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Context: Few authors have assessed neuromuscular knee-
stabilization strategies in individuals with chronic ankle instability
(CAI) during functional activities.

Objective: To investigate the influence of CAI on neuro-
muscular characteristics around the knee during a stop-jump
task.

Design: Case-control study.
Setting: Research laboratory.
Participants or Other Participants: A total of 19 partici-

pants with self-reported unilateral CAI and 19 healthy control
participants volunteered for this study.

Intervention(s): Participants performed double-legged, ver-
tical stop-jump tasks onto a force plate, and we measured
muscle activation around the knee of each limb.

Main Outcome Measure(s): We calculated the integrated
electromyography for the vastus medialis oblique, vastus
lateralis, medial hamstrings, and lateral hamstrings muscles
during the 100 ms before and after initial foot contacts with the
force plate and normalized by the ensemble peak electromyo-
graphic value. Knee sagittal-plane kinematics were also
analyzed during a stop-jump task.

Results: Compared with control participants, the CAI group
demonstrated greater prelanding integrated electromyographic
activity of the vastus medialis oblique (CAI ¼ 52.28 6

11.25%�ms, control ¼ 43.90 6 10.13%�ms, t36 ¼ 2.41, P ¼
.021, effect size ¼ 0.78, 95% confidence interval ¼ 0.11, 1.43)
and less knee-flexion angle at the point of initial foot contact
(CAI ¼ 7.818 6 8.278, control ¼ 14.098 6 8.78, t36 ¼�2.28, P ¼
.029, effect size ¼ �0.74, 95% confidence interval ¼ �1.38,
�0.07) and at 100 ms post–initial foot contact (CAI ¼ 51.368 6

5.298, control¼ 58.668 6 7.668, t36¼�3.42, P¼ .002, effect size
¼�1.11, 95% confidence interval¼�1.77,�0.40). No significant
results were noted for the other electromyographic measures.

Conclusions: We found altered feed-forward patterns of the
vastus medialis oblique and altered postlanding knee sagittal-
plane kinematics in the CAI group. These observations may
provide insight regarding sensorimotor characteristics that may
be associated with CAI.

Key Words: feed-forward pattern, feedback, sensorimotor
control

Key Points

� Increased preparatory vastus medialis oblique muscle activation and decreased postlanding knee-flexion angle
were seen in participants with chronic ankle instability compared with the control group during a vertical stop jump.

� Feed-forward sensorimotor control around the knee should be addressed during therapeutic interventions for
chronic ankle instability.

C
hronic ankle instability (CAI) is common after an
acute lateral ankle sprain (LAS) in physically
active individuals,1–3 leading to self-assessed dis-

ability and decreased quality of life.4 It has been reported
that CAI is a leading factor for the development of
posttraumatic osteoarthritis in the ankle,1,5 requiring costly
medical diagnostic techniques and extensive treatments.
With a high rate of recurrence plus the complications of
prolonged functional impairments after ankle sprains, there
is an increased need for evidence-based practice to develop
and implement more effective intervention programs for
CAI.

One important step in reducing the recurrence rate is to
understand the underlying sensorimotor mechanisms for
CAI. After LAS, altered afferent inputs from the somato-
sensory system around the ankle and central changes in
sensorimotor control may result in proximal joint adapta-
tions to compensate for residual symptoms and functional

impairments.6–13 Previous researchers6,10 have indirectly
assessed sensorimotor control strategies in CAI patients at
the knee using sagittal-plane kinematics. Gribble and
Robinson6 found greater knee extension before and at the
point of ground impact7 during a vertical jump-landing
task, whereas Caulfield and Garrett10 observed greater knee
flexion before and after landing during a drop-jump task.
These contradictory findings may be attributable to
differences between these studies in the demands of the
jump-landing tasks; however, neither group quantified
electromyography (EMG) of the knee musculature during
the landing tasks. Thus, we still do not know how activation
of the knee flexors and extensors influences sagittal-plane
kinematics during jump-landing tasks in individuals with a
history of ankle injury.

