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A B S T R A C T

Background: The odds of sustaining non-contact musculoskeletal injuries are higher in Special Operations Forces
operators than in infantry soldiers. The ankle is one of the most commonly injured joints, and once injured can
put individuals at risk for reinjury. The purpose of this study was to determine if any di erences in posturalff

stability and landing kinematics exist between operators with a self-reported ankle injury in the past one year
and uninjured controls.
Methods: A total of 55 Special Operations Forces operators were included in this analysis. Comparisons were

made between operators with a self-reported ankle injury within one-year of their test date ( = 11) and healthyn 

matched controls ( = 44). Comparisons were also made between injured and uninjured limbs within then 

injured group. Dynamic postural stability and landing kinematics at the ankle, knee, and hip were assessed

during a single-leg jump-landing task. Comparisons were made between groups with independent -tests andt

within the injured group between limbs using paired -tests.t

Findings: There were no signi cant di erences in dynamic postural stability index or landing kinematicsfi ff

between the injured and uninjured groups. Anterior-posterior stability index was signi cantly higher on thefi

uninjured limb compared to the injured limb within the injured group ( = 0.02).P 

Interpretation: Single ankle injuries sustained by operators may not lead to de cits in dynamic postural stability.fi

Dynamic postural stability index and landing kinematics within one year after injury were either not a ected byff

the injuries reported, or injured operators were trained back to baseline measures through rehabilitation and
daily activity.

1. Introduction

Musculoskeletal injury is a signi cant health concern for the Unitedfi

States military resulting in lost duty time, disability, hospitalization,
high healthcare costs, and ultimately impacts military readiness (Jones
et al., 2000; Lauder et al., 2000). The odds of sustaining a traumatic
injury (tear or rupture) to the shoulders, knees, or legs are six times
greater in Special Operations Forces (SOF) operators than in infantry
soldiers ( ). Over 75% of non-contact musculoske-Reynolds et al., 2009
letal injuries reported by SOF operators are related to physical training
and sports ( ). The majority of       Abt et al., 2014; Reynolds et al., 2009
injuries occur in the lower extremity with the ankle joint being one of
the most commonly injured joints among Navy SOF operators (Kaufman

et al., 2000 Kragh et al., 1996; Lillywhite, 1991;) and airborne soldiers (
Sell et al., 2010). In an isolated, acute ankle sprain, individuals are
often able to return to activity quickly ( ).Medina McKeon et al., 2014
However, residual sensorimotor ( ),     Gribble et al., 2016; Hertel, 2008
postural stability (         Doherty et al., 2015a; Doherty et al., 2016a; Goldie
et al., 1994; Wikstrom et al., 2010 Doherty), and functional movement (
et al., 2015c; Doherty et al., 2016c) d e ficits may persist up to one year
following acute injury. Individuals have an increased risk of reinjury
during the rst year after an ankle sprain and may go on to developfi

chronic ankle instability (CAI) (       Bahr and Bahr, 1997; Doherty et al.,
2016b). It is important to understand the residual e ect of a single self-ff

reported ankle sprain on dynamic postural stability and landing
patterns to refocus rehabilitation e orts for mitigation of recurrentff

http://dx.doi.org/10.1016/j.clinbiomech.2017.05.008
Received 14 June 2016; Accepted 17 May 2017

⁎ Corresponding author at: University of Pittsburgh, 3860 South Water Street, Pittsburgh, PA 15203, USA.
E-mail address: hmb47@pitt.edu (H.M. Bansbach).

Clinical Biomechanics 47 (2017) 27–32

0268-0033/ © 2017 Elsevier Ltd. All rights reserved.

