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Abstract
Objective—Knee surgery may alter the neuromuscular response to unexpected perturbations
during functional, dynamic tasks. Long latency reflexes (LLR) follow a transcortical pathway and
appear to be modifiable by task demands, potentially giving them a role in neuromuscular
performance. We examined LLRs of the quadriceps and hamstrings in response to unexpected
perturbations in individuals with a repaired anterior cruciate ligament (ACLR) during a weight-
bearing task. We also investigated the anticipatory and volitional muscle activity that preceded and
followed the LLR to quantify possible reflex adaptations associated with surgical repair.

Methods—Twelve females with ACLR and twelve healthy female controls performed a single
leg squat maneuver, tracking a sinusoidal target. Random perturbations at the start of the flexion
phase yielded tracking errors (“overshoot errors”) and triggered compensatory reflex activity.

Results—ACLR subjects demonstrated greater overshoot error and knee velocity during
unexpected perturbations, increased LLR responses, and reduced absolute anticipatory, short-
latency reflex, and voluntary quadriceps activity.

Conclusions—ACLR subjects showed impaired response to perturbation and a distinct EMG
profile during a dynamic single leg weight-bearing task. Future research will determine the cause
of neural adaptations in those with ACLR.

Significance—Neuromuscular adaptations may be a viable target for post-ACL injury
rehabilitation interventions.
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Introduction
An estimated 80,000 – 150,000 individuals rupture their anterior cruciate ligaments (ACL)
annually in the United States (Griffin et al, 2000), with the incidence being 4 to 6 times
greater in females (Hewett et al, 2006) due to a probable combination of neural and
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anatomical factors. Nearly 80% do not involve contact, instead occurring when an
unexpected event (perturbation) occurs during voluntary contraction (Hewett et al, 2006).
Approximately 60% of people who sustain ACL rupture in the United States undergo
surgical reconstruction to repair the ACL (Owings and Kozak, 1998). The influence of knee
surgery (ACL reconstruction) on the capability of the nervous system to respond to
unexpected perturbations during dynamic conditions is unknown.

Neuromuscular control of the post-surgical knee may be undermined by altered lower
extremity joint kinematics and kinetics (Bulgheroni et al, 1997, Ferber et al, 2003, Ristanis
et al, 2005) tibiofemoral laxity and gait abnormalities (Brandsson et al, 2000, Knoll et al,
2004, Papannagari et al, 2006, Scarvell et al, 2006), and impaired joint position sense
(Fremerey et al, 2000). Persistent quadriceps strength insufficiency occurs in some
individuals (Elmqvist et al, 1989, Lorentzon et al, 1989, Snyder-Mackler et al, 1995) and
may be linked to deficits in central activation (Urbach et al, 2001), perhaps via impaired
gamma drive (Konishi et al, 2002). No consistent results have been reported regarding the
effects of ACL reconstruction (ACLR) on muscle reflex responses. The hamstrings muscles
are selectively activated in ACL deficient legs in response to support surface perturbations
in an apparently reflex-mediated manner(Di Fabio et al, 1992). Delayed onset latencies of
the quadriceps,(Wojtys and Huston, 2000) hamstrings(Bonfim et al, 2003, Wojtys and
Huston, 2000)and gastrocnemius(Oeffinger et al, 2001) in response to a perturbation have
been reported in ACLR limbs. These impairments offer a useful window into the
physiologic basis of neuromuscular control of the lower limb.

In humans, long latency muscle stretch reflex responses, which occur in the window of 50–
200 ms following a perturbation, are partially influenced by the motor cortex and may serve
a significant purpose in preventing joint instability during perturbations (Marsden et al,
1983, Petersen et al, 1998, van Doornik et al, 2004). Recent studies have also provided
direct evidence for the contribution of supraspinal centers to the long latency stretch reflexes
of the quadriceps muscle (Mrachacz-Kersting et al, 2006). Reflexes adapt from operant
forms of conditioning and learning (Horak et al, 1989, Wolf and Segal, 1996, Wolpaw and
Carp, 1993) and may therefore be one way the neuromuscular system adapts to specific task
demands or to an injury. Classic reflex studies perturb a limb relative to a fixed proximal
segment in order to highlight the peripheral and or central contributions without vestibular
or visual contributions (Carp and Wolpaw, 1994, Lewis et al, 2004, Mrachacz-Kersting et al,
2006). However, the behavior of reflexes in this artificial situation may be dissimilar to
reflex activity during functional activities that commonly precipitate injury. Accordingly, we
examined the effects of a significant environmental experience (injury, surgical repair,
subsequent rehabilitation) on long latency responses during closed kinetic chain conditions,
which more closely resemble tasks associated with injury and recovery.

