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Context: Deficits in lower limb kinematics and postural

stability are predisposing factors to the development of knee
ligamentous injury. The extent to which these deficits are
present after anterior cruciate ligament (ACL) reconstruction is
still largely unknown.
The primary hypothesis of the present study was that female
athletes who have undergone ACL reconstruction and who have
returned to sport participation would exhibit deficits in dynamic
postural stability as well as deficiencies in hip- and knee-joint
kinematics when compared with an age-, activity-, and sex-
matched uninjured control group.

Objective: To investigate dynamic postural stability as
quantified by the Star Excursion Balance Test (SEBT) and
simultaneous hip- and knee-joint kinematic profiles in female
athletes who have undergone ACL reconstruction.

Design: Descriptive laboratory study.

Setting: University motion-analysis laboratory.

Patients or Other Participants: Fourteen female athletes
who had previously undergone ACL reconstruction (ACL-R) and
17 age- and sex-matched uninjured controls.

Intervention(s): Each participant performed 3 trials of the

anterior, posterior-medial, and posterior-lateral directional com-
ponents of the SEBT.

Main Outcome Measure(s): Reach distances for each
directional component were quantified and expressed as a
percentage of leg length. Simultaneous hip- and knee-joint
kinematic profiles were recorded using a motion-analysis system.

Results: The ACL-R group had decreased reach distances
on the posterior-medial (P < .01) and posterior-lateral (P < .01)
directional components of the SEBT. During performance of the
directional components of the SEBT, ACL-R participants
demonstrated altered hip-joint frontal-, sagittal-, and transverse-
plane kinematic profiles (P < .05), as well as altered knee-joint
sagittal-plane kinematic profiles (P < .05).

Conclusions: Deficits in dynamic postural stability and
concomitant altered hip- and knee-joint kinematics are present
after ACL reconstruction and return to competitive activity. The
extent to which these deficits influence potential future injury is
worthy of investigation.

Key Words: anterior cruciate ligament, reconstruction,
kinematics, postural stability

SEBT.

Key Points

» Female athletes who have undergone anterior cruciate ligament (ACL) reconstruction and returned to full sport
participation have decreased dynamic postural stability as quantified by the posterior-medial, and posterior-lateral
reach directions of the Star Excursion Balance Test (SEBT).

e Female athletes who have undergone ACL reconstruction and returned to full sport participation have altered
kinematic patterns when performing the anterior, posterior-medial, and posterior-lateral reach directions of the

» Rehabilitation after ACL reconstruction should incorporate the SEBT as a dynamic postural-stability training tool and
an evaluative tool for monitoring rehabilitation progression.
* Ongoing neuromuscular-training programs should be incorporated into daily training and practice sessions of

athletes who have undergone ACL reconstruction.
nterior cruciate ligament (ACL) rupture is a sport
injury frequently incurred by athletes who are

A engaged in field and court sports and is of
particular concern for clinicians who specialize in the
treatment and rehabilitation of such athletes. A high
proportion of ACL injuries are the result of a noncontact
mechanism, with reports in the literature' * suggesting that

female athletes have a higher prevalence of noncontact
ACL injuries than male athletes.

Of particular concern to clinicians and surgeons is the
risk of a subsequent ACL injury after return to sport
participation after ACL reconstruction. Wright et al?
reported a reinjury incidence of 1 in 17 athletes, which is
considerably higher than other reported>® rates for initial
ACL injury of 1 in 60 to 100 athletes. In a 5-year follow-up
study of ACL-reconstructed (ACL-R) patients, Shelbourne
et al” noted that the risk of subsequent ACL injury to either
knee was 17% for patients younger than 18 years, 7% for
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Table 1. IKDC Subjective Knee Form and KOOS Subscale Results?

IKDC KOOSpain KOOSsymptoms KOOSapL KOOSsport KOOSkqoL
Control group 99.12 + 3.62 99.82 + 0.72 98.23 + 2.61 99.82 + 0.72 99.41 + 2.42 99.29 + 1.99
ACL-R group 82.18 = 11.83° 92.00 + 11.32° 85.78 = 9.29°  98.07 + 4.44 81.07 = 15.83° 72.00 + 15.15°
95% Confidence interval for the —-23.93, —9.84 1440, -125 —-17.93,-6.97 —4.33,0.83 —27.53, —9.15  —36.08, —18.50
mean difference between
groups
Effect size (n?) 0.24 (large) 0.14 (large) 0.23 (large) 0.08 (medium)  0.21 (large) 0.29 (large)

Abbreviations: ACL-R, anterior cruciate ligament reconstructed; IKDC, International Knee Documentation Committee Subjective Knee
Form; KOOS, Knee Injury and Osteoarthritis Outcome Score; KOOSap,, subscale for function in daily living; KOOSkqoL, subscale for knee-

related quality of life.

a Values are presented as mean = SD.
® Different from control group.

patients aged 18 to 25 years, and 4% for patients older than
25 years.

