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Abstract
Postural sway is defined as the movement of a body’s center of mass within the base of support to
maintain postural equilibrium. Deficits in postural sway are present after ACL injury; however,
current evidence linking it to future injury risk is unclear. The purpose of this study was to
determine if postural sway deficits persist after ACL reconstruction (ACLR). The hypothesis
tested was that after ACLR, patients who return to sport (RTS) would demonstrate differences in
postural sway compared to control (CTRL) subjects. Fifty-six subjects with unilateral ACLR
released to RTS, and 42 uninjured CTRL subjects participated. Dynamic postural sway was
assessed and 3-way (2×2×2) ANOVA was used to analyze the variables. A side X group X sex
(p=0.044) interaction in postural sway was observed. A side X group analysis also revealed an
interaction (p=0.04) however, no effect of sex was observed (p=0.23). Analysis within the ACLR
cohort showed less (p=0.001) postural sway on the involved side (1.82 ± 0.84°) versus the
uninvolved side (2.07 ± 0.96°). No side-to-side differences (p=0.73) were observed in the CTRL
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group. The involved limb of subjects after ACLR demonstrated the least postural sway. In
conclusion, these findings indicate that dynamic postural sway may be significantly altered in a
population of athletes after ACLR and RTS compared to CTRL subjects. Further investigation is
needed to determine if deficits in postural sway can be used as an effective criterion to assist in the
decision to safely RTS after ACLR.
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INTRODUCTION
The incidence of ACL injury is high among young, active, individuals 1 with the most
frequent medical management being surgical reconstruction. Injury to the ACL results in
biomechanical changes at the tibiofemoral joint as well as deficits in proprioceptive
feedback and sensorimotor function.2–4 While ACLR may successfully restore the
mechanical stability of the knee; the resolution of certain proprioceptive measures and its
importance in return to sport decision-making, remains controversial.5,6

Proprioception of the knee joint as defined by Lephart et al7 is afferent information from the
joint that contributes to sensation, posture and joint stability. Various assessment tools were
traditionally used to quantify deficits in proprioceptive function after ACL injury and
focused on static measures of joint position sense or the patient’s ability to detect the onset
of passive motion.2–4 Collectively, these authors suggested the presence of altered position
sense and deficits in movement perception after ACL injury2,8 as well residual impairments
after ACLR.3,4 However, some authors have argued that these assessment methods lacked
applicability to assess functional status, as they frequently use passive movements, assessed
in non-weight bearing positions.7

Recent attempts to quantify proprioception with corollary measures have included
assessment of dynamic postural stability and postural sway. Deficits in postural stability
(total motion of the center of pressure of the foot) are reported post ACL injury,9 with
subsequent improvement after surgical reconstruction.9,10 In these cases, postural stability
was defined as a dynamic postural response to an applied or volitional perturbation and was
assessed by measurement of the deviation from a level position on a moveable force
platform. Although this methodology represents a functional dynamic tool, what was not
gleaned from these studies was the patient’s variability of movement within each test trial.
Postural sway is a distinct measure and is defined as the movement of a body’s center of
mass within the base of support to maintain postural equilibrium.7 The magnitude and
pattern of postural sway is the result of a dynamic incorporation of sensory inputs from the
trunk and lower extremity, in addition to a coordinated neuromuscular response. Objective
measures of postural sway in a variety of patient populations are prevalent in the literature.
These measures included linear and non-linear measures to determine the optimal variability
of movement in both normal and pathologic conditions.11–13 These data indicate that
normal, healthy individuals have an optimal range of postural sway between abnormal states
of excessive or insufficient sway.12

Early investigations of postural sway after ACL injury were controversial. The literature
regarding the effect of variables that increase the complexity of the task, such as single limb
stance or visual occlusion, on measures of postural sway after ACLR remain contradictory,
but may be critical for assessing the complexity of postural deficits after ACL injury and
ACLR.14,15 Initial investigations of postural sway on a fixed force plate did not report
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altered sway in patients after ACL injury14,15 or ACLR. 16 Conversely, a significant
increase in postural sway while standing on a flat, unmovable force plate existed when the
difficulty of the task was increased by removing visual input. 14,15 Furthermore, as studies
increased the challenge of the balance task with the use of movable force plates, additional
deficits were revealed. Finally, more robust measures that capture the complexity and
difficulty of postural sway maintenance in a “less controlled environment” such as the
playing field situation may reveal deficits that may be otherwise missed in simple controlled
task.