The purpose of this study was to examine the long latency responses (LLR) of the
quadriceps and hamstrings to unexpected perturbations in individuals with a repaired
anterior cruciate ligament during a closed kinetic chain weight-bearing task. We also
investigated the anticipatory and volitional muscle activity that preceded and followed the
long latency responses to better understand contextual neural factors that may affect the
LLR behavior. We hypothesize that individuals with ACLR knees, by virtue of their
extensive surgical and post surgical experiences, show evidence for neural reorganization as
compared to controls. Specifically, anticipatory, long latency reflexes, and volitional
responses to unexpected perturbations in ACLR knees will be increased when compared to
age matched controls.
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Methods
Subjects

The study sample consisted of 24 female subjects (12 controls and 12 ACL reconstructed)
between the ages of 18 – 30 years. Inclusion criteria were complete reconstruction of the
ACL with either patellar tendon or hamstrings autograft, ability to climb stairs without
difficulty, full joint ROM, absence of knee joint effusion, and regular physical activity.
Individuals who had undergone meniscal repair along with ACL reconstruction were also
included. Exclusion criteria included concomitant ligament injury, any other previous knee
surgery, injury/surgery to the contralateral knee and pain during activity or rest. The mean
time from the index surgery for the ACL reconstructed (ACLR) group was 3.7 yrs (SD=1.8)
and anterior knee laxity measured by KT-2000 arthrometer was a side-to-side difference of
3.04 mm (SD=1). The control group had no previous history of knee pathology. Exclusion
criteria for both groups included body mass index greater than 29, history of neurological
deficits, musculoskeletal disorders, degenerative joint diseases and cardiovascular diseases.
Demographic data are shown in Table 1.

The test side for the ACLR subjects was the reconstructed leg. The test side for the controls
was pseudorandomly selected to counterbalance the ACLR limbs. Because neuromuscular
adaptations likely include central components, we compared the ACLR limbs to age
matched controls rather than to the opposite limb. Prior to participation subjects were given
a brief description of the protocol and possible risks of participation, and were required to
sign an informed consent statement approved by the University of Iowa’s Human Subjects
Review board.

Screening examination
All subjects completed the following questionnaires: a general medical history form, the
Short Form Medical Outcome Survey (SF 36) which assesses perception of quality of
life(Ware, 1993), the IKDC Subjective Knee Evaluation form (Irrgang et al, 1998), the
KOOS Knee Survey (Roos et al, 1998), the Tegner Activity Rating Scale (Tegner and
Lysholm, 1985), and the Marx Activity Scale (Marx et al, 2001). We used a KT-2000
arthrometer to obtain tibiofemoral laxity measurements bilaterally in all subjects. We
measured standing balance of all subjects with the commonly used single leg standing
balance test on a strain gauge force plate (61 cm X 38 cm) (Balogun et al, 1997).

Experimental Task and Instrumentation
We used the single leg squat exercise (SLS), a commonly prescribed exercise for lower
extremity rehabilitation, which simulates a common athletic position and requires fine
control of the body over the planted leg (Livengood et al, 2004, Zeller et al, 2003). Subjects
performed the resisted and controlled SLS exercise in a lower extremity perturbation device
that has been described previously (Figure 1)(Madhavan and Shields, 2007, Shields and
Madhavan, 2005). Briefly, the device consisted of a rack and pinion gear system that was
attached to the anterior surface of the knee joint. The linear displacement of the rack during
the SLS was measured by a potentiometer calibrated to convert angular displacement into
linear displacement (cm). Pilot studies showed that this horizontal forward and backward
translation of the knee has a strong correlation to knee angular position as measured by a
video motion analysis system (R2 = 0.97). Subjects went through a range of 15 cm while
performing the single leg squat, which corresponded to approximately 30 degrees of knee
flexion.