The neuromuscular system comprises all of the sensory-,
motor-, and central-integration and -processing components
that govern the maintenance of joint homeostasis during
dynamic movement and thus is responsible for overall
functional joint stability.® The ACL plays an integral role in
knee-joint proprioception,” and thus, ACL injury influences
lower limb neuromuscular control and joint stability.'®
Authors of a number of recently published studies'''* have
examined lower limb gait kinematics after ACL recon-
struction; all showed that knee-joint mechanics are altered
postsurgery. Studies using more challenging tasks, such as
pivoting and jump landing, have also demonstrated deficits
in knee-joint mechanics after ACL reconstruction.'*® The
results of the aforementioned studies, although informative,
are limited because the primary focus has been on knee-
joint mechanics with little consideration being given to
proximal structures. Delahunt et al'” observed altered hip-
and knee-joint angular displacements in female ACL-R
athletes who had returned to sport participation when
performing a high-velocity, high-load jump-landing sport-
specific task. In a systematic review, Quatman et al'®
suggested that neuromuscular deficiencies involving the
frontal, sagittal, and transverse planes are likely to be
implicated in the mechanism of and predisposition to
noncontact ACL injury. Direct support for the multiplanar
mechanism of injury is evidenced in a cohort study that
showed altered neuromuscular control of the hip and knee
joint and deficits in postural stability predicted reinjury
after ACL reconstruction.'®

Observing knee and hip kinematics while ACL-R athletes
perform a dynamic postural-control task may help to shed

Table 2. Star Excursion Balance Test Results?

Reach Direction

Anterior Posterior-medial Posterior-lateral

Control group 7125 + 435 105.06 = 7.68 98.87 *= 8.59
ACL-R group 68.54 + 3.82 96.06 = 7.56° 89.53 + 7.42°
95% Confidence —0.33, 5.76 3.37, 14.63 3.36, 15.30

interval for the

mean difference

between groups
Effect size (n?) 0.10 (moderate) 0.17 (large) 0.17 (large)

Abbreviation: ACL-R, anterior cruciate ligament reconstructed.

@ Values are presented as mean + SD and represent a percentage
of limb length.

b Different from control group.

light on deficiencies during activity and may contribute to
the development of more effective rehabilitation programs
after ACL reconstruction. One mechanism to accomplish
this would be to combine dynamic postural-stability
evaluation as quantified by the Star Excursion Balance
Test (SEBT) with simultaneous lower limb kinematic
evaluation using a motion-analysis capture system. Perfor-
mance on the SEBT places multiple demands on the
neuromuscular system and, thus, may facilitate the
identification of athletes who are at a greater risk of lower
limb injury.?® Previous authors®'** have reported that
participants with chronic ankle instability (CAI) have
decreased reach distances when compared with uninjured
participants, reflecting a deficiency in dynamic postural
stability. Furthermore, Gribble et al*? indicated that the
decreased reach distance observed in the CAI group could
be a manifestation of a decreased knee-flexion angle during
the test, an effect that was amplified by the induction of
muscular fatigue. To date, to our knowledge, only 1 group®?
has investigated dynamic postural stability as quantified by
the SEBT in ACL-injured athletes; reach distances were
decreased in the ACL-deficient group when compared with
an uninjured control group.

Considering the importance of dynamic postural stability
as a neuromuscular factor and its importance as a clinical
measure in predicting the risk of future injury,'*?° our
objective was to investigate dynamic postural stability as
quantified by the SEBT and simultaneous hip- and knee-
joint kinematics in participants with previous ACL
reconstructions. We hypothesized that, when compared
with an uninjured control group, the ACL-R female athletes
would demonstrate decreased reach distances on the SEBT
as well as deviations from the kinematic profiles observed
in the uninjured control group.

METHODS

Participants

Seventeen female athletes (age = 20.76 = 1.14 years,
height = 1.65 = 0.06 m, body mass = 65.38 *= 7.36 kg,
body mass index (BMI) = 23.82 =+ 2.42 kg/m?) volunteered
as controls. None of these athletes had previously
experienced a knee injury. All athletes played field or
court-based sports (eg, Gaelic football, soccer, hockey,
basketball) at the club or county level.