MARK



injury.
Postural stability is de ned as the ability to sustain the body infi

equilibrium by maintaining the projected center of mass within the
limits of the base of support ( ). ItShumway-Cook and Woollacott, 2001
is a dynamic process that requires a erent detection of body motion,ff

integration of sensorimotor information within the central nervous
system, and execution of an appropriate response in order to maintain
the body in equilibrium (      Riemann and Lephart, 2002a; Riemann and
Lephart, 2002b). Acute ankle sprains have been associated with
postural stability de cits during a single-leg stance and Star Excursionfi

Balance Test (           Doherty et al., 2015a; Doherty et al., 2016a; Goldie et al.,
1994; Wikstrom et al., 2010). A single-leg jump landing task has been
shown to identify dynamic postural stability de cits in individuals withfi

CAI (            Brown et al., 2010; Brown et al., 2015; Wikstrom et al., 2007;
Wikstrom et al., 2012 ). However, the e ects of a single self-reportedff

ankle sprain on dynamic postural stability measures during a single-leg
jump landing task are unknown. Dynamic measures of postural stability
are preferred for military and athletic groups as they are more
challenging than static tasks and may better di erentiate between riskff

factors in healthy, physically active individuals ( ).Sell et al., 2012
Landing mechanics play an important role in force attenuation

during jump landing tasks ( ). Positioning of theDoherty et al., 2015c
hip, knee, and ankle during the landing phase contributes to the body's
ability to absorb impact forces and recover stability during dynamic
tasks ( ). Following rst       Devita and Skelly, 1992; Doherty et al., 2015c fi

time acute lateral ankle sprain, individuals display increased hip exionfl

and ankle inversion on the injured limb (     Doherty et al., 2015b; Doherty
et al., 2015c). Though there is limited research on landing strategies
following acute lateral ankle sprain, Doherty et al. suggest the changes
observed are similar to movement patterns exhibited by individuals
with CAI ( ). Unilateral injury has been shown toDoherty et al., 2016c 
a ect bilateral performance (ff       Doherty et al., 2015b; Doherty et al.,
2016c), and Hass et al. suggest this may be due to central changes and
may increase risk of future injury ( ). While few studiesHass et al., 2010
have observed landing kinematics during a dynamic postural stability
landing task ( ), a change in landing strategyDelahunt et al., 2006
associated with a de cit in dynamic postural stability may o er insightfi ff

regarding which functional movement patterns to address during
rehabilitation to improve stability.

The e ect of a single self-reported ankle injury on dynamic posturalff

stability and landing mechanics during a dynamic postural stability task
is unknown in a military population. While most single sprain incidents
are perceived to minimally impact function, there is evidence suggest-
ing these incidents might be signi cant enough to alter landingfi

kinematics and dynamic postural stability (Doherty et al., 2015a;
Doherty et al., 2015c ). The purpose of this study was to determine if
SOF operators with a previous ankle injury display di erences inff

dynamic postural stability and landing mechanics compared to unin-
jured controls. We also compared these factors between the injured and
uninjured limbs of those SOF operators with a self-reported ankle
injury. We hypothesized that SOF operators that reported a previous
ankle injury would have de cits in dynamic postural stability on theirfi

injured limb compared to their uninjured limb and compared to the
control group. We also hypothesized that SOF operators with previous
ankle injury would demonstrate increased hip exion and knee exten-fl

sion on their injured limb at initial contact compared to their uninjured
limb and compared to the control group which may expose them to a
greater risk of reinjury (       Gehring et al., 2013; Terada and Gribble,
2015). The results of this study may o er support for supplementingff

current rehabilitation and physical training with balance training for
SOF operators who report ankle injury to reduce the risk for future
lower extremity injury.

2. Methods

2.1. Participants

SOF operators from Air Force Special Operations Command
(AFSOC), United States Army Special Operations Command
(USASOC), and Naval Special Warfare (NSW) candidates were recruited
and tested at Warrior Human Performance Research Laboratories,
onsite research laboratories operated by personnel from the
University of Pittsburgh. The University of Pittsburgh's Department of
Sports Medicine and Nutrition has an ongoing research collaboration
with multiple SOF groups designed to reduce the risk of injury and
enhance performance of SOF operators. Several factors are considered
as part of this e ort including retrospective and prospective injury data,ff

biomechanical, neuromuscular, physiological, and nutritional data.
This study reports on a small subset of the data collected.