An electromagnetic brake, under computer software control, controlled the resistance of the
pinion gear. The resistance of the brake was normalized to the body weight of each subject
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and was set at 17% body weight throughout knee flexion and extension. We chose 17% of
body weight because pilot data supported that subjects could be given a significant
perturbation without risk of injury. In addition, the brake also allowed near instantaneous
drop in resistance to any level (perturbation), and the new level of resistance could be
maintained for any desired duration. Linearity, repeatability, and hysteresis of the brake and
potentiometer system were within 0.5% of full scale. Subjects were instructed to follow a
sinusoidal tracking pattern that appeared on a computer monitor at a frequency of 0.4 Hz.
Thus, one complete flexion and extension cycle took about 2500 milliseconds for the
subjects to perform.

Subjects were permitted to place two fingers on a load sensor (Wafer Load cell, Model 872,
Loadstar Sensor Inc) mounted on the left side of the device. They were instructed to put very
little load through their finger, using it for light touch contact and not biomechanical
support. The output from the load cell was used to provide an auditory warning if the force
exceeded 5 N. Analysis of this touch force showed that subjects did not exceed 3 N of force
throughout testing. Any attempt to lean on the hand would also jeopardize the ability of the
subjects to complete the task.

We collected surface electromyographic (EMG) recordings from five muscles: the vastus
medialis obliquus (VM), rectus femoris (RF), vastus lateralis (VL), lateral hamstrings (LH),
and medial hamstrings (MH), of the exercised limb. Before fixing the electrodes, the skin
was cleaned with alcohol to ensure adequate contact. Silver-silver chloride electrodes (eight
millimeters in diameter) with on-site pre-amplification (gain * 35), further amplified at the
main frame by 10K, were placed according to the landmarks described by Cram et al.(Cram
et al, 1998). The amplifier uses a high-impedance circuit with a common mode rejection
ratio of 87 dB at 60 Hz and a bandwidth of 15 to 4000 Hz (Model 544, Therapeutics
Unlimited, Iowa City, IA).

Data Collection
Each subject attended one preliminary training session followed by a testing session after 24
hours. We positioned the subjects in the experimental apparatus with the test knee strapped
to the movable segment of the device. The opposite leg was kept off the ground by flexing
slightly at the knee and the left two fingers were allowed to make contact with the force
sensor. We instructed the subjects to avoid leaning or rotating during the task and provided
verbal corrections for deviations in the technique or form of exercise during the learning
sessions. We marked the foot position so that any change in the position could be easily
detected and corrected and the same foot placement could be maintained across days.

During the training session subjects were given sufficient practice to ensure that they were
familiar in matching the sinusoidal target with knee displacement. We provided knowledge
of results (error scores) during these practice trials. On the day of testing, we obtained EMG
recordings during flexion and extension maximum voluntary isometric contractions
(MVICs). Maximum contractions were performed with subjects seated on the chair of a Kin-
Com isokinetic dynamometer (Kin-Com 125E+; Chattex Corp.; Chattanooga, TN) with the
knee joint positioned in 40° of flexion per goniometric measurement. Subjects performed 3
maximum isometric contractions in extension followed by 3 maximum contractions in
flexion. The trial with the highest recorded peak EMG was used to normalize the activity of
each muscle during the resisted SLS task. We then positioned the subjects in the
experimental device. Subjects performed 4 sets of 10 repetitions (unperturbed trials) of the
SLS task to ensure that they retained the task from the previous day. The perturbation trials
followed the unperturbed trials and consisted of an additional 4 sets of 10 repetitions of the
SLS exercise. Representative EMG, displacement and velocity appear in Figure 2. Subjects
were not exposed to the perturbation condition during the preliminary session. A
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perturbation consisted of release of the brake from 17% of BW to 0% BW. During each set
of 10 repetitions, two unexpected perturbations (brake release) were delivered using a
random number generator under software control. Each release lasted for 500 ms and was
always given at 10 degrees of knee flexion, when an eccentric quadriceps contraction would
consistently be underway. No verbal feedback or knowledge of results was given. The
subjects were instructed to continue following the target pattern as accurately as possible
even when they felt a sudden change in resistance level. A one-minute rest interval separated
each set of 10 repetitions. Subjects were asked to rate their perceived exertion on a Modified
Borg Scale with a range from 1, indicating no sensation of fatigue in the exercised leg, to 10
indicating a high level of fatigue in the exercised leg. No subject reported a sensation of
fatigue greater than 1.5 supporting that the task did not induce localized muscle fatigue.