Fourteen recreational female athletes (age = 23.00 =
3.37 years, height = 1.64 = 0.05 m, body mass = 64.85 =
8.67 kg, BMI = 24.03 + 2.38 kg/m?) volunteered to
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Figure 1.

Hip-joint adduction-abduction angle during performance of the anterior directional component of the Star Excursion Balance

Test (SEBT). Adduction is positive; abduction is negative; values are mean = SEM. Shaded area = area of statistical significance. Dashed
line = point of maximum reach. Abbreviation: ACLR, anterior cruciate ligament-reconstructed.

participate. All athletes had previously experienced an
isolated noncontact ACL injury that required surgical
stabilization. Seven athletes had surgical stabilization using
a bone-patellar tendon-bone autograft, with the remaining
athletes having had a hamstring autograft. The mean time
from surgical stabilization to the study was 2.9 * 2.8 years
(range, 10 months—6 years). At the time of testing, all
athletes were fully engaged in field or court-based sports
(eg, Gaelic football, soccer, hockey, basketball) at the club
or county level, and no athlete was undergoing any form of
formal rehabilitation.

Procedures

All testing was undertaken in a university motion-
analysis laboratory. Each participant attended the laborato-
ry on 1 occasion. Upon arrival for the testing session, each
participant was informed and familiarized with the testing
procedure. All testing was supervised by a chartered
physiotherapist. Each participant signed an informed
consent form, which had previously been approved by the
University Human Research Ethics Committee, which also
approved the study.

Subjective Knee Questionnaires

All athletes were required to complete the International
Knee Documentation Committee (IKDC) Subjective Knee
Form as well as the Knee Injury and Osteoarthritis
Outcome Score (KOOS) subscales.

The IKDC Subjective Knee Form and KOOS are site-
specific instruments that were designed to measure
symptoms, function, and sport activity in patients with a
variety of knee conditions.>*?* Both instruments have been
validated for use with an ACL-R population.?>2°

The IKDC Subjective Knee Form consists of 18 items
related to knee-joint symptoms, function, and sport
activity.®* All items are summed to produce a single index
score, which can be used to interpret knee function; higher
scores represent higher levels of function and lower levels
of symptoms. A score of 100 is considered no limitation in
activities of daily living or sport activities and complete
absence of symptoms.?*

The KOOS is a 42 self-reporting instrument and
comprises 5 subscales: KOOS,,i, (9 items), KOOSymptoms
(7 items), KOOSpy. (function in daily living; 17 items),
KOOSg, 01 (5 items), and KOOSk o1, (knee-related quality
of life; 4 items). For each subscale, the score is normalized
to a 0—100 scale with higher scores representing better
levels of knee status.

By using both scales, we endeavored to determine how
ACL reconstruction influences overall knee-joint function
and symptoms as well as important specific domains such
as those included in the KOOS.

SEBT Performance

For the performance of the SEBT, participants initially
stood barefoot with their left and right feet on 2 adjacent
force plates. The directional components of the SEBT
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Figure 2. Hip-joint flexion-extension angle during performance of the anterior directional component of the Star Excursion Balance Test
(SEBT). Flexion is positive; extension is negative; values are mean = SEM. Shaded area = area of statistical significance. Dashed line =
point of maximum reach. Abbreviation: ACLR, anterior cruciate ligament-reconstructed.

chosen for the present investigation were the anterior,
posterior-medial, and posterior-lateral reach directions. The
decision to use these specific reach directions was based on
research by Plisky et al*® and Hertel et al.?’

Before each test session, participants were instructed in
the correct performance of the test and allowed 4 practice
trials in each of the chosen directional components, as
advocated by Robinson and Gribble.?® Three consecutive
trials in each direction were performed after a short rest
period. The order of performance of each directional
component was randomized across participants using a
random sequence of number generation.

While performing each reach direction, the participant
initially stood with the big toe positioned at the center of a
grid laid on the laboratory floor and extending from the
force plate directly under the stance (test) leg. Each trial
was initiated when the participant transitioned from double-
to single-legged stance, and the trial ended when she
returned to the double-legged stance position.?® The vertical
component of ground reaction force data was used to
determine the onset and end of each trial as previously
described in Delahunt et al.> For ease in quantifying each
reach distance, the line of each SEBT directional
component was simulated by a 1.5-m measuring tape.
Reach distances were read from the center of the grid to the
point of maximum reach, which was visually observed and
noted by one of the investigators. Reach distances were
divided by limb length, as measured from the anterior-
superior iliac spine to the ipsilateral medial malleolus, and

multiplied by 100 to calculate a dependent variable that
represents reach distance as a percentage of limb length.3°