The purpose of this study was to determine if postural sway deficits during single limb
stance on a dynamic, movable platform persist in subjects following ACLR and completion
of rehabilitation prior to their return to sport (RTS). The hypothesis tested was that after
ACLR, young athletes who returned to sport would demonstrate significant differences in
single limb postural sway compared to a cohort of healthy control subjects.

METHODS
Subjects

We recruited 98 subjects between the ages of 10 and 25 years old to participate in this
prospective, cohort study. The ACLR group included 56 subjects (35 females) who had
recently undergone ACL reconstruction, completed their rehabilitation and had been cleared
to return to sports.17 Patients were eligible for inclusion if they intended to return to greater
than 50 hours per year of jumping, pivoting or cutting activity (Level I/II sports per Daniel
et al.18), no prior history of a contralateral ACL injury and no recent history of an ankle, hip,
spine or contralateral knee injury in the past 12 months. The control (CTRL) group included
42 subjects (29 females) recruited from the community, who also participated in comparable
activities. The control group had no prior history of ACL injury and otherwise identical
inclusion criteria. Demographic data for the study sample are displayed in table 1. All
testing was approved by the Institutional Review Boards.

Testing Protocol
Postural Sway Assessment—After demographic data were collected, dynamic postural
sway was assessed using the Biodex Balance System SD (BSS) (Biodex, Shirley, NY). The
subject was positioned and balanced centrally on a single limb in the center of the dynamic,
unstable platform. The subject stood with the test limb in slight flexion (less than 10
degrees) with the contralateral limb flexed and both arms crossed (Figure 1). The subject
was instructed to maintain a stable posture on the platform for 20 seconds while the stability
system was set at a level 4 stability setting. The stability setting of the Biodex SD system
ranges from 1 to 8 with 1 being the least stable setting and 8 being the most stable setting.
The subject executed this 20 second trial 3 times on each limb. Limb testing order was
randomized and all testing was completed with eyes open with no visual feedback on
performance. During each trial, the Balance System recorded the displacement of the
platform away from a level position in degrees. This displacement represented the patient’s
postural stability. In addition, the standard deviation of the movement was recorded to
represent the variability of movement in degrees. This standard deviation represented
postural sway and was the variable of interest in this study. Figure 2 provides examples of
postural stability and postural sway outcome tracings provided by the BSS. Subjects may
demonstrate altered postural stability and postural sway as seen in figure 2A, or an
independent deficit in postural stability with minimal variability or postural sway as seen in
figure 2C. Figure 2B represents optimal postural stability and minimal postural sway.
Altered postural stability as measured on the BSS can be the result of erratic movement of
the platform (figure 2a) or a consistently deviated position of the platform (figure 2c). The
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generated data represented the overall stability as well as deviations in the anterior-posterior
and medial and lateral direction. These methods have been previously reported with high
reliability.19

Statistical Analysis
Independent t-tests were used to assess mean differences in demographic characteristics
between ACLR and CTRL subjects. A 3-way (2×2×2) analysis of variance (ANOVA) was
used to analyze the relationships between side (involved vs. uninvolved), group (ACLR vs.
CTRL) and sex (female vs. male) on postural sway. The involved limb of the ACLR
subjects was matched to the non-preferred limb of the CTRL subjects, and the uninvolved
limb of the ACLR group was matched to the preferred limb of the CTRL group. Additional
analyses inclusive of ANOVA’s and paired t-tests were used to examine group differences.
The preferred limb of the CTRL group was determined by which foot initially hit the ground
during a bipedal, drop vertical jump task, as was previously reported in the literature.17 Data
were analyzed using PASW (SPSS version 17.0, Chicago, IL).

RESULTS
Selected baseline characteristics by ACLR or CTRL status are reported in Table 1.
Independent t-tests indicated no differences in mean age, height, weight and body mass
index between the ACLR and CTRL groups (p>0.05). When sex differences were assessed
independently within the ACLR and CTRL groups, a significant sex difference in height
was seen within both ACLR and CTRL groups (p=0.04) and weight within the ACLR group
(p=0.05). The participants in the ACLR group returned to competitive sport participation
after surgery (mean ± SD RTS time, 6.9 ± 1.7 months) and were tested within 4 weeks of
RTS.

