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Background: The anterior cruciate ligament (ACL) is crucial for knee proprioception and postural stability. While ACL
reconstruction (ACLR) and rehabilitation improve postural stability, the timing in improvement of dynamic postural stability after
ACLR remains relatively unknown.

Purpose: To evaluate changes in dynamic postural stability after ACLR out to 24 months postoperatively.

Study Design: Case series; Level of evidence, 4.

Methods: Patients undergoing ACLR were prospectively enrolled, and dynamic postural stability was assessed within 2 days
before surgery, at 3-month intervals postoperatively to 18 months, then at 24 months. Measurements were made on a multidi-
rectional platform tracking the patient’s center of mass based on pelvic motion. The amount of time the patient was able to stay on
the platform was recorded, and a dynamic motion analysis score, reflecting the patient’s ability to maintain one’s center of mass,
was generated overall and in 6 independent planes of motion.

Results: A total of 44 patients with a mean age of 19.7 ± 6.2 years completed the study protocol. Overall mean dynamic postural
stability improved significantly at 3, 6, 9, and 12 months after surgery, with continued improvement out to 24 months. Notable
improvements occurred in medial/lateral and anterior/posterior stability from baseline to 6 months postoperatively, while internal/
external rotation and flexion/extension stability declined initially after surgery from baseline to 3 months postoperatively before
stabilizing to the end of the study period.

Conclusion: Overall dynamic postural stability significantly improved up to 12 months after ACLR. Improvement in postural
stability occurred primarily in the medial/lateral and anterior/posterior planes of motion, with initial decreases in the flexion/
extension and internal/external rotational planes of motion.
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The anterior cruciate ligament (ACL) represents the most
commonly injured ligament in the knee, occurring at a high
incidence especially in young, active individuals.15,38 The
intact ACL is crucial in providing static and dynamic stability
to the knee, as well as proprioceptive regulation of the knee
joint.7,17,33 Proprioception is a component of the somatosen-
sory system, serving to provide information on joint position,
movement, sensation, and posture35,37 and regulated via
mechanoreceptors (Ruffian endings, Pacinian corpuscles,
Golgi tendon organs, and free nerve endings), which make
up approximately 1% to 2% of the total volume of the
ACL.2,16,23 Injuries to the ACL cause disruption of these

mechanoreceptors, resulting in deficits in proprioceptive feed-
back and sensorimotor function,5,27,35 abnormal movement
patterns, and the loss of postural stability,6,12,22,29 increasing
the risk for subsequent meniscal and chondral injury.18,29

ACL reconstruction (ACLR) is often recommended to
restore knee stability, followed by a graduated rehabilitation
program aimed at reestablishing knee stability30 in order to
facilitate functional recovery. While ACLR has been shown to
improve postural stability when compared with preoperative
values, deficits in knee proprioception and postural stability
have been reported to persist up to 2 years after ACLR when
compared with contralateral limbs.8,42,46 Because of the influ-
ence of postural coordination on movement and activity,
regaining proprioceptive and neuromuscular control of the
knee after ACLR minimizes the risk of graft failure or contra-
lateral ACL injury.36
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Prior investigations evaluating deficits in postural func-
tion after ACLR have been limited in their applicability to
functional status, utilizing passive movements in primarily
nonweightbearing positions.27,35 The purpose of this study
was to quantify the trend in dynamic postural stability
within 2 days after ACLR compared with values obtained
at 3-month intervals out to 18 months and at 24 months
postoperatively. We hypothesized that overall and plane-
specific dynamic postural stability would improve with suc-
cessive testing.

METHODS

The investigative protocol was preapproved by the institu-
tional review board of the study institution. All participants
provided informed consent prior to study enrollment. Skel-
etally mature patients, based on the presence of closed dis-
tal femoral and proximal tibial physes as assessed by the
treating surgeon, sustaining acute, complete ACL ruptures
indicated for primary ACLR were prospectively enrolled.
All study patients were treated with ACLR by 1 of 3
fellowship-trained orthopaedic sport surgeons (R.H.B.,
M.J.M., R.W.W.) using either hamstring or bone–patellar
tendon–bone autograft over a 41-month period. Patients
then underwent a graduated, standardized rehabilitation
protocol after surgery, focused on controlling effusion and
regaining full range of motion, followed by incorporation of
closed-chain exercises to rebuild strength, coordination,
and neuromuscular balance, with progression to agility,
plyometric, running, and sport-specific activities as
tolerated.