During each trial, the participant placed her hands on her
hips while reaching in the specified directional component.
Furthermore, the participant was required to maintain
contact between the force plate and heel of the stance
(test) leg during each trial. A trial was deemed unsuccessful
if she failed to keep her hands on her hips, moved or lifted
the stance (test) foot, transferred weight onto the reach foot
when touching the measuring tape, failed to touch the tape,
failed to return the reach foot to the starting position, or lost
her balance and was unable to maintain a unilateral stance
position during the trial. Unsuccessful trials were discarded,
and additional trials were completed accordingly.

Kinematic Analysis

Kinematic data acquisition occurred at 200 Hz using 3
CODA mpx1 units (Charnwood Dynamics Ltd, Leicester-
shire, UK), which were fully integrated with 4 AMTI
(Watertown, MA) walkway embedded force plates (sam-
pled at 100 Hz).

We marked each participant’s specific anatomical
landmarks with a skin-marker pencil before recording her
anthropometric values and attaching the markers and
marker wands as outlined in Monaghan et al.’!*? The
markers and marker wands were applied by the same
investigator for all participants as follows. Markers were
positioned on the lateral aspect of the knee joint line in the
median frontal plane, the anterior aspect of the lateral
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Figure 3. Knee-joint flexion-extension angle during performance of the anterior directional component of the Star Excursion Balance Test
(SEBT). Flexion is positive; extension is negative; values are mean = SEM. Shaded area = area of statistical significance. Dashed line =
point of maximum reach. Abbreviation: ACLR, anterior cruciate ligament-reconstructed.

malleolus, the posterior-inferior lateral aspect of the heel,
and the lateral aspect of the fifth metatarsal head. Wands
with anterior and posterior markers attached were posi-
tioned on the pelvis and sacrum, the thigh, and the shank.
This specific marker and wand setup has been previously
used in our laboratory.3' > A neutral-stance trial was used
to align the participant with the laboratory coordinate
system and to function as a reference position for
subsequent kinematic analysis.

Kinematic data were calculated by comparing the angular
orientations of the coordinate systems of adjacent limb
segments using the angular coupling set “Euler Angles” to
represent clinical rotations in 3 dimensions. Marker
positions within a Cartesian frame are processed into
rotation angles using vector algebra and trigonometry
(CODA mpx30 User Guide, Charnwood Dynamics Ltd,
Leicestershire, UK). Joint angular displacements were
calculated for the hip and knee joints in the sagittal,
frontal, and transverse planes. Kinematic data were
analyzed using the CODA software, with the following
axis conventions: X axis = frontal-plane motion; y =
sagittal-plane motion; z = transverse-plane motion. Kine-
matic data for each SEBT trial were extracted and
converted to Microsoft Excel file format by converting
the number of output samples to 100 + 1 in the data-export
option of the CODA software, which represented the
complete SEBT trial as 100%, for averaging and further
analysis. The 3 normalized trials for each participant for
each reach direction were combined to create an average
ensemble curve for each participant, with group profiles

then being calculated. This specific analysis technique has
previously been used in our laboratory.?'3

Statistical Analysis

The sample size calculation for the present study was
based on data previously published by Herrington et al,?
who showed a difference in SEBT performance between
ACL-deficient and control participants. The computed
effect size for the difference in reach distance between
the ACL-deficient and control participants in the anterior
direction was 1.3. An a priori sample size of 14 participants
per group was computed using G*Power*® considering the
following values: oo =.05, 1 — B =.9.

Independent-samples ¢ tests were used to assess differ-
ences in the IKDC Subjective Knee Form and KOOS
subscale scores (PASW Statistics, 24 Version 18.0, IBM
Corporation, NY). Associated effect sizes (n?) were
calculated using the formula as described in Pallant:7 %/
>+ (N1 + N2 — 2) and quantified according to Cohen’® as
0.01 = small effect size, 0.06 = medium effect size, and
0.14 = large effect size. The level of significance was set at
P < .05.

Independent-samples ¢ tests were used to test for
differences in normalized reach distances on the SEBT.
Associated effect sizes (n?) were calculated using the
formula as described in Pallant:*” /£ + (N1 + N2 — 2) and
quantified according to Cohen?® as noted earlier. The level
of significance was set at P < .05. However, due to the
highly correlational nature of these data, an adjusted P
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Figure 4. Hip-joint adduction-abduction angle during performance of the posterior-medial directional component of the Star Excursion
Balance Test (SEBT). Adduction is positive; abduction is negative; values are mean = SEM. Shaded area = area of statistical significance.
Dashed line = point of maximum reach. Abbreviation: ACLR, anterior cruciate ligament-reconstructed.

value of (0.05/3) and therefore an o level of P < .016 was
set for all comparisons.