All operators and candidates enrolled in the ongoing research
collaboration had been cleared for full duty and were free of self-
reported musculoskeletal injury in the previous 3 months. A subset of
362 operators and candidates were included in this study and reported
no low back or head injuries within one year prior to test date ( ).Fig. 1
Eleven of the 362 enrolled had a self-reported history of ankle injury
within one year prior to their test date and reported no additional lower
extremity injuries within that one year period. The rest of the
participants reported no lower extremity injuries within one year prior
to test date and were included in the initial pool of potential
participants to serve as the control group. The control group was
narrowed by randomly selecting matched controls at the group level in
a 1:4 ratio of injured to control limbs ( ).Hennessy et al., 1999 
Demographics for control and injured groups are listed in .Table 1
Limbs were matched based on operator type (i.e., AFSOC, USASOC,
NSW), age, and limb dominance. Participants were matched for age
based on the following groupings: 20 28 years 29 36 years, i.e., for a– –

give injured participant, matched controls would have to fall within the
same age grouping. Limb dominance was determined by asking the
participant which leg they would prefer to use to kick a ball (Lephart
et al., 2002). For the side-to-side comparison, one participant was
excluded due to injury to both ankles within one year prior to test date.
All participants gave written consent approved by the University of
Pittsburgh Institutional Review Board.

Fig. 1. Flow chart of eligible participants based on self-reported history and matched

controls.

Table 1

Subject demographics.

Injured ( = 11) Uninjured matched controls ( = 44) valuen n P 

Mean (SD) Mean (SD)

Age (yrs) 27.5 (5.2) 26.1 (4.3) 0.48
Height (cm) 176.2 (8.9) 178.8 (7.3) 0.35
Mass (kg) 85.5 (11.8) 84.9 (9.6) 0.80
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2.2. Instrumentation

Kinematic data were collected with at least 6 high-speed cameras
(Vicon, Centennial, Colorado, USA) and ground reaction force data
were collected with one force plate (Kistler Corp, Amherst, New York,
USA) with sample frequencies of 20016 and 120044 Hz, respectively.
Data were synchronized using Vicon Nexus Software. This was a
multisite study and quality control measures were taken to ensure
standardized protocol ( ).Gorton et al., 2009

2.3. Procedures

2.3.1. Injury survey

Participants completed a verbal survey dictating any previous self-
reported injuries. The injury data were recorded by a clinician in the
University of Pittsburgh's Military Epidemiology Database (UPITT-
MED) ( ). Participants were required to answer questionsSell et al., 2010
regarding all injuries within one year prior to the test date. Variables
related to the injuries included anatomical location, anatomical sub-
location, cause of injury, activity when injury occurred, and injury type.
Injury was de ned as an injury to the musculoskeletal system (bones,fi

ligaments, muscles, tendons, etc.) that resulted in alteration in tactical
activities, tactical training, or physical training for a minimum of one
day ( ). If the injury occurred prior to enlistment, thenDick et al., 2007
the injury resulted in alteration in activities of daily living, training, or
athletic activities for a minimum of one day. Self-reported ankle injuries
were included if injury to one or more of the ankle ligaments resulted in
the altered activities described above.

2.3.2. Dynamic postural stability and landing kinematics assessment

Sixteen re ective markers were placed on the participant's anato-fl

mical landmarks according the Vicon Plug-in-Gait (PIG) model mod-
i ed for the lower extremity. A static capture was collected for eachfi

participant while standing in an anatomical neutral position and used
as the baseline for joint angle calculations. Dynamic postural stability
was assessed during a single-leg landing that has been shown to be
reliable ( ). The jump was initiated from two feet from aSell et al., 2012
distance of 40% of the participants' height from the force plate.
Participants were asked to jump over a 30 cm hurdle and land on the
force plate with their test leg (single-leg). Participants were asked to
place their hands on their hips and look straight ahead once their
balance was recovered. This position was held for approximately 5 to
8 s after landing. Participants were given a minimum of three practice
trials. Trials were discarded if the participant's non-test leg touched the
test leg or the ground. Both kinematic and kinetic data were collected
during the task.