Exclusion criteria included prior injuries to the opera-
tive knee, the presence of concomitant articular cartilage
or ligamentous (collateral or posterior cruciate ligament)
injury requiring concomitant treatment during ACLR,
meniscal tears undergoing repair requiring restricted
weightbearing after surgery, contralateral knee pathology
affecting postoperative rehabilitation, and any other gen-
eral conditions affecting proprioception or postural stabil-
ity. Moreover, patients sustaining recurrent ACL tears or
any other subsequent knee injuries to the operative or
contralateral knee, as well as any patients lost to follow-
up or missing 2 consecutive tests, were excluded. Concom-
itant debridement of meniscal tears at the time of ACLR

was not a contraindication. Immediately after surgery, all
patients were allowed to bear weight as tolerated.

Within two days of surgery, all eligible patients under-
went dynamic postural stability testing on a motorized mul-
tidirectional platform (PROPRIO 5000 Reactive Balance
System; Perry Dynamics) (Figure 1). By producing simul-
taneous motion in the anterior/posterior and medial/lateral
directions, designed to challenge user balance and reaction
ability, the PROPRIO device allows for accurate measure-
ments of a user’s center of mass when reacting to a dynamic
stimuli intended to disrupt balance.9,10,21,25 The maximum
tilt of the platform in any direction is 18� and begins with
slow movements (12.6 deg/s), increasing the rate of move-
ment 12.6 deg/s every 10 seconds to a maximum speed of
126 deg/s. An integrated, ultrasonic position sensor is
secured to an elastic hook-and-loop belt over the lumbosa-
cral junction (L5-S1) of all patients to measure center of
mass movements in 6 degrees of freedom every quarter
second of testing. The sensor has a range of 1.52 m and
measurement accuracy of ±0.10 mm.24 Patients hold a 6-
inch (15.2-cm) piece of rope with both hands to minimize
the stabilizing effect of the upper extremities.

Dynamic motion analysis (DMA) testing began with the
patient in an athletic stance with knees slightly flexed, feet
placed a shoulder-width apart, and weight evenly distrib-
uted on each leg. Testing consisted of three 2-minute ses-
sions, which concluded when one of the following criteria
were met: 2 minutes elapsed, the patient exceeded 3 inches
(7.6 cm) of movement in 0.25 seconds, the patient’s center of
mass moved >5 inches (12.7 cm) from the starting point,
the patient let go of the rope, the patient moved his or her
feet, or the patient asked to stop the test. All testing was
performed by a single author (J.M.).

After the test, an overall mean DMA score was calculated
based on the 3 trials, ranging from 0 to 1440 points, using
integrated software to determine the sum of the sensor’s
vector moments, representing the total 3-dimensional dis-
placement of the patient’s center of mass throughout test-
ing.10 Lower scores reflect less displacement, indicative of
better dynamic postural stability. The mean total time in
which the patient was able to maintain both feet on the
platform among the 3 trials at each time point was also
recorded.

DMA scoring is dependent on total displacement of the
patient’s center of mass, with the calculated value being
independent of time spent on the platform. DMA scores
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were then calculated in the 6 independent planes of motion,
representing alterations in the patient’s movement of the
center of mass away from the starting position. These
included 3 translational plane assessments (medial/lateral,
anterior/posterior, up/down) and 3 rotational plane assess-
ments of the pelvis (left/right, flexion/extension, and inter-
nal/external rotation). Medial/lateral referred to movement
measured at the position sensor when weight shifted from
one lower extremity to the other. Anterior/posterior
referred to motion as a result of shifting weight to the toes
or heels. Up/down referred to movement in compression or
distraction from the starting position, with patients typi-
cally squatting lower to control for larger perturbations and
standing up or extending when fatigued. Left/right referred
to measures of pelvic tilt to the left or right. Flexion/exten-
sion was measured based on movement of the pelvis in the
sagittal plane, and internal/external rotation referred to
overall pelvic displacement in the transverse plane.