Time-averaged profiles for hip- and knee-joint kine-
matics were calculated for each participant, with group
mean profiles then being calculated. Differences in ACL-
R and control group time-averaged profiles were tested
for statistical significance using independent-samples ¢
tests for each data point. This specific analysis technique
has previously been used in our laboratory.’'3> Effect
sizes were not calculated for this part of the data analysis
due to the number of separate comparisons for each
kinematic variable. The level of significance was set at P
< .05.

RESULTS

Subjective Knee Questionnaires

The Levene test for equality of variance revealed that the
assumption of equal variance was violated for all subjective
measures. The ACL-R participants differed from the
control participants on the IKDC Subjective Knee Form
(P < .001), as well as on the KOOS,,, (P < .05),
KOOSgymptoms (P < .001), KOOS,or (P < .05), and
KOOSkqor (P < .001). The associated effects sizes were
large (Table 1). No difference was seen between the ACL-
R participants and the control participants on the KOOS o
(P > .05).

SEBT Performance

A difference between groups was observed for both the
posterior-medial (P < .005) and posterior-lateral reach
directions (P < .005). The associated effect sizes were both
0.17, indicating a large effect size for both directions (Table
2). No difference between groups was observed for the
anterior reach direction (P > .016), with an associated
moderate effect size of 0.10 (Table 2).

Kinematics

Differences were observed between the kinematic
profiles of the ACL-R group and control group during
performance of the anterior, posterior-medial, and posteri-
or-lateral directional components of the SEBT (Figures 1—
9). Kinematic differences were observed for hip-joint
frontal-, sagittal-, and transverse-plane motion, as well as
knee-joint sagittal-plane motion.

During performance of the anterior reach direction, the
ACL-R group differed from the control group (P < .05),
exhibiting increased hip adduction (entire trial, Figure 1),
less hip flexion (3%—89% of trial, Figure 2), and less knee
flexion (12%—65% of trial, Figure 3).

During performance of the posterior-medial reach
direction, the ACL-R group differed from the control
group (P < .05), exhibiting increased hip adduction (34%—
37% of trial, Figure 4), less hip flexion (59%—71% of trial,
Figure 5), and less knee flexion (50%—95% of trial, Figure
6).
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Figure 5. Hip-joint flexion-extension angle during performance of the posterior-medial directional component of the Star Excursion
Balance Test (SEBT). Flexion is positive; extension is negative; values are mean + SEM. Shaded area = area of statistical significance.
Dashed line = point of maximum reach. Abbreviation: ACLR, anterior cruciate ligament-reconstructed.

During performance of the posterior-lateral reach direc-
tion, the ACL-R group differed significantly from the
control group (P < .05), exhibiting increased hip adduction
(94%—100% of trial, Figure 7), less hip external rotation
(14%—53% and 79%—86%, Figure 8), as well as less knee
flexion (19%—72% and 89%—100% of trial, Figure 9).

DISCUSSION

The specific aim of our study was to investigate dynamic
postural stability, as quantified by the SEBT, and
simultaneous hip- and knee-joint kinematic profiles in
female athletes who have undergone ACL reconstruction.
The results indicated that ACL-R athletes displayed
decreased normalized reach distances on the posterior-
medial and posterior-lateral reach directions of the SEBT
when compared with an uninjured control group. Further-
more, specific kinematic differences were observed be-
tween the groups.

Subjective Knee Questionnaires

We observed a difference for the IKDC Subjective Knee
Form scores between the ACL-R and control groups. The
effect size was large, which is consistent with the clinically
meaningful effect based on a >9-point difference between
the groups.'? Our results compare favorably with those of
Lee et al** who reported that, at 5 years after ACL
reconstruction, the mean IKDC Subjective Knee Form
score was 79.5.

We noted a difference between the ACL-R and control
groups on 4 of the KOOS subscales. The associated effect
sizes were all large, which is consistent with the clinically
meaningful effect based on a 10-point difference between
the groups,”® which is also supported by previously
published data.**#!

Even upon return to full sport participation, female
athletes who have undergone ACL reconstruction still
report deficits in knee function and ongoing knee
symptoms, which affect their sport performance and quality
of life. Taken together, the results of the IKDC Subjective
Knee Form and KOOS subscales suggest that consideration
should be given to ongoing therapeutic intervention after
return to sport following ACL reconstruction; too often,
interventions are discontinued by athletes and clinicians
after return to play.