2.4. Data reduction

Vicon Nexus Software was used to reconstruct 3D trajectories of the
re ective markers and synchronized with the ground reaction forcefl

data. The marker trajectories were smoothed using a general cross-
validation Woltring lter ( ). Ground reaction force datafi Woltring, 1995
were ltered with a zero-lag, fourth-order low-pass Butterworth lterfi fi

with a 20-Hz cuto frequency using a custom MATLAB (v7.0.4,ff 

MATLAB, Natick, Massachusetts, USA) script. Ankle, knee, and hip
joint angles were calculated from the YXZ Euler angles according to ISB
guidelines, with inversion/eversion about the X, axis; exion/extensionfl

about the Y axis, and internal/external rotation about the Z axis (Davis
et al., 1991; Kadaba et al., 1990 ). Initial contact of the test foot during
landing was de ned as the rst sample of the vertical ground reactionfi fi

force to exceed 5% of the participant's body weight. This sample
number was used to identify ankle dorsi exion/plantar exion, kneefl fl

fl flexion, knee valgus/varus, hip exion, and hip abduction/adduction
angles at initial contact. Each variable was averaged over three trials.
Ground reaction forces during the rst 3 s following initial contact werefi

used to calculated stability indices representing dynamic postural
control (Sell et al., 2012). Stability indices in the anterior-posterior
(APSI), medial-lateral (MLSI), and vertical (VSI) directions were
calculated as mean square deviations about a zero point (Wikstrom
et al., 2005). Dynamic Postural Stability Index (DPSI) is a composite of
APSI, MLSI, and VSI.

2.5. Statistical analysis

Statistical analyses were performed using SPSS software (v22; SPSS;
Chicago, Illinois, USA). The normality of the data was assessed using a
Shapiro-Wilk test. Side-to-side comparisons within each group were
assessed using a paired -test when data were normally distributed or at

Wilcoxon signed-rank test when not normally distributed. The paired -t

tests and Wilcoxon signed-rank tests were in agreement for all
comparisons, thus only the values from the paired -tests wereP t

reported. Between-group comparisons were assessed using an indepen-
dent -test when data was normally distributed or a Mann-Whitney t U

test when not normally distributed. The independent -tests and Mann-t

Whitney tests were in agreement for all comparisons, thus only the U P

values from the independent -tests were reported. An alpha level oft

0.05 was set a priori to determine statistical signi cance. Post hocfi

powers and e ect sizes were calculated using G*Power softwareff

(v3.1.8) ( ). Reported e ect sizes for the within groupFaul et al., 2007 ff

analysis were calculated from the means and standard deviations of the
di erences, while e ect sizes for the between group analysis wereff ff

calculated from group parameters. E ect sizes were classi ed asff fi

small < 0.20, medium = 0.21 0.79, large > 0.80 ( ).– Cohen, 1988

3. Results

Age, height, and mass were not found to be statistically signi cantfi

between groups. Individuals with a single self-reported ankle injury
reported the injury occurring on average 6.8 (SD 2.3) months prior to
test date. The time between injury and test date ranged from
3.4 10.2 months. Fifty four percent ( = 6) of the self-reported ankle– n 

injuries occurred during physical training activities. The remaining
injuries occurred due to tactical training ( = 2; 18%), recreationaln 

activity ( = 2; 18%), or were not reported ( = 1; 9%).n n 

The means and standard deviations for dynamic postural stability
and kinematics at initial contact for the side-to-side comparisons within
the injured population are presented in . Injured participantsTable 2
had signi cantly lower APSI when performing the jump-landing pro-fi

tocol on their injured limb (mean 0.130 (SD 0.013)) compared to their
uninjured limb (mean 0.135 (SD 0.015)), indicating worse stability in
the anterior-posterior direction on the uninjured side. There were no
signi cant difi fferences in measures between injured and uninjured limbs
when the injured limb was the dominant limb or when the injured limb
was the non-dominant limb.