Data Reduction
We collected all experimental data online using Datapac 2K2 software (version 3.14; Run
Technologies Inc., Vallejo, CA). We sampled electromyographic activity of the quadriceps
and hamstring muscles at a rate of 2000 Hz. All other signals (linear potentiometer, target
waveform, Schmitt trigger, brake and touch force) were digitized at 1000 Hz. We calculated
linear velocity by differentiating the displacement signal (Tc = 10 ms) and low pass filtering
at 6 Hz using a 5th order zero phase lag Butterworth filter. For the single leg balance
assessment, we sampled movements of the center of pressure (COP) in the frontal and
sagittal plane at a frequency of 500 Hz. The EMG signal was RMS (root mean square)
processed with a time constant of 10 ms. We analyzed MVICs by finding the peak RMS
EMG during each of the three contractions and calculating the mean RMS EMG for 200 ms
on either side of the peak EMG. We expressed all EMG derivates as percentage of MVIC.
During both perturbed and unperturbed repetitions of the task, a trigger pulse was recorded
from a Schmitt trigger as the potentiometer attached to the rack and pinion gear of the
exercise device passed the threshold voltage. For perturbed trials, the trigger pulse
corresponded to the onset of the perturbation. For unperturbed trials, the trigger pulse served
as a marker to indicate the point in the range of motion where the perturbation would have
occurred if the software had allowed for it.

The first dependent variable of interest was overshoot or endpoint error, obtained by
subtracting the end-point of the sine wave template target from the endpoint of subject’s
flexion during the perturbation trials. The second dependent variable was peak velocity,
obtained by differentiating the displacement signal. The peak of this velocity signal was
measured in the 200 ms prior to perturbation, 50–200 ms after the perturbation, and 200 ms
post perturbation to examine anticipatory, reflex, and voluntary phases, respectively. The
third dependent variable was normalized LLR activity, obtained between 50 – 200 ms after
the onset of perturbation. Normalized LLR was computed for each subject as the difference
between the mean EMG of perturbation trials and the mean EMG of unperturbed trials,
divided by the mean EMG of the unperturbed trials. The fourth dependent variable was the
latency of peak LLR, calculated as the time to peak EMG activity between 50–200 ms
following the perturbation. Finally, the fifth dependent variable was mean muscle EMG
activity (expressed as % MVIC) in the 200 ms prior to perturbation, 50–200 ms after the
perturbation, and 200 to 400 ms post perturbation. These time windows were analyzed to
examine anticipatory, reflex, and voluntary activity, respectively. In the non-perturbation
trials, the same time windows were analyzed with respect to the time when the perturbation
could have occurred.

Statistical Analysis
We performed a two way repeated measures ANOVA with group (control vs. ACLR) as the
between subject factor and perturbation (unperturbed vs. perturbed) as the repeated factor to
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test for significant differences in overshoot error, peak velocity, and mean EMG activity.
We used a one factor ANOVA to compare time of peak LLR and normalized LLR of the
quadriceps and hamstrings between the two groups. We performed a separate analysis for
each of the five muscles sampled in the study. Before analysis we established the level of
significance for all tests at p < 0.05.

A post study analysis supported that we had greater than 80% power to detect change in
LLR. We also had less than 2% variation in the LLR between repeated perturbations within
the same bout. We performed statistical analysis using SAS software (version 9.0).

Results
Descriptive Data

Subject descriptive data and questionnaire scores are shown in Table 1. IKDC scores, certain
domains of the SF 36 (Physical Function, Bodily Pain, Vitality and Mental Health) and all
domains of the KOOS survey differed significantly between the cohorts. The ACLR group
scored lower on these questionnaires, reporting poorer function than the controls (p < 0.05).
However, the groups did not differ significantly in their activity levels as assessed with the
Marx and the Tegner activity scales. Individuals with ACLR had greater knee laxity in the
knee that received the surgery (p < 0.05). Antero-posterior or medial-lateral movement
amplitude of the center of pressure (COP) during single leg stance did not differ between
ACLR group and controls (p > 0.05).