SEBT Performance

A recent systematic review has suggested that future
authors examining postural stability in patients undergoing
ACL reconstruction or after reconstruction should focus on
assessments using dynamic postural-stability tasks.** The
SEBT has been previously established as a reliable and
sensitive measure of dynamic postural stability.*>#* Al-
though the SEBT has been most often used as a measure of
dynamic postural stability in participants with CAL** to
date, only 1 paper has been published on SEBT
performance and ACL injury.??
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Figure 6. Knee-joint flexion-extension angle during performance of the posterior-medial directional component of the Star Excursion
Balance Test (SEBT). Flexion is positive; extension is negative; values are mean + SEM. Shaded area = area of statistical significance.
Dashed line = point of maximum reach. Abbreviation: ACLR, anterior cruciate ligament-reconstructed.

Our results support our original hypothesis that ACL-R
female athletes would demonstrate decreased postural
stability on specific directional components of the SEBT
when compared with an age-, sex-, and activity-matched
uninjured control group and are in agreement with previous
findings that competitive athletes who have returned to full
sport participation after ACL reconstruction still exhibit
postural-control deficits.>%>!

In the present study, ACL-R participants’ reach distances
on the posterior-medial and posterior-lateral directions of
the SEBT were decreased. These observations are in
agreement with those of Herrington et al,”® who reported
similar deficits in reach distances in ACL-deficient athletes.
We hypothesize that the decreased performance on the
posterior-medial and posterior-lateral directional compo-
nents could be a manifestation of the multiplanar
neuromuscular demands and rotator torques required
around the hip and knee joints associated with these
directional components. The potential link between de-
creased reach distances and joint angular displacements
will be discussed in the next section (Kinematics).
Interestingly, no between-groups difference was observed
for the anterior reach direction.

A deficit in postural stability is a risk factor for future
lower limb injury.?>>? Thus, intervention programs after
ACL injury should emphasize both static and dynamic
postural-stability training because we have shown that
postural-stability deficits are still evident, even after return
to full sport participation, in ACL-R female athletes.

Kinematics

Our ACL-R group was characterized by multiplanar hip-
and knee-joint kinematic deficiencies when compared with
the control group while undergoing dynamic postural-
stability testing on the SEBT. Several theories regarding the
mechanism of ACL injury exist in the published literature
and are eloquently described by Quatman et al'® in a recent
systematic review. The sagittal-plane mechanism of ACL
injury is based on the premise that the ACL is the primary
restraint to anterior translation of the tibia®>>* and that, at
low knee-flexion angles, the sagittal-plane displacement of
the tibia is increased.’>® Furthermore, it is postulated that
the small knee-flexion angle commonly observed with ACL
injury allows a powerful contraction of the quadriceps,
which has sufficient force to cause excessive anterior tibial
translation and subsequent ACL injury.’”®° In our study,
decreased knee flexion in the ACL-R group during
performance of the 3 SEBT reach directions was a
consistent finding, thus supporting previously published
data concerning a sagittal-plane deficit association with
ACL injury. The frontal-plane mechanism of ACL injury is
based on the premise that knee-joint abduction collapse is
the inciting event.®!%> A prospective study by Hewett et al®?
indicated that female athletes who sustained a noncontact
ACL injury during the study period exhibited a greater
knee-valgus kinematic profile during a drop vertical jump
when compared with athletes who did not sustain such an
injury. More recently published literature'®** suggested
that ACL injury is most likely the result of multiplanar
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neuromuscular deficits. The present results are consistent
with the literature suggesting that ACL injury is associated
with multiplanar movement deficiencies. Specifically,
differences in frontal- and transverse-plane hip-joint
kinematics were observed between the ACL-R and control
groups, with the ACL-R group being characterized by
increased hip-joint adduction and internal rotation.