Three trials of DMA testing were subsequently performed
at every 3-month interval from 3 months postoperatively to 18
months and at the 24-month follow-up. Patients without base-
line testing before surgery were excluded, along with any
patients missing 2 consecutive testing trials.

The mean overall DMA and DMA scores in each plane of
motion, along with the total mean time on the platform,
were calculated for each trial of testing. Repeated-
measures analysis of variance was utilized to compare dif-
ferences in mean and individual DMA scores, along with
the total mean time on the platform, at each time point
with the prior trial of testing (ie, 3-month trial compared
with immediately preoperative trial, 12-month trial com-
pared with 9-month trial, etc). Statistical significance was
set at a P value <.05. All statistical analyses were per-
formed utilizing SPSS (Version 23; IBM Corp) statistical
software.

RESULTS

Of a total of 71 patients, 44 patients (28 women, 16 men)
with a mean age of 19.7 ± 6.2 years completed the study
protocol. Of the 27 patients excluded, 17 patients were lost
to follow-up or missed 2 consecutive tests, 7 patients sus-
tained ACL retears, 2 had meniscal tears in the operative
knee, and 1 patient experienced a contralateral ACL tear. A
total of 86% (n¼ 38) of the patients underwent ACLR using
a bone–patellar tendon–bone autograft, 11% (n ¼ 5) were
treated using a hamstring autograft, and 2% (n ¼ 1) were
treated using hamstring allograft.

Overall, the mean DMA score significantly improved
(decreased) with each successive testing trial out to
12 months after surgery (Table 1 and Figure 2). Continued
improvement in the overall mean DMA score was appreci-
ated from the 12- to 24-month time points. The length of
time that patients remained on the platform increased sig-
nificantly when compared with the previous trial at the 3-,
6-, and 24-month time points.

Analysis of the mean DMA scores based on individual
translational plane of motion (Figure 3) demonstrated that

TABLE 1
Overview of Patient Participation, Mean Stability Score,

and Time Based on Triala

Testing Trial
Patients Completing

Trial, n DMA Score Time, s

Preoperative 44 601.1 ± 143.9 89.6 ± 28.0
Postoperative

3 mo 41 500.6 ± 152.4 95.6 ± 16.5
6 mo 43 433.4 ± 152.9 102.2 ± 15.5
9 mo 41 407.8 ± 151.9 104.2 ± 15.3
12 mo 40 371.3 ± 155.2 107.5 ± 15.4
15 mo 40 372.4 ± 141.4 107.3 ± 14.4
18 mo 39 354.2 ± 152.5 108.1 ± 14.3
24 mo 35 304.4 ± 134.7 111.9 ± 12.4

aData are presented as mean ± SD. DMA, dynamic motion
analysis.

Figure 1. User undergoing dynamic postural stability testing.
The multidirectional platform moves in random directions.
The patient’s response to these stimuli is tracked using a
wearable sensor, measuring the user’s center of motion in
6 planes.
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stability in all translational planes improved at 3 months
after surgery, with significant improvement in the medial/
lateral and anterior/posterior planes out to 6 months. Incre-
mental improvement was noted overall in all 3 translation
planes out to 24 months, with significant improvement
from 18 to 24 months in anterior/posterior stability.

The mean DMA scores in rotational planes of motion
(Figure 4) showed that stability in the flexion/extension
and internal/external rotational planes declined slightly

at 3 months after surgery compared with baseline and then
stabilized. Left/right measurements remained stable dur-
ing the study period.

DISCUSSION

The main findings from this investigation were that after
ACLR, patients demonstrated significant improvements
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with each consecutive trial measuring dynamic postural
stability based on DMA score to 12 months, with improved
stability observed out to 24 months after surgery. When
analyzing dynamic stability based on planes of motion, we
appreciated the most notable improvements in the medial/
lateral and anterior/posterior planes, with regression in
internal/external rotation and flexion/extension stability
when compared with values obtained immediately before
surgery.

