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Abstract Background: Female athletes are at significantly
higher risk of noncontact ACL injury than males, particularly
in pivoting sports such as soccer and basketball. Sex-based
differences in proprioception and core stability may contribute
to this elevated risk. Questions/Purpose: This study evaluates
a novel method of assessing dynamic stability to test the
hypothesis that healthy adolescent controls have sex-based
differences in postural stability. Methods: Seventy-nine male
and 72 female subjects completed three rounds of dynamic
postural stability testing. During the assessment, subjects

attempted to stabilize their torso and upper body in response
to randommovements of the platform. The total time a subject
lasted on the platform and dynamic motion analysis (DMA)
score, a summation of motion in five planes throughout test-
ing, was calculated for each subject. The average score for
each subject was included in the analysis. Results: Males
lasted longer on the platform (98±14 s) than females (94±
13 s) (p=0.04). Coronal plane and rotation stability differed
significantly between genders (323±126 vs. 365±128, p=
0.04) and (318±82 vs. 403±153, p=0.0002), respectively.
No statistically significant difference was seen in the other
planes of motion. Conclusions: Females have less dynamic
postural stability than their male counterparts in the coronal
plane based on a novel assessment tool. This finding may
contribute to better understanding of sex-based differences in
rates of injury such as noncontact ACL tears.

Keywords core stability.dynamic stability.male .female .
adolescent .ACL

Introduction

Female athletes have a significantly higher risk of noncon-
tact ACL injury than their male counterparts [1, 2, 5, 9, 14,
20, 21, 23]. In particular, pivoting sport like soccer and
basketball put adolescent females at increased risk [1, 5].
There is significant interest surrounding the role of core
stability particularly as it relates to the gender disparity in
ACL tears and how instability in different planes may be
contribute to injury [17]. For example, coronal plane differ-
ences have been associated with valgus collapse and subse-
quent ligament injury in female athletes [11]. Furthermore,
lateral plane displacement of the trunk appears to be a
significant predictor of knee injury risk [22].

There has been considerable research exploring factors
that contribute to the gender-specific risk of ACL injury and
whether preventable measures can be taken to mitigate these
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risk factors [10, 12, 15]. While a number of ACL injury
prevention programs have been shown to decrease the risk
of noncontact injuries [10, 12, 15], it can be difficult to
measure the direct neuromuscular effect of these programs
on individuals. These difficulties stem in part from lack of
reproducibility in measuring and quantifying plane-specific
dynamic stability.

Recently, a platform has been created as a rehabilitation
tool that measures trunk control during dynamic
posturography in various planes [6]. The device is called
the Proprio 5000. It evaluates trunk control via an ultrasonic
sensor on the lumbosacral junction which measures pertur-
bations in the center of mass. The resulting quantitative data
measures the end effect of multiple neurological inputs on
proprioception and dynamic postural stability. While no
Bgold standard^ has been established for assessing core
stability, this new tool correlates with other accepted mea-
surement techniques like the NeuroCom sensory organiza-
tion test [4]. A study previously used this platform to
measure difference in dynamic stability in patients undergo-
ing total hip arthroplasty versus hip resurfacing, suggesting
that this technique is useful for assessing alterations in
postural stability related to lower extremity pathology [13].

The purpose of the current study is to assess a novel
method of assessing dynamic stability to test the hypothesis
that dynamic postural stability in a healthy young population
differs by sex, both overall and by specific planes of motion.
Secondarily, we wanted to assess whether age, BMI, and
activity level relate to dynamic stability in this population.

Patients and Methods

This prospective cohort study recruited individuals from
local area high schools, colleges, and athletic teams through
athletic trainers, coaches, and athletic directors. Exclusion
criteria included either prior knee pathology or concomitant
articular cartilage or ligamentous injury, contralateral knee
pathology, and other general medical conditions affecting
proprioception or postural stability. Subjects under age 20
were consented for the study and then scheduled for evalu-
ation by our physical therapist.

Individuals filled out a Marx activity score at the time of
their evaluation [16]. Due to limited variability and a ceiling
effect in males, individuals were classified as low activity
(scores less than 12) versus high activity (scores 12 or
more). Their height and weight were recorded, and a body
mass index (BMI) was calculated. Individuals were classi-
fied as underweight/healthy weight versus overweight/obese
using standard weight categories (if 20 years or older) or
age- and gender-specific BMI percentiles (if younger than
20 years) according to Centers for Disease Control and
Prevention guidelines.

All individuals received the following instructions prior to
testing on the multidirectional platform: The purpose of the
test is to measure your balance and stability. When the test
begins, the platform under your feet will begin to move.
Initially, the platform will start slowly and get progressively
faster. The platformwill also move gradually through a greater

range of motion. Keep your upper body and pelvis as still as
possible and use your legs to react to the movement.