Although several EMG investigations have demonstrated
altered preparatory muscle-activation patterns in the ankle
during jump landings in CAI patients,9,11–14 few investiga-
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tors have examined preparatory EMG measures in the knee
during a dynamic task within this population, which may
limit our estimation of relative preparatory activity of
muscles in the knee. Delahunt et al11 observed an increase
in rectus femoris activation before ground impact during a
lateral-hop task in individuals with CAI, supporting
modified preprogrammed muscle-activation patterns via
feed-forward motor control to prepare for ground impact.
Additionally, Delahunt et al14 reported that those with CAI
exhibited no differences in preparatory rectus femoris
muscle activation during a drop-landing task. However, a
drop-jump task is not a sport-related functional task and
does not necessarily replicate the potential mechanism of
injury.

Whereas a relationship between CAI and altered biome-
chanical patterns at the knee has been established, few
authors have quantitatively assessed sensorimotor control
strategies at the knee using EMG while measuring sagittal-
plane kinematics in individuals with CAI during other high-
risk and sport-related functional activities, such as a vertical
stop jump. It is important to examine knee muscle activation
and sagittal-plane kinematic patterns to determine the
potential effect of CAI on the sensorimotor control
mechanism, especially pre-event decisions and postevent
reactions, during a stop-jump maneuver. Researchers6,10

have speculated that adapted feed-forward sensorimotor
control strategies at the knee associated with CAI could be a
way to protect the unstable ankle by controlling the position
of the ankle and center of mass on ground impact. However,
a diminished level of dynamic stability and energy
dissipation of the knee musculature after landing has been
observed in individuals with CAI.6,7,15 Therefore, this
proposed protective response to the unstable ankle may not
be an efficient response. Although information is limited,
there is a potential link between a history of ankle sprain and
risk of injury at the knee joint.16–18 The potential
sensorimotor adaptations associated with CAI may not
necessarily be protective for other joints. Identifying an
underlying relationship between CAI and compensatory
sensorimotor control in the knee may help clinicians and
researchers to develop more comprehensive interventions to
enhance global coordination in those with CAI and prevent
future injury. Thus, the purpose of our study was to examine
individuals with and without unilateral CAI for the presence
of altered neuromuscular control in the knee during a vertical
stop jump. Previous investigators observed a smaller knee-
flexion angle before and after ground impact during a jump-
landing task in participants with CAI compared with healthy
controls.6,7,19 Furthermore, increased preparatory muscle
activation in the ankle during a stop-jump task has been
reported in those with CAI.12 Our hypotheses were that,
during a stop-jump task, participants with CAI would

demonstrate (1) increased quadriceps muscle activation
before and after landing; (2) increased hamstrings muscle
activation before landing; (3) decreased hamstrings muscle
activation after landing; and (4) reduced knee-flexion angle
before and after landing, as compared with participants
without CAI.

METHODS

Experimental Design

The study was a case-control design that assessed muscle
activation and sagittal-plane kinematics at the knee in both
CAI and healthy participants.

Participants

We recruited 38 physically active participants from the
university community. Physically active was defined as an
individual engaging in at least 20 minutes of vigorous
activity, 3 or more days per week.20 All participants were
free of any diagnosed balance or vestibular disorders. The
participants were categorized as healthy (control) or CAI.
Age and anthropometric characteristics of the healthy and
CAI participants are shown in Table 1. All participants read
and signed the informed consent forms approved by the
University of Toledo Institutional Review Board (which
also approved the study) at the beginning of testing.

The control group consisted of 19 participants with no
history of any self-reported musculoskeletal or neurovas-
cular injury or disorder in the lower extremity, no history of
low back pain in the last 6 months, and no history of
surgery in the lower extremity.

The unilateral CAI group consisted of 19 participants
who self-reported (1) a previous history of at least 1 acute
unilateral ankle sprain that caused swelling, pain, and
temporary loss of function but no significant injury to the
ankle in the last 6 months,7 (2) a history of at least 2 self-
reported episodes of ‘‘giving way’’ in the last 3 months,7 (3)
no previous history of any musculoskeletal and neurovas-
cular injury in the lower extremity other than the ankle in
the last 2 years, (4) no previous history of low back pain in
the last 6 months, and (5) no previous fractures or surgery
in the lower extremity in the last 2 years.