Overshoot Error
Random perturbations delivered during flexion of the SLS task caused the subjects to
overshoot the target and elicited long latency muscle responses in the quadriceps and
hamstrings (refer to Figure 2 for representative example). During the unperturbed trials,
overshoot error did not differ between the ACLR group and controls (p > 0.05, mean error =
0.12 cm). However, the perturbation caused a 42% greater overshoot in the ACLR group as
compared to the controls (p < 0.05). Mean overshoot error after a perturbation was 3.44 cm
(SD = 1.72) in the ACLR group and 2.42 cm (SD = 1.37) in the control group (Figure 3A).

Peak Velocity
Peak velocity did not differ between ACLR and control groups in the anticipatory time
window for either the perturbed or the unpertubed trials (Figure 3B). Peak velocity was
higher in perturbed trials than the unperturbed trials in the reflex and volitional time
windows (p < 0.05). In the reflex and volitional time windows of the perturbed trials, peak
velocity was higher for the ACLR group than the control group (p < 0.05).

Normalized Long Latency Responses
After a perturbation, normalized LLR was higher in the ACLR group than controls for VM,
RF and VL muscles (all p < 0.05) (Figure 4A). Although controls showed increased LLR
activity (compared to background EMG) for these muscles (+24%, +22% and +23%,
respectively), ACLR EMG increases were nearly twice as high (+44%, +43% and +38%,
respectively). No between-group differences appeared for MH and LH.

Time of Peak LLR
During the perturbation trials, latency of the peak LLR of the quadriceps muscles (VM, RF,
VL) did not differ between ACLR and controls (Figure 4B). However, peak LLR latency
was shorter for the ACLR group than controls for the hamstrings muscles (MH and LH, p <
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0.05). For these muscles, the ACLR group triggered their peak LLR approximately 10 ms
earlier than the controls.

EMG Response of Quadriceps Muscles
Anticipatory VM activity was not different for perturbed and unperturbed trials (p > 0.05),
indicating that subjects did not predict when perturbations would be given. VM activity was
~44% lower for ACLR than controls in the anticipatory time window (p < 0.05) (Figure 5).
Both control and ACLR subjects showed increased EMG (reflex time window) after
perturbation (p < 0.05). In the reflex and volitional windows, EMG activity was lower for
the ACLR group in perturbed and unperturbed trials (p < 0.05).

Anticipatory RF activity was not different for perturbed and unperturbed trials (p > 0.05).
RF activity in the anticipatory bin was 30% lower for ACLR than controls (p < 0.05) (Figure
5). Both control and ACLR subjects showed increased EMG (reflex time window) after
perturbation (p < 0.05). In the reflex time window, EMG activity was lower for the ACLR
group than the control group only in the unperturbed trials (p < 0.05). In the volitional time
window, EMG activity was lower for the ACLR group for the unperturbed trials (p < 0.05)
but higher for the ACLR group in perturbed trails (p < 0.05).

Anticipatory VL activity was not different for perturbed and unperturbed trials (p > 0.05).
Both groups of subjects demonstrated increased EMG activity after perturbations (p < 0.05).
VL activity in the anticipatory, reflex and volitional time windows was lower for ACLR
than controls (p < 0.05) (Figure 5). For both groups, VL activity in the reflex bin was higher
for perturbed than for unperturbed trials (p < 0.05).

In summary, for the VM, RF, and VL muscles, perturbation yielded greater EMG activity in
the reflex and volitional time windows for both subject cohorts. For VM and VL, control
EMG for these muscles was consistently higher than ACLR EMG. On the other hand, the
RF EMG response to perturbation was particularly strong for the ACLR group: ACLR EMG
activity either met (reflex window) or exceeded (volitional window) the control group
values.

EMG Response of Hamstrings Muscles
In contrast to the quadriceps, MH EMG activity for the ACLR group was higher than
control values (+38%) in the anticipatory time window (p < 0.05) (Figure 6). EMG
increased for both groups after perturbation (reflex bin, p < 0.05) but the between-group
difference did not persist (p > 0.05). EMG in the volitional time window likewise increased
for both groups after perturbation, but the increase for the ACLR group was particularly
noteworthy. The volitional EMG increase for the ACLR group was nearly two-fold greater
than for the control group (p < 0.05).

