inhibition [7].

Evidently, knee ligament injuries cannot be compared
to amputations, but nevertheless such injuries are almost
invariably associated with some degrees of sensory def-
icit due to a loss in mechanoreceptive innervation of the
joint capsule [23]. In investigating this issue in our group
of participants, we were able to recently show that their
ability to detect differences in weight during active leg
lifting was affected on the injured side, suggesting a
deficit in the appreciation of force signals arising from
the quadriceps [21]. This concurs with other reports
describing mild to moderate deficits in the ability to
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Table 2 Correlations (r values) between corticomotor indices of excitability on the injured side and clinical measures of knee function in

the ACL group (n=10)

Clinical variable

Corticomotor indices®

RMT Slope MEP SP
SR curve® facilitation duration
Subjective knee function (KOS-ADL ratings) 0.20 0.20 0.26 0.00
Quadriceps strength (peak torque values) 0.32 0.85* 0.49 0.36
Acuity for weight discrimination (Weber’s fraction) 0.29 0.19 0.24 0.50

*P=0.002

“Indices derived from TMS of the contralateral hemisphere with the quadriceps on the injured side as the target muscle. Note that motor
threshold (RMT) and stimulus response (SR) curves were measured at rest; while motor evoked potential (MEP) facilitation and silent
Eeriod (SP) duration were measured during active contraction (full extension against gravity)

Slope parameters of SR curves were computed using linear regression analyses of the relationship between MEP amplitude and TMS

intensity

sense static joint position and detect movement in
patients with ACL injuries [3, 17, 38]. It is therefore
conceivable that ACL lesions, by partially depriving the
corticomotor representation of the knee from sensory
inputs arising from the joint capsule, may trigger plas-
ticity changes similar to those induced by total deaffer-
entation. In keeping with this suggestion, two recent
reports have provided evidence that corticomotor
excitability can be enhanced in clinical conditions
characterized by joint pathology leading to sensorimotor
restriction, and therefore producing some forms of
sensory deprivation. Zanette et al. [49], for instance,
reported that the excitability of the corticomotor
projections to hand muscles was unilaterally increased
immediately after a period of limb immobilization for
wrist fractures. Similar to the present study RMTs were
reduced on the immobilized side, but unlike the present
study SR curves changed in parallel with RMTs (i.e.
increased slopes on the immobilized side). Interestingly,
the inter-hemispheric asymmetry in RMTs was still
detectable in four patients when tested 1 month later at
follow-up, while SR curves tended to normalize. A
pattern similar in many respects to findings of our ACL
injury group participants in the chronic stage. The other
report by On et al. [32] showed that TMS evoked larger
MEPs in the quadriceps on the affected side in patients
with chronic patellofemoral pain syndrome without
concomitant changes in M-wave or in F-wave, suggest-
ing an increased excitability at the cortical level. It is
worth noting that in both reports, as in the present
study, the studied participants were free of acute pain
symptoms and joint effusion at the time of testing. Thus,
it seems that increased excitability of corticomotor
projections targeting muscles adjacent to a pathological
joint is a common feature in many clinical conditions
wherein the quantity and quality of sensory feedback
from a limb is altered as a result of pain, disuse or
restrictions.

MEP facilitation and SP duration during
active contraction

MEP facilitation during active contraction reflects
enhanced excitability both at the cortical and spinal
level, through the increase in the size and number of
descending excitatory volleys and lowering of the firing
threshold of spinal motoneurones via incoming periph-
eral afferents [22]. Since voluntary activity is known to
normalize motor cortical excitability, any changes mea-
sured at rest that persist during active contraction are
likely due to long-term modifications in synaptic efficacy
[37]. In the ACL group, like in healthy controls, no
inter-limb asymmetry was detected in the amplitude of
facilitated MEPs, which indicates that changes in syn-
aptic efficacy of corticospinal transmission were unlikely
in our group of participants with ACL injury. The
preserved ability to produce MEP facilitation during
low-level contractions of the quadriceps also indicates
that the quality and the quantity of descending volleys
was apparently unaffected in this force range, in spite of
the presence of deficits in muscle strength at maximal
effort. The present observation is consistent with that of
Zanette et al. [49] who reported that inter-hemispheric
asymmetries in SR curves were abolished during active
contraction in their group of patients after wrist
immobilization.