During performance of the anterior reach direction of the
SEBT, the ACL-R group was characterized by a more
adducted position of the hip joint throughout the entire trial.
They also displayed less hip flexion from 3% to 89% of the
trial as well as less knee flexion from 12% to 65% of the
trial. However, even though the aforementioned kinematic
deficits were observed, the ACL-R group did not differ
from the control group in anterior reach distance. Previous
researchers® have suggested that performance in the
anterior reach direction of the SEBT is influenced by
sagittal-plane kinematics. Participants with CAI are char-
acterized by less hip and knee flexion while performing the
anterior reach direction of the SEBT,*? a finding consistent
with our results. Even though significant emphasis has been
placed on the importance of sagittal-plane kinematics for
performance of the anterior direction of the SEBT,® the
decreased hip and knee flexion in the ACL-R group did not
translate to a decreased anterior reach distance. We believe
that the absence of a between-groups difference in reach
distance anteriorly may be attributed to the observed
ipsilateral increased hip adduction in the ACL-R group.
This ipsilateral increased hip adduction essentially creates a
Trendelenburg position, with lengthening of the contralat-

eral limb and a subsequent increased anterior reach, a
finding supported by Zeller et al,’® who observed that
single-legged squat mechanics are influenced by frontal-
plane hip-joint position. However, further support of this
theory needs full validation.

During performance of the posterior-medial reach
direction of the SEBT, the ACL-R group displayed a more
adducted position of the hip joint from 34% to 37% of the
trial, as well as less hip flexion from 59% to 71% of the
trial. They also exhibited less knee flexion from 50% to
95% of the trial. The decreased hip and knee flexion
observed during the trial may be a manifestation of a deficit
in quadriceps strength, but this would require further
validation because we did not measure this variable.

During performance of the posterior-lateral reach direc-
tion of the SEBT, the ACL-R group was characterized by
more hip internal rotation from 14% to 53% and 79% to
86% of the trial. Less knee flexion from 19% to 72% and
89% to 100% of the trial was also observed. In contrast to
the anterior reach direction, we believe that the increased
adducted position of the hip joint during the posterior-
medial reach direction and the increased internally rotated
position of the hip joint during the posterior-lateral reach
direction could be contributing to the observed decreased
reach distance in both these directions. To a greater extent,
the body’s trunk and center of mass are influenced by hip-
joint frontal- and transverse-plane motion while reaching in
the posterior-medial and posterior-lateral reach directions
of the SEBT when compared with the anterior reach
direction. Greater hip adduction during the posterior-medial
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Figure 8. Hip-joint internal-external rotation angle during performance of the posterior-lateral directional component of the Star
Excursion Balance Test (SEBT). Internal rotation is positive; external rotation is negative; values are mean = SEM. Shaded area — area of
statistical significance. Dashed line = point of maximum reach. Abbreviation: ACLR, anterior cruciate ligament-reconstructed.

reach direction and greater hip internal rotation during the
posterior-lateral reach direction cause lateral deviation of
the trunk. Consequently, these changes in hip-joint frontal-
and transverse-plane motion place greater rotary loads on
the knee joint than those observed with sagittal-plane
reaching. This may result in greater apprehension on the
part of the ACL-R group, with a consequent decrease in
reach distance in the posterior-medial and posterior-lateral
reach directions. Further research is necessary to determine
whether this is the case. However, recent evidence to
support the connection among trunk position, knee-joint
loading, and subsequent ACL injury has been put forth by
Hewett et al,®” whereby lateral deviation of the trunk with
respect to the ACL-injured limb was observed as part of the
injury mechanism.

These observations concur with previous findings in the
literature that female athletes perform jump landings with
less hip and knee flexion.*” Furthermore, Delahunt et al'’
reported altered hip-joint frontal- and transverse-plane
angular displacements in ACL-R female athletes during
drop vertical-jump testing. Thus, these deficits seem to be
consistent, even during a less demanding task such as
dynamic postural stability, as assessed by performance in
specific reach directions of the SEBT. Our results suggest
that, after return to athletic participation, ACL-R female
athletes still exhibit deficits in hip-joint sagittal-, frontal-,
and transverse-plane kinematics, as well as knee-joint
sagittal-plane kinematics. The exact consequence of these
deficits and their potential influence on future injury,
however, cannot yet be fully elucidated. Thus, prospective

studies are now required to determine the extent to which
altered lower limb kinematics influence future injury risk in
ACL-R athletes.