LH activity was on average 15–20% in the anticipatory, reflex and voluntary bins for the
two groups (Figure 6). Control group LH EMG was significantly higher than ACLR for the
reflex and voluntary bins (p < 0.05).

Discussion
The purpose of this study was to examine the LLR responses of the quadriceps and
hamstrings to unexpected perturbations in individuals with a repaired anterior cruciate
ligament during a novel weight-bearing task. We also investigated the anticipatory and
volitional muscle activity that preceded and followed the LLR responses in order to
understand factors that may modulate the LLR responses. By virtue of their transcortical
pathway (Mrachacz-Kersting et al, 2006), their adaptability to training (Horak et al, 1989)
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and their likely role in maintaining joint stability (Marsden et al, 1983, Petersen et al, 1998,
van Doornik et al, 2004), LLR responses may adapt after significant events like ACL knee
reconstruction surgery. We found that the quadriceps muscles of ACLR subjects exhibited
significantly higher normalized LLR responses than controls after a perturbation (Figure
4A).

Three new findings emerged from this study. First, overall quadriceps EMG background
activity was reduced in individuals with ACLR knees when compared to control subjects
(anticipatory time window, unperturbed trials, Figure 5). Second, overshoot error and knee
velocity during unexpected perturbations was greater in the ACLR group (Figure 3). Third
and most importantly, although mean quadriceps reflex activity (50 – 200 ms following the
perturbation) was lower in the ACLR limbs (Figure 5, reflex time window), the magnitude
of the LLR when normalized to background EMG (mean EMG of unperturbed trials) was
nearly two times higher in this group (Figure 4A). This is the first study to report up-
regulated LLR responses in patients with ACLR knees, a finding that may not be evident in
isolated limb perturbation studies.

The rationale for this study was to examine LLR responses during a task that has visual and
vestibular activity, as is present during tasks when injury initially occurs. In addition, by
developing a task that required significant (but safe) background muscle activity prior to the
perturbation, we were able to discriminate responses between those with and without a
major injury, surgery, and rehabilitation program. The basis for the enhanced LLR responses
may be a protective response that develops because of the extensive rehabilitation, the
surgery, or the severity of the injury that led to the surgery. Because most individuals with
severe ACL injury have reconstructive surgery, it is difficult to find a large cohort of active
females who did not have surgery, but engaged in a comparable level of intense
rehabilitation. Future studies may strive to determine the event that specifically leads to the
neuromuscular adaptations reported in this study.

The underlying the origin and the pathways responsible for LLR responses is highly
controversial. In the upper limb (forearm, hand and finger muscles), evidence supports that
the LLR pathway incorporates a supraspinal loop which travels to the motor cortex (Lewis
et al, 2004, Marsden et al, 1983, Matthews, 1991). It has been suggested that the long
latency response of the biceps brachii is mediated by velocity sensitive receptors (Ia
receptors) (Lewis et al, 2005). In the lower limb, some studies have provided evidence for
supraspinal contributions to long latency stretch responses of the tibialis anterior and rectus
femoris (Mrachacz-Kersting et al, 2006). The increased normalized quadriceps LLR
response to an unexpected perturbation in the ACLR group could be attributable to
numerous causes. We found that the ACLR group did not increase their LLRs proportionally
to background activity; rather, the magnitude of increase was almost two times higher than
controls. This finding of greater normalized LLR responses suggests that the elicited
quadriceps long latency response was not just an automatic compensation of reflex gain
based on pre-existing (background) muscle activity, contrary to the classical view of
“automatic gain compensation” (Matthews, 1986). Upper limb studies have shown that the
need for LLR responses to accomplish a particular goal is lower when preparatory actions
are observed (Johansson and Westling, 1988). In this study, since the individuals with
ACLR knees had low “preparatory actions” (lesser anticipatory quadriceps activity), it is
possible that they required larger long latency responses to compensate. Individuals with
ACLR knees also showed higher peak velocities of knee flexion in response to the
perturbation, accounting for a greater change in quadriceps muscle length and possibly a
larger sensory input from the muscle spindles (group Ia, II afferents which are sensitive to
changes in length and velocity). A greater input from the large diameter afferents (Ia and
II’s) may be another possible reason for the larger normalized LLRs seen in ACLR
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individuals. Individuals with ACLR knees have been reported to show abnormal gamma
loop sensitivity after surgery (Konishi et al, 2002). Alterations in muscle spindle gain could
therefore also be another possible explanation for the altered normalized long latency
responses in the ACLR individuals.