The means and standard deviations for dynamic postural stability
and kinematics at initial contact for the analysis between injured and
healthy limbs, including values, are presented in . There wereP Table 3
no signi cant di erences found for dynamic postural stability measuresfi ff

or biomechanical measures when comparing injured limbs to healthy
matched control limbs.

4. Discussion

Ankle injuries are one of the most common injuries among SOF
operators. Injury to the ankle is known to compromise the integrity of
the joint which predisposes the joint to reinjury. The purpose of this
study was to examine dynamic postural stability measures and landing
kinematics in SOF operators with a previous self-reported ankle injury
and SOF operators without. The results show no signi cant di erencesfi ff

in dynamic postural stability or landing kinematics between the injured
and uninjured groups. Surprisingly, the injured SOF operators demon-
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strated greater APSI on the uninjured limb compared to the injured
limb suggesting that the SOF operators had better stability in the
anterior-posterior direction on the injured limb. Our results di er fromff

our initial hypotheses that past ankle injury would impair dynamic
stability and compromise landing kinematics. This may suggest that
postural stability of the injured SOF operators had either returned to
baseline levels through physical training and regular daily activities, or
their single injuries did not alter postural stability as measured by the
DPSI.

Approximately 3% of our sample had self-reported a previous ankle
injury within one year prior to test date. This is low compared to studies
completed in similar populations (       Almeida et al., 1999; Jones et al.,
1993), but may be due to our one year limitation. Studies that have
considered just injury within the past one year, report similar ndingsfi

to ours ( ). Although the       Lovalekar et al., 2016a; Lovalekar et al., 2016b
number of injuries reported was low, the breakdown of activity when
injury occurred is similar to that of previously reported data in similar
military populations ( ). We       Abt et al., 2014; Lovalekar et al., 2016a
chose to limit injury history to one year as the relative risk of injury
ranges from 9.8 to 3.8 for ankles injured in the previous 6 12 months–

compared to uninjured ankles ( ). Ankle injuries areBahr and Bahr, 1997
often thought to have long term e ects leaving the injured ankleff

unstable. However, in the case of a single sprain, individuals do not
show de cits in proprioception or strength ( ), andfi Willems et al., 2002
we have shown that individuals do not display postural stability de citsfi

or altered landing mechanics.
The observation that anterior-posterior stability was better on the

injured limb compared to the uninjured limb was surprising, but may
not be a meaningful di erence. The observed e ect size was largeff ff

(0.83) and similar to e ect sizes reported by Wikstrom et al. comparingff

dynamic postural stability in subjects with self-reported ankle injuries
and healthy controls ( ). However, based onWikstrom et al., 2007
intraclass correlation coe cients (ICC) found by Wikstrom et al.ffi

( ), we calculated the minimum di erence (Wikstrom et al., 2005 ff Weir,
2005) in APSI values for the di erence to be considered real as 0.055.ff

The observed di erence between the APSI values, while statisticallyff

signi cant, only di ered by 0.005. It is possible that the injured SOFfi ff

operators had a sti er landing on their injured limb leading to lessff

anterior-posterior motion when stabilizing after landing resulting in a
smaller APSI value. It is also possible that given the number of
comparisons, one statistically signi cant nding may be due to chance.fi fi