To determine additional inclusion criteria, participants
completed 2 questionnaires related to ankle instability: the
Foot and Ankle Instability Disability Index (FADI),
including the FADI Sports Subscale, and the Ankle
Instability Instrument (AII). The FADI and AII have been
shown as reliable and valid in assessing functional
limitations in those with CAI.21,22 To be classified into
the CAI group, the participant was required to self-report

Table 1. Demographic Information and Questionnaire Scores for the Chronic Ankle Instability and Control Groups (Mean 6 SD)

Variables Chronic Ankle Instability Group Control Group P Value

n 19 (10 men, 9 women) 19 (10 men, 9 women) –

Age, y 20.11 6 1.63 21.32 6 4.04 .30

Height, cm 177.06 6 9.38 171.27 6 9.02 .19

Body mass, kg 75.90 6 17.04 71.25 6 14.92 .14

Foot and Ankle Disability Index, % 83.15 6 8.83 100.00 6 0.00 ,.001a

Foot and Ankle Disability Index Sports Scale, % 65.79 6 10.90 100.00 6 0.00 ,.001a

Ankle Instability Instrument 5.58 6 1.54 0.00 6 0.00 ,.001a

a Differences between groups in all questionnaire scores.
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functional disability with a score of �90% on the FADI
and �80% on the FADI Sport Subscale7,23 as well as a
score of at least 3 on the AII.24 Group means for the FADI,
FADI Sport, and AII are shown in Table 2.

Instrumentation

An 8-channel telemeterized EMG system (Noraxon USA,
Inc, Scottsdale, AZ) and electromagnetic tracking system
(Ascension Technology Corporation, Burlington, VT)
synchronized with a nonconductive force plate (model
4060NC; Bertec Inc, Columbus, OH) were integrated with
MotionMonitor software (version 7.0; Innovative Sports
Training, Inc, Chicago, IL) to quantify the sensorimotor
control variables during the stop-jump task. A Vertec
vertical jump tester (Sports Imports, Columbus, OH) was
used to assess participants’ jump height.

Procedures

Participants reported to the Musculoskeletal Health and
Movement Science Laboratory for 1 testing session. At the
beginning of the session, we assessed maximum vertical
jump height (Vertmax) so that maximum and submaximum
targets (50% of Vertmax) could be designated for each
participant during the vertical stop-jump trials.25

Participant Preparation

We placed a pair of self-adhesive and disposable dual
circular silver/silver chloride surface electrodes (0.8-cm

diameter, 1.5-cm center-to-center interelectrode distance;
Noraxon USA, Inc) over the vastus medialis oblique
(VMO),26 vastus lateralis (VL),26 lateral hamstrings
(LH),27,28 and medial hamstrings muscles (MH)27,28 (Figure
1), as identified during submaximal isometric contraction
against manual resistance. The common reference electrode
was placed over the tibial tuberosity.26 The skin was
prepared by shaving the hair of each electrode site, if
necessary, and cleaning it with alcohol preparation pads.
We placed electromagnetic sensors over the sacrum, lateral
midthigh, lateral midshank, and dorsal surface of the foot of
the testing leg and secured them to the skin using double-
sided tape, nonadhesive elastic tape, and white adhesive
tape.6 A fifth sensor was attached to a plastic stylus and
used for digitizing the body segments in the software.6

After completing the preparation, participants performed
a vertical stop jump while we assessed muscle-activation
patterns of each designated muscle and sagittal-plane knee
kinematics.

Vertical Stop-Jump Task

Participants performed a vertical stop-jump task de-
scribed previously29 that was modified for this study. Each
participant stood on a line that was set up at a distance from
the center of the force plate equal to his or her height
(Figure 2A) and took a step forward with the testing limb to
a line measured as 50% of the participant’s height from the
center of the force plate (Figure 2B). He or she took off on
the testing limb immediately after the testing foot made
contact with the ground on the line (Figure 2C), reached up
to touch a marker indicated as 50% of Vertmax on the
Vertec, landed with both feet at the same time (and only the
testing limb in the middle of the force plate; Figure 2D),
and then performed a maximum 2-legged vertical jump
while reaching up to touch a marker indicated for Vertmax

on the Vertec (Figure 2E). The participant landed in
approximately the same position after the maximum
vertical jump. The tasks of the vertical stop-jump were
first explained and demonstrated by the investigator. Each
person was allowed to practice this task until he or she felt
comfortable. No instructions about jumping techniques
were provided to participants in order to minimize a
coaching effect on the natural performances of the task.
Finally, each participant performed 5 testing trials on the
testing leg, with approximately 30 seconds of rest between
trials to prevent fatigue. Trials were discarded and repeated
if the participant failed to reach Vertmax or to make contact
with the nontesting leg on the force plate.