Changes in cortical excitability in individuals with ACL injuries have been previously
reported (Heroux and Trenblay, 2006). Cortical mediation allows for better adjustment of
the reflex to prevailing conditions. The LLR response in the ACLR group may be modulated
in a manner appropriate to meet the motor demands (protection against perturbation) in these
subjects. One way to achieve such modulation would be to vary the corticospinal drive to
the lower limb motor neurons according to the task performed. Another point to be noted is
that this greater magnitude of normalized LLRs was observed not just in the RF but also in
the VM and VL. The RF has been suggested to have a different neural control than the other
components of the quadriceps muscle (Mrachacz-Kersting et al, 2006). This study suggests
that transcortical pathways also influence the LLR responses of the VM and VL. Depending
on the type of task that is performed and the task demands, it is probable that LLR responses
of different muscles come under different levels of cortical input.

Our findings of greater overshoot error, knee velocity and altered muscle activity in
individuals with ACLR suggest that adaptations in neuromuscular control of the knee persist
in patients even 4 years post surgery. Individuals with ACLR showed reduced activity of the
quadriceps during the anticipatory, reflex and volitional phases of the SLS task. Considering
the fact that unopposed quadriceps activity could translate the tibia forward and strain the
ACL, this reduction in quadriceps activity could be a protective mechanism adapted by the
CNS to protect the reconstructed ligament. We also observed that the ACLR group showed
greater activity of the medial hamstrings compared to the controls during the anticipatory
and volitional phases of knee flexion (Figure 6). In addition, the latency of the peak
hamstrings LLR was shorter in the ACLR group (Figure 4B). Higher co-activation of the
hamstrings has been reported previously during various activities in ACL injured
individuals, complementing the action of the ACL (Grabiner et al, 1989,Solomonow and
Krogsgaard, 2001). This increased activity of the hamstrings could partly explain the greater
overshoot error seen in ACL reconstructed individuals. Congruent with this view, we
previously observed that elderly individuals whose hamstrings activity was low (matching a
younger cohort) demonstrated low overshoot error during the SLS task (Madhavan and
Shields, 2009). Although medial hamstrings activity was greater in the anticipatory phase,
activity of the lateral hamstrings did not differ from the Control cohort, suggesting that
uncovering a protective role for the hamstrings may not be straightforward.