Prior investigations quantifying the timing of regaining
postural stability in patients after ACLR have reported var-
iable outcomes. Angoules et al3 examined knee propriocep-
tion utilizing joint position sense and time threshold to
detection of passive motion at 3, 6, and 12 months in 40
patients undergoing ACLR using either hamstring auto-
graft or bone–patellar tendon–bone autograft. While no sta-
tistical difference was found in these measures between
grafts, the authors reported that knee proprioception
reached a maximum by 6 months, with no further improve-
ment out to 12 months. Meanwhile, Bartels et al6 evaluated
postural regulation and stability before and after ACLR at
6 weeks, 12 weeks, 6 months, 1 year, and 2 years after
ACLR in 30 patients (mean age, 32.0 ± 12.2 years) using
the Interactive Balance System. The authors reported sig-
nificant longitudinal improvement in postural stability at 2
years postoperatively when compared with preoperative
values, with continued improvements in postural stability
appreciated up to 1 year postoperatively. Furthermore,
prior investigations have reported the time to achieve base-
line joint health and function after ACLR to occur approx-
imately 2 years after surgery, with patients remaining at
high risk for repeat ACL rupture during the first year after
surgery, leading to controversy regarding optimal return-
to-sports timing.31,34,44 As such, further investigations
evaluating changes in postural stability after ACLR on

return-to-sports timing utilizing comparable methodology
are warranted to better understand the clinical implica-
tions of dynamic postural stability testing.

We found that dynamic postural stability demonstrated
the greatest improvement in the medial/lateral and ante-
rior/posterior planes. The lack of comparable improvement
in rotational planes of motion may be secondary to the dam-
age and loss of native ACL mechanoreceptors, contributing
to the delayed recovery of afferent feedback and the stabi-
lizing reflexes necessary to restore the more complex move-
ments inherent to rotational motion compared with
translational planes.19,20,22 Moreover, compensatory neu-
romuscular patterns, which may develop during rehabilita-
tion, could result in improved postural stability in the less
complex, translational planes of motion.1

While the exact time frame required to regain preopera-
tive neuromuscular control in the operative knee is difficult
to determine largely because of the inability to assess pos-
tural stability at baseline before injury, the return of pos-
tural stability may be related to graft healing. Namely,
during the healing process, changes in vascularity, cellu-
larity, and extracellular matrix transform graft character-
istics into properties similar to those of an intact
ACL,13,39,43 with full restoration of biologic properties
reported to be an ongoing process beyond 12 months after
ACLR.42 While the concentration of mechanoreceptors lost
within the ACL after rupture remains unknown, Sonnery-
Cottet et al41 reported that in 26 ACL remnants harvested
from patients with partial tears, histologic analysis
detected the presence of free nerve endings, along with
Golgi or Ruffini corpuscles, in 41% of the specimens. Sha
et al40 evaluated the concentration of mechanoreceptors in
ACL tibial remnants based on time from injury to surgery
in 60 patients, reporting no significant difference in the
number of mechanoreceptors based on injury duration,
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with Ruffini-like corpuscles being the primary mechanore-
ceptor. During ACLR, the benefit of retaining native mech-
anoreceptor via maintenance of remnant ACL tissue as a
source of potential improvement in graft reinnervation or
preservation of proprioceptive function remains
unclear.31,40 As such, future studies evaluating the cellular
and biologic mechanisms responsible for reestablishing the
proprioceptive control within the knee based on ACL heal-
ing are warranted to determine the timing of restoration of
dynamic postural stability.

Prior investigations examining dynamic postural stabil-
ity and proprioception after ACLR have primarily quanti-
fied displacement based on changes in foot position using a
force plate.3,28,35,46 However, assessment of the center of
mass has been proposed to yield improved assessment of
postural stability when compared with lower leg move-
ments.4 Namely, Zazulak et al45 prospectively evaluated
277 collegiate athletes for predictors of knee injury based
on trunk displacement after a sudden force release. The
authors reported that in 25 athletes sustaining a knee
injury over a 36-month period, lateral displacement of the
trunk was found to be the best predictor of knee ligament
injury.