Table 2. Prelanding Integrated Electromyography of Knee Muscles and Knee Sagittal-Plane Kinematics for the Chronic Ankle Instability

and Control Groups

Variable Chronic Ankle Instability Group Control Group t36 P Value Power

Integrated electromyography, %�ms Mean 6 SD (95% Confidence Interval)

Vastus medialis oblique 52.28 6 11.25 (47.30, 57.26) 43.90 6 10.13 (38.92, 48.88) 2.41 .021a 0.78

Vastus lateralis 46.51 6 10.99 (41.76, 51.27) 45.85 6 9.30 (41.10, 50.60) 0.20 .843 0.07

Medial hamstrings 42.80 6 8.25 (37.94, 47.40) 41.16 6 12.60 (36.70, 46.16) 0.47 .639 0.12

Lateral hamstrings 43.11 6 13.04 (37.53, 48.70) 50.50 6 10.87 (44.91, 56.08) �1.90 .066 0.57

Kinematics, 8

At 100 ms pre–ground impact 4.84 6 10.58 (9.60, 0.08) 8.88 6 7.31 (12.17, 5.59) �0.72 .477 0.39

a Difference between groups in prelanding integrated electromyography of the vastus medialis oblique (P , .05).

Figure 1. Electrode placement on the vastus medialis oblique,
vastus lateralis, lateral hamstrings, and medial hamstrings mus-
cles.
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Data Collection and Reduction

We collected the prelanding and postlanding EMG
variables at a sampling rate of 1000 Hz. Raw analog
EMG signals were full-wave rectified and filtered by a
bandpass Butterworth filter at a frequency between 10 and
500 Hz. The common mode ratio was .100 dB, the input
impedance was .100 MX, and baseline noise was ,1 lV.
Ground reaction force was sampled at 1000 Hz from the
nonconductive force plate. The integrated EMG (IEMG)
was calculated for each muscle during the prelanding
period, defined here as the 100 ms immediately before
ground impact.30 The IEMG was defined as the area under
the voltage curve of the EMG signal and measured in
V�ms.31 Use of a 100-ms prelanding phase allowed us to
examine muscular preactivation in preparation for landing.
This time frame was consistent with that used in previous
studies.6,10,32

Additionally, the EMG measures for each muscle were
integrated over the time period from the initial ground
impact (the point at which the vertical ground reaction
forces exceeded 10 N) to the point of 100 ms post–ground
impact during the stop jump.

We normalized the IEMG variables for each muscle with
the ensemble peak (ie, the highest-amplitude) EMG values
that were recorded during each landing phase of the stop-
jump trials33,34 and calculated from the average of the 5
trials. To produce the ensemble EMG signals, the
amplitudes of the rectified EMG signals were averaged
for each participant separately at the same prelanding and
postlanding time periods for each muscle individually
across the 5 trials. Normalized IEMG values were
expressed as %�ms. After IEMG calculation, the means of
the 5 trials during each prelanding and postlanding phase
were determined. All EMG data analyses were performed
using Excel (version 2007; Microsoft Corporation, Red-
mond, WA).

We collected sagittal-plane kinematics data at a sampling
rate of 100 Hz and filtered by the MotionMonitor software
with a low-pass, third-order Butterworth filter set at a cutoff
frequency of 20 Hz.35 The lower extremity model was
generated by digitizing the ankle-, knee-, and hip-joint
centers. The representations of the ankle, knee, and hip
joints were created by using the proximal segment as the
reference frame in the software setup. The ankle-joint
center was defined as the midpoint between the digitized
medial and lateral malleoli, and the knee-joint center was

defined as the midpoint between the digitized medial and
lateral femoral condyles. The Davis method was used to
estimate the hip-joint center.36 The segment axis systems of
the foot, shank, thigh, and sacrum were established with a
right-hand coordinate system, with the x-axis designated as
positive leftward-medial, the y-axis as positive forward-
anterior, and the z-axis as positive upward-superior.37 The
Grood-Suntay angle-orientation function in the software
was used to determine knee sagittal-plane kinematics at
initial foot contact with the force plate and at 100 ms pre–
ground impact and post–ground impact.