The present study reveals that increased overshoot error, enhanced LLRs, and overall
reduced quadriceps activity all coexist in subjects with ACL reconstruction. Collectively,
individuals with ACLR undergo a neural reorganization that is distinct from the neural
control strategies portrayed by similar individuals without injury. Currently, we do not know
if the neural reorganization demonstrated in this study was attributable to the injury, the
surgery, the extensive rehabilitation or collectively the combination of all environmental
factors that influence the CNS when developing movement control strategies. Future studies
are necessary to determine if up regulated LLRs are protective against certain unexpected
events, or, at times, contributory to injury. It is conceivable that the CNS can compensate for
certain unexpected events in order to support a lower level of background quadriceps
activity. Alternatively, up regulated LLRs may be a strategy that is effective when mild
unexpected perturbations occur, but contribute to excessive anterior shear of the tibia during
more violent unexpected perturbations. Future studies will also add to our understanding of
possible transcortical elements of the LLR and its potential adaptability to rehabilitation
strategies, including neuromuscular and cortical electrical stimulation.
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Conclusions
Individuals with ACL reconstruction showed distinct neuromuscular control of the knee
during a dynamic single leg weight-bearing task. ACLR subjects exhibited decreased
quadriceps activity and enhanced long latency responses to unexpected perturbations.
Additional research is needed to determine the role that up regulated LLRs play in response
to various types of unexpected events in individuals with ACLR.
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Figure 1.
Schematic of the single leg squat device.
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Figure 2.
Representative example of a. linear displacement, b. linear velocity, EMG traces of c. vastus
medialis, d. rectus femoris, e. vastus lateralis, g. medial hamstrings and h. lateral hamstrings
of a single subject (average of 8 trials). Dotted lines represent the unperturbed trials and
solid lines are perturbed trials. X axis represents time (ms); the release of the brake occurred
at 0 ms. EMG traces are root mean square averaged.
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Figure 3.
A) Average overshoot error for the Controls (filled bars) and ACLRs (open bars) during
unperturbed and perturbed trials. Values are means ± SE. * represents significant difference
from ACLR (p < 0.05). B) Average peak velocity for the Controls (filled symbols) and
ACLRs (open symbols) during unperturbed (circles) and perturbed (triangles) trials. Data
are represented in 200 ms bins –anticipatory, reflex and voluntary- from the time
perturbation occurred (perturbation trials) or would have occurred (unperturbed trials).
Values are means ± SE. * represents significant difference between Controls and ACLR (p <
0.05).
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Figure 4.
A) LLRs normalized to background EMG activity (EMG of unperturbed trials) for the
vastus medialis (VM), rectus femoris (RF), vastus lateralis (VL), medial hamstrings (MH)
and lateral hamstrings (LH) during the 50 – 150 ms time bin following the perturbation, for
the Controls (dark bars) and ACLRs (open bars). Values are means ± SE. * represents
significant difference between Controls and ACLR (p < 0.05). B) Time at which the long
latency response peaked for each of the muscles tested during the unexpected perturbations
of the single leg squat task for the Controls (filled circles) and ACLRs (open circles). Values
are means ± SE. * represents significant difference between Controls and ACLR (p < 0.05).
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Figure 5.
Average EMG activity of the vastus medialis (VM), rectus femoris (RF) and vastus lateralis
(VL) for the Controls (filled symbols) and ACLRs (open symbols) during unperturbed and
perturbed trials. Data are represented in 200 ms bins -anticipatory, reflex and voluntary-
from the time perturbation occurred (perturbation trials) or would have occurred
(unperturbed trials). Values are means ± SE. * represents significant difference between
Controls and ACLR (p < 0.05). # represents significant difference between unperturbed and
perturbed trials (p < 0.05).
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Figure 6.
Average EMG activity of the medial (MH) and lateral (LH) hamstrings for the Controls
(filled symbols) and ACLRs (open symbols) during unperturbed and perturbed trials. Data
are represented in 200 ms bins -anticipatory, reflex and voluntary- from the time
perturbation occurred (perturbation trials) or would have occurred (unperturbed trials).
Values are means ± SE. * represents significant difference between Controls and ACLR (p <
0.05. # represents significant difference between unperturbed and perturbed trials (p < 0.05).
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Table 1

Characteristics of Control and ACLR groups.

Controls ACLR

Age (yrs) 24.1 (3.2) 22.4 (2.4)

Weight (lb) 136.5 (20.3) 144.1 (19)

Height (cm) 163.8 (7.3) 164.5 (5.28)

Yrs after surgery - 3.7 (1.8)

IKDC score * 98.2 (4.8) 85.2 (12.6)

Marx Activity Scale 9.3 (4.6) 10 (3.95)

Tegner Activity Scale (current) 6.9 (2.1) 7.1(2.4)

Knee laxity (max manual) (side to side diff in mm) * 0.1 (0.91) −3.13 (2.12)

SF 36

 Physical Function* 100 (0) 94.1 (8.7)

 Role Physical 97.9 (7.2) 94.2 (20.8)

 Body Pain* 96.4 (2.4) 84.5 (5.6)

 General Health 85.9(15.6) 83.5(10.3)

 Vitality* 74.3(14.9) 60(20.6)

 Social Function 100(0) 93.7(12.5)

 Role Emotional 100(0) 88.8(26)

 Mental Health 84(10.7) 73.2(15.2)

KOOS

 Symptoms* 93.7(3.2) 84.5(4.2)

 Pain* 98(3.4) 91.9(9.35)

 Activities of Daily Living* 99.8(0.4) 98(3.5)

 Sports* 99.6(1.24) 82.8(25.7)

 Quality of Life* 97.1(7.4) 74.5(18.2)

Values are Mean (SD).

*
denotes significant difference between groups (p < 0.05).
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