The analysis of postural sway showed a significant side X group X sex (F (1, 94) = 4.180,
p=0.04) interaction. A 2 × 2 analysis of the effect of side X group also revealed a significant
interaction (F (1, 94) = 4.362, p=0.04). However, a sex X side interaction was not observed
(F (1, 94) = 1.469, p=0.23) in this cohort, which indicated that sex did not have an effect on
the dependent variable. Additional analyses within the ACLR cohort demonstrated a
significant main effect of side (p=0.001). Specifically, the involved limb in the ACLR
cohort displayed decreased postural sway (1.82 ± 0.84°) relative to the uninvolved limb
(2.07 ± 0.96°) (Figure 2). Conversely, no side-to-side differences (p=0.73) were observed in
the control group. Postural sway while standing on the non-preferred limb within the control
group (1.96 ± 0.94°) was not significantly different from the postural sway on the preferred
limb (2.01 ± 1.02°). (Figure 3) The involved limb of subjects after ACLR demonstrated less
postural sway compared to the contralateral limb and both limbs of the control subjects.

Discussion
The results support the hypotheses that postural sway was altered after ACLR despite
completion of a rehabilitation program and clearance to RTS. Specifically, the involved limb
in patients after ACLR presented with less amplitude of postural sway when compared to
their contralateral limb as well as both limbs of the healthy, control group. These results
failed to elucidate any sex differences in postural sway after ACLR at the time of RTS.

Given the novel methodology of our study, these results provide unique evidence to the
postural sway debate in patients after ACL injured. Methodological inconsistencies among
previous studies in the literature have led to contradictory results related to postural
control.20 Specifically, the methods used to assess postural control are widely varied. Our
study represents a novel attempt to report the variability of postural sway amplitude using

Paterno et al. Page 4

Gait Posture. Author manuscript; available in PMC 2014 May 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



the BSS in subjects after ACLR. Prior studies, which used the BSS reported postural
stability, as a measure of deviation from a level platform but did not account for the
variability of the postural sway amplitude. A prior report that used the BSS set at Level 4 to
assess single limb stability on a dynamic surface in patients less than 12 months after ACLR
noted altered postural stability, that is, an increase amplitude of deviations of the platform
relative to an activity matched control group.9 Similar deficits in postural stability and sway
were consistently identified in populations of ACL deficient athletes while standing on a
single limb.15,21–23 In studies using a similar or more stable platform setting, these deficits
were no longer present when patients were 12–18 month post-ACLR.9,10

Alonso et al.11 assessed postural stability and sway in patients after ACLR, activity-matched
subjects and sedentary controls using the BSS on a more unstable setting (level 2). They
reported subjects in the ACLR group presented with less postural stability and postural sway
in their ACLR limb compared to the contralateral limb and both limbs of the activity
matched control group. Unlike our findings, these authors noted that reduction in magnitude
was consistent with both limbs of the sedentary control group. Lamoth et al12 also reported
similar differences in postural control between control subjects with varied levels of athletic
abilities. Alonso et al.11 reported an increased stability with a more complex task, which
may be indicative of the presence of less compensatory mechanisms or strategies to maintain
stability on the dynamic platform. As a result, in the absence of the ability to create a more
dynamic, coordinated response to the external stress, the subjects may have simply co-
contracted their lower extremity musculature in an attempt to create a more static, stable
posture.

Attempts to quantify additional measures of postural control in patients after ACLR have
yielded a variety of results.24 Several authors measured sway amplitude in patients 18–36
months after ACLR and noted increased sway after ACLR compared to activity-matched
controls.14,23 All subjects in these studies were compared to control subjects who
participated in similar levels of activity. Unlike findings reported by Alonso et al.,11 these
authors did not observe deficits during sway in a double limb stance position.14,15,23 Finally,
visual input was identified by several authors as a primary compensatory mechanism in the
presence of ACL-deficiency.15,21 Collectively, these studies may demonstrate an optimal
condition may exist, with an appropriate level of complexity, to accurately identify deficits
in postural sway after ACLR. However, due to the varying methodology and the lack of
standardization in regards to the optimal variable to assess postural sway, the optimal
amount of postural sway after ACLR remains undetermined.