Statistical Analysis

Using an independent-samples t test, we compared
demographic variables and self-reported measures between
groups to verify group inclusion. Independent t tests were
conducted to compare the means and standard deviations of
the EMG and kinematic dependent variables between the
CAI and control groups during the jump-landing task. The
level of significance was set a priori at P , .05 using SPSS
(version 17.0 for Windows; SPSS Inc, Chicago, IL). Cohen
d effect sizes using the pooled standard deviations were
calculated,38 along with 95% confidence intervals (CIs) to
determine the magnitude of difference in dependent
variables between the CAI and control groups. The strength
of the effect sizes was interpreted as weak (d , 0.4),
moderate (0.4 � d , 0.8), or strong (0.8 � d).39

RESULTS

We found no differences in age, height, or mass between
groups (Table 1). The CAI group scored significantly lower
on the FADI and FADI Sport instruments as well as higher
on the AII, verifying the presence of the targeted condition
(Table 1).

Prelanding IEMG and Kinematics

Means and standard deviations for all prelanding IEMG
and sagittal-plane kinematic variables are found in Table 2.
Participants with CAI demonstrated greater VMO activity
100 ms before initial foot contact compared with the
control group (t36 ¼ 2.41, P ¼ .021). The effect size was
strong for the prelanding IEMG of VMO, and the 95% CI
did not cross zero (Figure 3).

The group difference in the prelanding IEMG of the LH
approached significance (t36 ¼ �1.90, P ¼ .066), and we

Figure 2. Modified vertical stop-jump procedure. A, Starting position. B, Step forward with the testing leg. C, A single-limb forward jump
to target (50% Vertmax). D, A double-limb landing. E, An immediate two-legged vertical jump to target (Vertmax).
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found a moderate effect size (d ¼�0.62). The LH activity
was less in the CAI group than in the control group. No
statistically significant differences were noted in the IEMG
of the VL and MH or the knee sagittal-plane kinematics
during the prelanding period (Table 2 and Figure 3).

Postlanding IEMG

Group means and standard deviations for postlanding
IEMG and kinematic variables are detailed in Table 3.
Participants with CAI exhibited a smaller knee-flexion
angle at initial foot contact (t36¼�2.28, P¼ .029) and 100
ms after initial contact (t36 ¼�3.42, P ¼ .002) during the
stop-jump task compared with healthy controls (Table 3).
The range of effect sizes was moderate to large for
postlanding knee kinematics with a 95% CI that did not
cross zero (Figure 4). We found no statistically significant
group differences in IEMG for any of the tested muscles

over the time period from the moment of landing to the
point of 100 ms after landing (Table 3). The effect sizes and
95% CIs around the effect sizes are shown in Figure 4.

DISCUSSION

The objective of our study was to examine the influence
of CAI on muscle activation and sagittal-plane kinematics
at the knee joint during a functional task. The most
important finding was that the CAI group exhibited greater
preparatory VMO activity and reduced knee sagittal-plane
kinematics after landing during the stop-jump task
compared with the control group. It has been thought that
the presence of CAI influences sensorimotor control at the
supraspinal level.40 The proximal joint alterations we
observed may be caused by centrally mediated changes to
sensorimotor control. Whereas other investigators6–14 have
examined knee kinematics and muscle-activation patterns

Figure 3. Effect sizes and associated 95% confidence intervals for prelanding integrated electromyography of vastus medialis oblique
(VMO), vastus lateralis (VL), medial hamstrings (MH), and lateral hamstrings (LH) as well as knee sagittal-plane kinematics. Abbreviations:
CAI, chronic ankle instability; IC, initial contact.