The multidirectional platform used in this study was the
Proprio 5000 (Perry Dynamics, Decatur IL, Fig. 1). The
platform moved up to 25° in all directions and can attain a
speed of 128° per second. The machine-operated utilizing
microprocessor controlled servo actuators. Ultrasonic tech-
nology from a transmitter positioned over a subjects’ waist
measure movements at one fourth second intervals to the
nearest 0.004°. Each subject underwent a 2-min test that
begins with minimal movement and gradually increases over
time. While the movements occurred at random, each 2-min
test replicated the same movements. The test ended prema-
turely if a subject exceeded a 3-in movement in a one fourth
of a second or if the sensor exceeds left a 5-in sphere from
the starting position. Additionally, the clinician stopped the
test if the patient releases the rope, moved their foot position,
or if the patient requested to stop the test. Each subject
completed three trials on the device, and an average score
was used for the analysis.

At the conclusion of the tests, the patient received a
dynamic motion analysis (DMA) score. This score measured
the total motion in all planes during the test. The more
motion a patient demonstrates, the higher the DMA score
would be. Scores ranged from 0 (no movement) to 1440 (test
stops as soon as it starts). Plane of motion scores were also
calculated for six separate movements: lateral, rotation, lat-
eral flexion, up/down, anterior/posterior, and flexion exten-
sion. The ability to measure overall stability, as well as
plane-specific stability, during dynamic testing is a relatively
unique and novel aspect of this approach.

Continuous measurements were compared between
groups (i.e., gender, activity category, and weight status
category). Data was reported as mean±standard deviation.
When required conditions were not satisfied, variables were

Fig. 1. Proprio 5000 as multidirectional platform used in this study.
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log- or rank-transformed prior to analysis. Categorical vari-
ables were compared between groups by chi-squared test.
Multivariable linear regression analysis was performed for
each outcome with gender as the independent variable of
interest and age in years, weight status category, and activity
category as covariates. Due to influence statistics and large
residuals, several observations were reweighted prior to
regression model fitting. When the required conditions of
normality (for t tests) and linearity, normality of residuals, or
homoscedasticity (for linear regression) were not satisfied,
variables were log- or rank-transformed prior to analysis. At
a power level of 0.05, the sample sizes used in this study
provide 80% statistical power to detect a medium effect size
of 0.46 or larger for between-group differences [7]. The data
analysis was generated using SAS software, version 9.3 of
the SAS System (SAS Institute Inc., Cary, NC, USA).

Results

Our hypothesis that dynamic postural stability in a healthy
young population would differ by sex was partially con-
firmed in that coronal plane translation (323±126 189 vs.
365±128, p=0.04) and rotational stability (318±82 vs. 403
±153, p=0.0002) significantly differed (males having more
stability than females). However, overall dynamic postural
stability and other planes of motion did not differ signifi-
cantly by sex; although, males did last longer than females
on the device during testing (98±14 s vs. 94±13 s, p=0.04)
(Table 3).

Our secondary research objective was to assess whether
age, BMI, and activity level relate to dynamic stability.
Males were taller, heavier, and more likely to be
overweight/obese compared to females (see Tables 1
and 2). They were also more active than females. There
was less vertical stability in overweight/obese (203±58 vs.
179±48, p=0.01) and more active (192±56 vs. 175±44,
p=0.049) individuals (Table 3). Activity level and weight
status category were not associated with any other variables.

Multivariable analysis again confirmed the association of
patient sex to time and coronal plane stability after adjusting
for age, weight status, and activity category (see Table 4).

Discussion

Healthy adolescent females had less dynamic stability in the
coronal plane compared to their male counterparts based on
a novel assessment tool. No sex-based differences in dynam-
ic stability were found in other planes of motion. Differences

in the coronal plane may contribute to the sex-based differ-
ences in rates of injury such as noncontact ACL tears.
Secondarily, increased activity level and higher BMI was
associated with less vertical stability but did not affect sta-
bility in other planes of motion.

Gender differences in plane-specific postural stability
assessed by the Proprio 5000 provide novel insight into knee
dynamics. During the initial stages of patient testing, the
Proprio was shown to correlated with other established
measures of postural stability; however, the Proprio diverges
from other assessment devices in later stages of testing by
increasing the magnitude of plane-specific change. This
unique method of testing may provide novel insight into
the young active patient population by challenging and
differentiating subjects with predisposing pathology who
are more able to compensate at lower levels of testing [4].
Additionally, the Proprio 5000 has been previously validated
as a method of measuring postural stability in patients with
lower extremity pathology [13]. In the present study, 79
male and 72 female healthy adolescents ages 13–20 com-
pleted the study using the Proprio 5000.

Previous research has shown correlations between dy-
namic platform measures of stability and standardized sta-
bility tests. Although a relatively novel device, this system
has been compared to the NeuroComSOT for evaluation of
postural stability in normal young adults [4]. While the
initial stages of the tests were similar, there was no correla-
tion between the full duration Proprio dynamic motion anal-
ysis score and any of the NeuroCom SOT variables, which
include somatosensory ratio, visual ratio, vestibular ratio,
and a composite score. These variables are used to assess
overall balance and the relative sensory contributions to
balance but in a less dynamic testing situation than the
Proprio 5000. Differences in the later stages were thought
to arise due to differences in the postural demands and
corresponding movement strategies between the two tests.
The authors concluded that the Proprio 5000 appears to have
some merit as a postural control measurement device in
healthy subjects and that further research was warranted.