As for the SP, its duration provides information
regarding the excitability of intra-cortical inhibitory
circuits in the motor cortex [6]. The initial phase of the
SP (0-50 ms) corresponds to the spinal refractory peri-
od, while the later phase (<50 ms) corresponds to the
suppression of cortical excitability and is believed to
reflect long lasting GABAergic inhibition [8]. The SP is
prolonged following strokes and in response to certain
drugs like L-Dopa [27, 35], while it is shortened in
Alzheimer’s and Parkinson’s disease [31, 34]. In this
experiment, no difference was noted in terms of SP
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duration between the two limbs in the two groups of
participants thus indicating that intra-cortical inhibitory
mechanisms mediating the SP do not appear to be
affected following ACL injuries. More studies with lar-
ger samples of participants and using paired-pulse TMS
paradigms will be necessary to further address issues
regarding impairments in corticocortical circuitry in the
case of ACL injury.

Relationship with clinical measures

Of the three clinical measures of knee function, only
measurements of quadriceps strength showed evidence of
relationship with the indices of excitability derived from
the injured leg. The absence of correlations with ratings
of knee function and thresholds for weight discrimina-
tion is not surprising, given the recognized difficulties in
linking changes in excitability measured at the cortico-
motor level with those measured at the behavioural level
[40]. In this respect, the positive correlation found be-
tween individual variations in the slope of SR curves and
quadriceps strength seems intriguing. At first sight, such
an association seems physiologically plausible, given that
the steepness of the slope in SR curves is also a reflection
of the strength of corticospinal projections [4, 13, 37]. At
the representational level, the correlation implies that
individuals having a larger distribution of excitable ele-
ments within the motor representation also produce
greater torques in the quadriceps during MVC. Chmie-
lewski et al. [10], in their series of observations on
quadriceps activation after unilateral ACL rupture, also
found a relationship between electrophysiological indices
of voluntary activation in the quadriceps and muscle
strength. Interestingly, and much like in the present
study, this relationship was evident only on the injured
side in individuals showing impaired voluntary activa-
tion in the quadriceps. One can only speculate about the
functional significance of the association found here be-
tween SR curves and quadriceps strength in the ACL
group but it is tempting to link the correlation with the
reduction seen in RMTs on the injured side. From a

functional point of view, the two findings may be seen as
an adaptation of the corticospinal system in response to
long-standing unilateral knee dysfunction. In terms of
strategy, shifting from a more semi-automatic mode of
control to a more voluntary-driven mode of control over
the knee musculature might be an important coping
mechanism after ACL injuries. Indeed, while normal
locomotion does not depend heavily on descending
projections from the corticospinal tract [5], specialized
locomotor activities, for instance those requiring precise
placement of the foot, do rely heavily on corticospinal
projections to reset the central pattern generators [14]. In
subjective reports, individuals with ACL injuries often
allude to the fact that they are now more “aware’ of their
knee during activities of daily living and avoid large
forces and positions that are too extreme. In studies on
the kinematics and kinetics of gait patterns individuals
with ACL injuries display many subtle changes. For
example, greater activation of hamstrings and gastroc-
nemius muscles is thought to reflect voluntary interven-
tions to increase tibial external rotation and knee valgus
to prevent further injury [25, 50]. Altogether, these
observations support the notion that voluntary driven
control over the thigh musculature is an important cop-
ing mechanism in individuals who have sustained uni-
lateral knee ligament injuries. Thus, individuals who
preserve and maintain the strength of corticospinal
projections by exerting more overt control over the
quadriceps might be more capable of coping with exter-
nal demands in the context of sports and leisure activi-
ties. Such a possibility certainly merits further
exploration from larger sample sizes, comparing ““cop-
ers” versus ‘“‘non-copers” in terms of the relationships
between changes in corticomotor excitability and modi-
fications of muscle strength.
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