Table 3. Postlanding Integrated Electromyography of Knee Muscles and Knee Sagittal-Plane Kinematics for the Chronic Ankle Instability

and Control Groups

Variable Chronic Ankle Instability Group Control Group t36 P Value Power

Integrated electromyography, %�ms Mean 6 SD (95% Confidence Interval)

Vastus medialis oblique 35.36 6 10.05 (30.60, 40.07) 38.30 6 10.45 (33.36, 42.82) �0.89 .382 0.22

Vastus lateralis 34.96 6 10.41 (24.17, 45.40) 43.99 6 31.86 (32.78, 54.01) �1.17 .248 0.32

Medial hamstrings 47.39 6 9.49 (35.39, 59.50) 55.46 6 34.44 (43.20, 67.30) �0.98 .332 0.26

Lateral hamstrings 45.66 6 9.57 (41.39, 49.62) 50.40 6 8.74 (46.46, 54.70) �1.60 .119 0.48

Kinematics, 8

At ground impact 7.81 6 8.27 (11.53, 4.09) 14.09 6 8.72 (18.01, 10.17) �2.28 .029a 0.74

At 100 ms post–ground impact 51.36 6 5.29 (53.74, 48.98) 58.66 6 7.66 (62.10, 55.22) �3.42 .002a 0.96

a Difference in knee sagittal-plane kinematics after landing (P , .05).
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of the rectus femoris and various ankle muscles during the
preparatory prelanding phase and after ground impact with
a variety of jump-landing tasks, our results support their
reports that preprogrammed, feed-forward mechanisms of
motor control may be modified in participants with CAI.
Therefore, our findings of increased IEMG of the VMO
before ground impact and decreased knee-flexion angle
after landing during a stop-jump task may contribute to the
understanding of the sensorimotor alterations associated
with CAI. It is important for future authors to determine
whether rehabilitation targeting neuromuscular control
around the knee in addition to the ankle can promote
global coordination in patients with CAI and decrease the
incidence of giving way and reinjury.

Feed-forward motor control involves anticipation and
pre-event decisions to plan movements based on previous
experience with the tasks. McKinley and Pedotti30 suggest-
ed that prelanding muscle activities may be responsible for
control of the early deceleration phase associated with
landing to maintain balance and minimize impact forces.
We observed an increase in prelanding IEMG of the VMO
in the CAI group but no differences in postlanding IEMG
activity of all muscles between CAI and control groups.
The increased prelanding VMO activity in the CAI group
may be a manifestation of a modified feed-forward
mechanism to prepare for joint loading after ground impact.

The amount of quadriceps activation is a major factor
controlling knee-flexion angle and dissipating the external
loading experienced during the descent phase of the jump-
landing task to prevent the knee from collapsing in the
sagittal plane.41,42 We found no differences in postlanding
quadriceps muscle activation between the CAI and control
group; however, the CAI group demonstrated a decreased
knee-flexion angle after landing during the stop-jump task
compared with the control group. This may indicate that
greater quadriceps activation after landing was not

necessary to control sagittal-plane kinematics at the knee
joint because participants with CAI landed with the knee in
a more extended position. Increased knee flexion during
landing requires greater activation from the quadriceps
owing to the greater external torque on the knee.41 If
external knee flexion was not countered by the quadriceps
that provide the internal knee-extension moment, the lower
extremity would be prone to collapse during landing.43

However, with an extended knee at landing, the quadriceps
muscles are in a less advantageous position to dissipate the
external loading experienced after ground impact. These
postlanding knee kinematics and quadriceps-activation
patterns demonstrated by CAI participants could influence
energy-dissipation capability around the knee and perhaps
alter the kinetic chain relationship. Less energy-dissipation
capability around the knee has been observed in individuals
with CAI during a stop-jump task.15 Therefore, it is possible
that the increased VMO activation before ground impact
results from central changes in sensorimotor control aimed
at anticipating impact on the landing as preparation for
dissipating the external loading upon ground impact.