Table 1 Study population demographics

Sex Age (years) Height* (cm) Weight* (kg) BMI* Marx activity*

Male (n=79) 16.8±2.0 178±9.5 76±16.5 23.7±4.0 13.4±4.2
Female (n=72) 17.1±2.4 165±8.6 61±12.5 22.2±3.8 9.9±5.0
p Value 0.33 <0.0001 <0.0001 0.003 <0.0001

*Statistically significant difference between males and females

Table 2 Categorical data on weight status and activity level

Sex Weight* Activity level*

Under/healthy Over/obese High Low

Male (n=79) 49 30 63 16
Female (n=72) 58 14 32 39

*Statistically significant difference between males and females

28 HSSJ (2016) 12:26–31
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Another recent study used this system to assess propriocep-
tion in patients undergoing hip surgery [13]. Superior-
inferior and medial-lateral translation measurements made
by the Proprio 5000 have been correlated with measure-
ments from an eight camera motion analysis system and an
ultrasonic sensor attached to the lower back [6]. There is
also evidence that measuring trunk movements with the
Proprio 5000 is a better evaluation of dynamic postural
stability than measuring lower leg movements [1]. Never-
theless, further investigation is needed to fully validate this
machine and novel application for assessing postural stabil-
ity. Ultimately, these novel systems may be utilized to de-
termine gender-based differences in core stability and
potentially assess risk of lower extremity injury [11].

Other limitations of the current study include the high
level of activity in this cohort, with a median Marx activity
level of 16 for the males and 11 for the females. Activity
level may be more relevant when less active individuals are
included, although adolescents are likely to be among the
most active individuals in society. Furthermore, the defini-
tions of overweight and obese for body type do not always
apply to athletes who often have increased lean body mass.

The lack of injury data is another significant limitation.
However, the study was not designed to assess the relationship
between dynamic stability and injury risk but rather to identify
gender-based differences in healthy adolescents. Given previ-
ously published evidence supporting the role of coronal sta-
bility in ligament injury risk [9, 17, 22], our findings suggest
that these gender-based differences likely contribute to the
increased risk of ACL injury in female athletes.

The importance of the coronal plane in gender differences
of stability and ACL injury risk has come under increasing
scrutiny [14]. Hewett et al. [9] demonstrated that the coronal
plane is associated with valgus collapse and subsequent liga-
ment injury in a cohort of 205 female soccer, basketball, and
volleyball athletes. Zazulak et al. [22] looked at 277 collegiate
athletes to assess the relationship of neuromuscular control of
the trunk to knee injury risk. Lateral displacement of the trunk
was the single best predictor of knee ligament injury in these
athletes. In a video-based study, noncontact ACL injuries were
associated with a lateral shift of the trunk over the injured limb
in females but not males [10]. Adolescent females have greater
knee abduction angle and with the foot further from midline
opposite the direction of trunk lean experience greater internal
rotation loads. The hip external rotators may also be important
as weakness and/or poor neuromuscular control increase the
risk of lower extremity injury [13]. Females with strong hip
external rotators have been shown to have lower peak vertical
ground reactive force and external knee flexor moment during
single-leg drop landings [12]. In the same study, the females
with weak hip external rotators had greater external knee
adductionmoment, net knee anterior shear joint reaction force,
and a greater hip external adduction moment during the same
task. These findings suggest that hip external rotation strength
also likely plays a role in ACL injury risk.

In our study, coronal stability is likely related to hip
external rotation strength which may be one of the underly-
ing causes of the gender discrepancy in this plane. Female
soccer players may be particularly susceptible to deficits in

the coronal plane. Hewett et al. [8] found that female soccer
players land with significantly greater hip adduction angles
and external hip adduction moments compared to male
soccer players. Female soccer players have been shown to
have weaker hip abductors than their male counterparts [4].
Furthermore, female soccer players have been shown to kick
with less activation of their hip abductors than males,
resulting in greater collapse of the hip [3].

Unfortunately, coronal imbalances may be among the
most difficult to correct. Paterno et al. [18] assessed the
effect of a 6-week neuromuscular training program on the
single limb postural stability of 41 healthy high school
female athletes. While the athletes demonstrated significant
improvements in total stability and sagittal stability, they did
not improve their coronal stability. The authors called for
further investigation into how total, sagittal, and coronal
stability related to risk for ACL injury. Conversely, Pollard
et al. [19] measured the effect of in-season neuromuscular
training on 18 female high school soccer players and found
changes in the hip, with less internal rotation and greater
abduction, but not the knee during a drop landing task. The
Proprio may be a useful tool for assessing the impact of
prevention programs on dynamic stability and, ultimately,
injury risk [10].

The implications of less vertical stability in patients with
a higher BMI and greater activity level are less clear. With a
higher BMI, it is plausible that it is more difficult to keep the
center of gravity stable, but it is not obvious why this would
manifest in the vertical plane and not in other planes of
motion. Less vertical stability with greater activity level
appears counterintuitive and raises the possibility that such
an adaptation might not necessarily be harmful if it mini-
mizes displacement and rotation in other planes. More re-
search is needed to confirm this finding and assess its
importance.
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