Brophy et al10 assessed differences in dynamic postural
stability between 79 male and 72 female healthy adolescent
controls by calculating a DMA score utilizing the PROPRIO
5000. Boys were found to remain on the platform signifi-
cantly longer than girls (98 ± 14 vs 94 ± 13 seconds, respec-
tively; P ¼ .04), with girls possessing less dynamic postural
stability in coronal plane translation (323 ± 126 vs 365 ±
128, respectively; P ¼ .04) and rotational stability (318 ± 82
vs 403 ± 153, respectively; P ¼ .0002). As women have been
shown to possess weaker hip abductors compared with
men,9 landing with greater hip abduction and external
rotation abduction moments,14 evaluation of the center of
mass and trunk movement appears to offer a better overall
evaluation of dynamic postural stability after ACLR, espe-
cially in women. However, further studies are required to
validate use of the PROPRIO 5000 in quantifying postural
stability during rehabilitation, along with the ability of
testing to assess appropriate return to sports and potential
future injury risk.

Limitations

This study is not without limitations. In evaluating
dynamic postural stability, this investigation focused
on movements of the center of mass; however, postural
stability has been shown to require a complex integration
of multiple sensorimotor parameters, including the
peripheral-vestibular system, somatosensory system, cere-
bellar system, and visual and nigrostriatal system.6,7 More-
over, because of the strong interactions between these
subsystems, differentiating the relative contribution of
each system to dynamic postural stability is beyond the
scope of the current investigation.7 No intrarater reliability
testing during measurements was performed. Reasons for
the absence of test data at certain time points during
patient follow-up were not explicitly recorded.

In addition, owing to inconsistent methodologies in test-
ing postural stability after ACLR, with multiple studies
evaluating displacement of the platform in patients stand-
ing on a single limb,11,26,30,32 as opposed to the center of
mass, the ability to compare outcomes with other investiga-
tions is limited. Furthermore, measuring dynamic postural
stability based on the center of mass does not allow for
measurement of limb asymmetry. While single-limb testing
for dynamic postural stability would be worth considering
in a prospective assessment of injury risk in a population
with intact ACLs, there are several reasons why a 2-leg
stance is appropriate and perhaps optimal to single-leg
testing in an already injured population. First, the
majority of activities, sports and otherwise, are performed
on 2 legs. Therefore, understanding the 2-leg stance is a
clinically relevant and important parameter to measure.
Second, none of the included patients had any limitations
of the contralateral lower extremity, which could confound
the findings. Third, we do not have equipoise assessing
single-leg stability of a lower extremity after ACL injury
or in the early phase of recovery given the risk for
(re)injury. While that risk is present in the 2-leg stance, it
is lower when compared with single-leg stance testing.

Recovery of knee stability after ACLR depends on both
appropriate surgical reconstruction and the performance of
a rehabilitation program focused on regaining propriocep-
tive control of the knee.30 While all patients were provided
with a standardized rehabilitation protocol, therapy was
not performed at a single location under our care, creating
the potential that protocols may not have been followed as
precisely as prescribed. As patients were not identified and
enrolled in the study until after injury, we are unable to
determine if dynamic postural stability returned to prein-
jury levels by 24 months after ACLR.

Moreover, no control group of patients without ACL
injury was enrolled to allow for comparative analysis.
Because of the novelty of the study methodology utilizing
the PROPRIO 5000, no comparable investigation was avail-
able to allow for performance of a reliable power analysis to
determine a necessary sample size. No assessment of
PROPRIO data with other commonly utilized tests during
ACLR rehabilitation was performed. Because of the small
sample size, no evaluation of difference in DMA score was
performed based on graft type. The large standard devia-
tions are likely a result of differences in patient health and
strength after ACLR, as well as the high sensitivity and
accuracy of the movement sensor. Patients with chondral
lesions were excluded from this study because of the poten-
tial to confound the analysis, representing an area of inter-
est for future investigation. Before and after testing,
measures of patient strength, range of motion, and current
functional level were not recorded. Patients who sustained
repeat ACL tears or any other subsequent injury during the
study period were not included in this cohort. Last, return-
to-sports timing, as well as the incidence of repeat ACL
injury or any other injuries in patients included within the
study, was not examined. Future investigations are war-
ranted to better understand the correlation between
dynamic postural stability, as measured using the
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PROPRIO 5000, to identify readiness to return to sports
and the risk of new or repeat injury.

CONCLUSION

Overall dynamic postural stability significantly improved
up to 12 months after ACLR. Improvement in postural sta-
bility occurred primarily in the medial/lateral and anterior/
posterior planes of motion, with initial decreases in the
flexion/extension and internal/external rotational planes
of motion.
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