Altered lower limb kinematics during the performance
of different landing tasks after ACL reconstruction are
commonly reported in the literature.'*'” However, no
previous authors have reported on the kinematic profiles
of female ACL-R athletes during the performance of a
dynamic postural stability task such as the SEBT.
Nonetheless, it is possible to suggest that the same
rehabilitation principles could be applicable to both
situations. Deficits in neuromuscular control as manifest-
ed by aberrant lower limb kinematic profiles are a
modifiable risk factor for future injury or reinjury after
initial injury.®® Neuromuscular training programs incor-
porating correction of landing techniques, posterior chain
and core strengthening, plyometrics, and postural stabil-
ity have been successfully implemented to reduce the risk
of initial ACL injury.®® We suggest that similar protocols
should be implemented after ACL reconstruction. It is the
clinician’s responsibility to complete a thorough evalu-
ation and develop an exercise program that addresses
those specific deficits that are present in ACL-R athletes.
This will ensure better functional outcomes after ACL
reconstruction and help prevent recurrent injury, as well
as improve physiotherapeutic and athletic training
methods in general. We suggest that performance on the
SEBT could be used as an evaluative tool to monitor
improvements in dynamic postural-stability performance,
lower limb alignment, coordination, and neuromuscular
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Figure 9. Knee-joint flexion-extension angle during performance of the posterior-lateral directional component of the Star Excursion
Balance Test (SEBT). Flexion is positive; extension is negative; values are mean + SEM. Shaded area = area of statistical significance.
Dashed line = point of maximum reach. Abbreviation: ACLR, anterior cruciate ligament-reconstructed.

control after ACL reconstruction. Treating clinicians
should be aware of the correct execution of movement
patterns while providing continuing feedback to athletes
regarding potentially injurious movement patterns, which
have been shown to be linked with ACL injury
mechanisms, '?-20:64:67

The potential mechanisms underlying the kinematic
differences observed in the present study can only be
hypothesized. Two potential mechanisms exist. Firstly, the
observed aberrant lower limb kinematic profiles may have
been present before the ACL injury. Recently published
literature®®’® suggests that lower limb kinematic and
kinetic changes during puberty may result in an increased
risk of knee injury in female athletes when compared with
age-matched male athletes. Thus, it is possible that the
aberrant lower limb kinematic profiles we observed were
present even before the inciting event. Alternatively, the
observed aberrant lower limb kinematics could be a
manifestation of altered motor programming. Johansson et
al’ suggested that ligament injury, through its influence on
the ¥ muscle spindle system, could cause sensory feedback
that does not fit the existing motor program. Consequent-
ly, this may in turn induce errors in the normal activation
sequence of muscles, resulting in altered joint kinematics.
However, we did not measure lower limb muscle activity;
thus, future research is warranted to investigate the altered
motor-programming mechanism.

Clinical Applications

The presence of the observed aberrant lower limb
kinematics at an average of 2.9 years after ACL
reconstruction warrants consideration. Evidence-based
clinical practice involves the conscientious, judicious, and
explicit use of current clinical evidence to support decisions
regarding patient care.”' Although empirical clinical
judgments are often indicated, to maintain the highest
standards of rehabilitation care, physiotherapists and
athletic trainers must ensure that they have a correct
understanding of those neuromuscular deficits that are
present after ACL injury. Recent evidence regarding the
neuromuscular deficits present in participants with CAI
suggests that this may not be the case,’* with experienced
clinicians displaying a less-than-satisfactory understanding
of the neuromuscular deficits associated with CAI. We
hypothesize that this may be the case regarding ACL injury.
Further research should be undertaken to determine
clinicians’ understanding of the neuromuscular deficits
associated with ACL injury. Furthermore, the results of the
present study indicate that rehabilitation should not stop
after athletes are deemed ready for return to full sporting
participation. Continuing neuromuscular programs should
be incorporated into daily training and practice sessions
under the guidance of a suitably qualified rehabilitation
specialist. We would also advocate the use of video-based
biomechanical screening of high-velocity, high-load ath-
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letic tasks as part of the decision process regarding
suitability for return to play.

CONCLUSIONS

One of the most important risk factors for ACL injury is a
history of previous ACL injury. This is particularly true for
athletes who return to sport participation. Deficits in
postural stability and lower limb kinematics have been
previously shown to be risk factors for ACL injury. The
extent to which athletes recover postural stability and
associated lower limb kinematics profiles after ACL
reconstruction has yet to be investigated. Thus, our aim
was to clarify this issue. The ACL-R athletes included in
the present study reported significantly and clinically
meaningful decreased functional status as quantified by
the IKDC Subjective Knee Form and KOOS subscales at a
mean of 2.9 years after ACL reconstruction. Deficits in
dynamic postural stability were evident during performance
of the posterior-medial and posterior-lateral directional
components of the SEBT. Associated deficits in hip-joint
sagittal frontal-, and transverse-plane and knee-joint
sagittal-plane kinematic profiles were also evident. The
observed deficits during performance of the directional
components of the SEBT are modifiable and thus emphasis
should be placed on rehabilitation programs after ACL
reconstruction, which could address such postural-stability
deficits and associated aberrant kinematic profiles.
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