However, if one assumes that the increase in preparatory
VMO activation may be protective in nature, it still may not
provide enough sensorimotor adaptation to influence the
ankle joint, given that participants with CAI have exhibited
decreases in knee-flexion angle after landing.6,7 The
extended knee, which presents with less potential energy-
attenuation capability, may result in placing greater
demands on the ankle joint to store elastic energy as
preparation for generating force for the final double-leg
vertical jump immediately following the landing. Greater
energy-dissipation capability around the ankle has been
observed in individuals with CAI during a stop-jump task.15

Placing greater demands on the ankle joint to control
energy may lead to rapid fatigability of the muscles around
the ankle. These findings of altered knee biomechanics after

Figure 4. Effect sizes and associated 95% confidence intervals for postlanding integrated electromyography of vastus medialis oblique
(VMO), vastus lateralis (VL), medial hamstrings (MH), and lateral hamstrings (LH) as well as knee sagittal-plane kinematics. Abbreviations:
CAI, chronic ankle instability; IC, initial contact.
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ground impact suggest that the presence of CAI may alter
the distal-to-proximal linkage that provides an efficient and
effective system to transfer force up the kinetic chain.
Altered kinetic chain relationships in the lower extremity
during landing tasks may be an important factor in the
recurrent nature of CAI. With only retrospective relation-
ship data available to date, clearly there is a need for
prospective investigations to verify these speculations.

We did not observe differences in prelanding IEMG of
the VL or sagittal-plane kinematics between the CAI and
control groups, which does not support our hypotheses.
However, the moderate effect size for knee sagittal-plane
kinematics suggests that knee flexion may be reduced
before initial foot contact with the ground in the CAI group
compared with the control group. The increase in preland-
ing IEMG of the VMO without differences in prelanding
IEMG of VL could be explained plausibly by its role as a
medial stabilizer of the patella. During closed kinetic chain
activities, such as landing, increased external rotation of the
knee can occur as a combination of increased internal
femoral rotation accelerated by LH contraction and external
tibial rotation.41 This position could lead to the relative
lateral displacement of the patella.41 The mechanism of
ankle sprain is rear-foot inversion and internal rotation
coupled with excessive external rotation of the lower
leg.44–46 It has been shown that CAI is associated with
altered knee transverse-plane kinematics8 and an altered
joint-coupling relationship between the lower leg rotation
and the rear-foot frontal-plane kinematics.47 We also found
that differences in prelanding IEMG of the LH between the
CAI and control groups trended toward statistical signifi-
cance, with an associated moderate effect size. This
indicates that prelanding LH activity was likely dampened
less in the CAI group than in the control group. Therefore,
increased prelanding VMO activation (but not VL activa-
tion), coupled with potentially decreased LH activation,
may be an attempt to provide medial stability to the patella
from excessive tibial external rotation as preparation by the
feed-forward system for upcoming events after landing.
However, the findings should be interpreted with caution
because we are unaware of any studies in which the
investigators assessed EMG variables of the VMO and LH
with knee transverse-plane kinematics or a joint-coupling
relationship in individuals with CAI during jump-landing
tasks. Future researchers should incorporate lower extrem-
ity joint coupling and transverse-plane kinematic variables
with EMG assessments to fully illustrate the potential
relationship between the prelanding muscle activation and
lower extremity movement coordination.

Limitations

Post hoc power analyses showed that all of our
nonsignificant findings were associated with low to
moderate statistical power (observed powers ¼ 0.07 to
0.57), increasing the risk of a type II error. However, the
effect sizes reported were low for most nonsignificant
group differences with associated 95% CIs crossing zero,
indicating that these differences may not be clinically
significant. Some of the nonsignificant differences were
associated with moderate effect sizes, indicating that these
relationships are likely associated with a moderate clinical
difference. In cases of moderate effect sizes with a 95% CI

that crossed zero, these relationships may be associated
with statistical error and could perhaps be strengthened
with an expanded sample size.

The presence of CAI appears to influence a feed-forward
control in the sensorimotor system, manifesting as
increased VMO activation before landing and reduced
knee-flexion angle after landing. We speculate that the
demonstrated VMO activation level is perhaps an effort by
the sensorimotor system to protect the extremity by
preparing for upcoming events. However, the retrospective
design does not permit us to establish a causal link between
CAI and the identified alterations in neuromuscular control.
Therefore, it remains unknown whether the altered feed-
forward sensorimotor mechanisms we observed are helpful
to protect the ankle or predispose individuals with CAI to
their self-reported injuries. Clearly, prospective studies are
needed to fully address these questions. It may also be
interesting in the future to explore long-term sensorimotor
consequences after an initial lateral ankle sprain.