Additional methods to quantify sway, inclusive of the magnitude and pattern of sway, in a
variety of populations have occurred. Historically, an assessment of center of pressure
(COP) trajectory was used to assess postural sway. Recent techniques used to analyze the
quantity and qualitative pattern of sway have identified unique results.25 In the healthy
subjects, Riley et al.25 noted that as the complexity of the task increased the movement
became much less random (and more deterministic). Lamoth et al.12 also reported a more
deterministic pattern of sway in sedentary subjects compared to more athletic subjects.
Similar results of less random movement were seen in populations where the complexity of
the movement task was increased inherently due to some pathology or injury such as
patients with cerebral palsy,26 post cerebral vascular accident,27 and in patients with
Parkinson’s disease.13 This pattern has also been reported in patients with ACL deficiency.
More deterministic movements result in less flexibility of the neuromuscular system to adapt
to perturbations.28 Together, these studies indicated that a level of variability in movement
was healthy and may be related to a greater ability to adapt to stress or perturbation from the
environment.12
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Corroborative of the present findings, these authors suggested subjects with an inherent
injury or those with less skill possessed a lack of dynamic motor strategies to adapt to a
change in environment resulting in a more deterministic movement pattern. Conversely, in
the absence of injury, an individual may possess greater compensatory strategies when faced
with a challenge to their postural balance, and may demonstrate a more random pattern of
sway. If a reduction in postural sway as measured by a dynamic stability platform, as
observed in our study, in subjects after ACLR at the time of RTS, correlates with a more
determinist or less random sway pattern, increased risk of injury may exist in these patients.
Future studies should attempt to determine the relationship between postural sway as
measured on a dynamic platform and deterministic movement patterns through nonlinear
analyses. In addition, the relationship between less random sway patterns and future injury
should be examined as this tool could potentially serve as a useful screening tool to identify
individuals at increased risk for future injury and ultimately use to determine readiness to
RTS after ACLR. Finally, optimal rehabilitation interventions that address these deficits
should be identified.

LIMITATIONS
This study represents a novel attempt to report changes in linear measures of postural sway
with a strong prospective study design. However, limitations of this study are noted. While
this study design allowed for an identification of differences between athletes, it was unable
to determine if the deficits in the involved limb of the ACLR group were similar to a
sedentary population, as described by Alonso et al,11 due to the athletic nature of the CTRL
group. Secondly, while the study was able to quantify the variability of the magnitude of
postural sway on a dynamic platform, it was not able to report on the pattern of sway to
determine the randomness of the sway. Future investigations need to assess sway patterns to
determine the relationships between these variables. Finally, this study did not allow for pre-
injury or pre-ACLR assessment to determine if these deficits may have existed prior to ACL
injury or ACLR. Future longitudinal assessments of postural sway in young, healthy
populations prior to ACL injury will determine if this deficit exists prior to injury.

CONCLUSION
This study demonstrates that dynamic, single limb postural sway is altered in a population of
athletes after ACLR released to RTS compared to activity matched control subjects. Future
research is required to better define the effects of ACL injury and reconstruction on the
magnitude and quality of postural sway and to identify the relationship of postural sway to
future injury and ability to safely return to activities. This information will help better define
the role of postural sway measures as a screening tool in the return to sport algorithm after
ACLR.
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Research Highlights

• Dynamic, single limb postural sway is altered in a population of athletes after
ACLR released to RTS compared to activity matched control subjects

• Patients had a reduced amplitude of sway on their involved limb after ACLR
when compared to their contralateral limb and control subjects

• These results failed to elucidate any sex differences in postural sway after
ACLR at the time of RTS
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Figure 1.
Demonstration of postural sway assessment
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Figure 2.
Examples of postural control tracing representative of ranges of postural stability and
postural sway.
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Figure 3.
Postural sway (ACLR vs. Control) during a single limb stance on an unstable platform.
(Blue=involved/non-preferred limb; Green=uninvolved/preferred limb) (* = p<0.05)
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