Chronic ankle instability is associated with the develop-
ment of joint somatosensory deficits after LAS,48,49 which
would be implicated in a loss of feedback efficiency.
Although alterations in knee sagittal-plane kinematics after
landing could be explained by the centrally mediated
changes in sensorimotor control, some researchers50,51 have
argued that proximal joint alterations in neuromuscular
control associated with CAI may be occurring through
feedback sensorimotor mechanisms. With this experimental
procedure, it is difficult to examine whether the reductions
in knee sagittal-plane kinematics after landing resulted
from altered feedback sensorimotor control in the CAI
group in this study, because it is likely a mixed response of
preprogrammed and reactive neuromuscular control. There-
fore, a separate examination of these 2 mechanisms is
needed to determine whether feedback sensorimotor
mechanisms related to the CAI influence proximal joint
neuromuscular control during a jump-landing task.

Finally, in our current investigation we reported our
EMG measures only during a period from 100 ms
prelanding to 100 ms postlanding. We selected a time
point that would capture information to determine whether
differences in preparatory or reactive muscle-activation
pattern during the tasks would be observed between our
CAI and healthy control participants. Altered kinematic
patterns during a similar time frame of the preparatory
phase have been reported by previous investigators.6,10 The
time interval of the postlanding phase was used to quantify
the response of the quadriceps and hamstrings muscles after
ground contact because it has been demonstrated that an
LAS occurs quickly after the foot makes contact with the
ground.45 Although reporting only our selected time points
may be a limitation of the study, we are unaware whether
extending the time frame to 200 ms or more on either side
of the landing event would change our findings. Therefore,
further quantification of muscle-activation patterns during
additional time periods of the prelanding and postlanding
phases of the task is needed.

Clinical Implications

The information from this study may help clinicians and
researchers develop a better understanding of CAI and how
the sensorimotor system prepares for a predicted event
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during dynamic activity. Our findings confirm previous
reports that CAI is associated with altered knee sagittal-
plane kinematics after ground impact and provides
additional data that CAI may influence prelanding VMO
activation.

Although speculative for now, this may be an illustration
of central nervous system changes in the CAI patients we
observed; however, we do not yet know if this is a positive
or negative adaptation. Our results suggest the need to
consider the influence of CAI on global coordination during
functional tasks. Therefore, it is important for clinicians to
(1) treat CAI as a global and not just a local injury; (2)
evaluate the contributions of movement coordination at the
knee to functional performance in individuals with CAI;
and (3) address feed-forward sensorimotor control around
the knee during ankle rehabilitation.

Additionally, our data support the suggestion that the LH
was possibly less active during the stop-jump task in the
CAI group compared with the control group. Therefore, the
postlanding muscle response in these selected muscles may
be less in the CAI group than in the control group; however,
this relationship needs further exploration. These findings
may have important clinical implications regarding an
association between CAI and future proximal joint injury
because (1) less muscular effort after ground impact
increases the compressive impact force at the knee joint
and stresses the capsuloligamentous structures; and (2)
reduced LH activity coupled with a reduced knee-flexion
angle might be associated with an increased risk for anterior
cruciate ligament injury.

CONCLUSIONS

We demonstrated an increase in preparatory VMO
activation in the CAI group compared with the control
group during a vertical stop jump. This observation of a
potential reorganized feed-forward mechanism may pro-
vide additional insight into sensorimotor adaptations in the
CAI population. We also found decreases in knee-flexion
angle after initial ground contact with the force plate in
participants with CAI compared with the control group,
supporting the idea that centrally mediated changes to
sensorimotor control may exist. Within the scope of our
results, it is still unclear whether the observed preparatory
VMO activation and postlanding knee sagittal-plane
kinematics in the CAI group increase the risk for resprains
or protect the ankle joint. Thus, this question should be
addressed in a future prospective investigation. Last, data
on additional biomechanical and EMG variables are needed
to determine whether the relationships among these
variables provide insight regarding ankle-injury mecha-
nisms.
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