Doherty et al. demonstrate balance of both the involved and uninvolved
limbs is impaired following acute ankle injury ( ).Doherty et al., 2015a
Conversely, Perron et al. did nd di fi ff erences between injured and
uninjured limbs following acute ankle injury, but question the clinical
signi cance of this nding ( ). Though we did not ndfi fi Perron et al., 2007 fi

bilateral di erences, we also did not nd di erences between groups,ff fi ff

which may suggest a single sprain does not have a large enough e ectff

to cause central changes impacting postural stability.
This is the rst study to use a single-leg jump landing task tofi

quantify dynamic postural stability in individuals with a single self-
reported ankle sprain. The dynamic postural stability means reported
here are comparable to those previously reported on young, healthy
individuals completing a similar jump landing task ( ).Sell et al., 2012
However, our results con ict with other researchers who have identi-fl

fi fied postural stability de cits in individuals with acute lateral ankle
sprain during static and quasi-static protocols (Doherty et al., 2015a;
Goldie et al., 1994). We expected a more challenging, dynamic task
would detect di erences between the groups, but given the low numberff

of self-reported injuries, our study was underpowered. Although the
task utilized was arguably more challenging compared to a quasi-static
task, it may not have been challenging enough to detect di erences inff

the injured limbs ( ). Time from injury on average wasLiu et al., 2013
6.8 months, which is outside of the acute injury period many studies
have considered (1 6 months). (–       Doherty et al., 2015a; Goldie et al.,
1994; Perron et al., 2007 ) While we showed no di erence in DPSIff

scores due to self-reported injury, there may be other neuromuscular
factors that were not examined that could have been a ected.ff

There were no signi cant di erences found between the positions offi ff

Table 2

Dynamic postural stability task performance and within injured group comparisons.

Injured participants ( = 10) Injured side Uninjured side value E ect size Powern P ff

Mean (SD) Mean (SD) (1- )d 

Balance measures

MLSI 0.027 (0.005) 0.027 (0.004) 0.89 0.00 0.05
APSI 0.130 (0.013) 0.135 (0.015) 0.02 0.83 0.65
VSI 0.332 (0.051) 0.340 (0.056) 0.42 0.28 0.12
DPSI 0.358 (0.051) 0.365 (0.059) 0.35 0.33 0.16

Biomechanical Measures

Hip exion (+) at IC 27.1 (10.1) 26.1 (6.4) 0.59 0.20 0.09fl

Hip abduction ( ) at IC  10.7 (5.4) 9.5 (4.5) 0.63 0.19 0.08
Knee exion (+) at IC 12.0 (5.3) 10.4 (5.4) 0.08 0.73 0.54fl

Knee valgus (+) at IC 3.7 (4.1) 3.8 (3.5) 0.99 0.01 0.05
Ankle plantar exion (fl ) at IC  22.7 (11.1) 28.0 (14.1) 0.37 0.34 0.16

Means and standard deviations (SD) of balance measures (ground reaction forces, N) and biomechanical measures (angles, °). *Statistically signi cant di erences between injured andfi ff

uninjured sides ( < 0.05).P 

Table 3

Dynamic postural stability task performance and comparisons between injured and

healthy groups.

Injured
limbs

Healthy
limbs

P value E ect size Powerff

Mean (SD) Mean (SD) (1- )d 

Balance measures
MLSI 0.028

(0.006)
0.030
(0.006)

0.58 0.33 0.16

APSI 0.134
(0.005)

0.136
(0.014)

0.40 0.19 0.09

VSI 0.344
(0.044)

0.326
(0.039)

0.19 0.43 0.24

DPSI 0.371
(0.041)

0.354
(0.039)

0.21 0.42 0.24

Biomechanical measures

Hip exion (+) at IC 28.0 (10.2) 30.0 (7.5) 0.55 0.22 0.10fl

Hip abduction ( ) at
IC

10.7
(5.4)

9.5 (4.8) 0.52 0.23 0.11

Knee exion (+) at IC 12.5 (5.8) 12.9 (4.2) 0.86 0.08 0.06fl

Knee valgus (+) at IC 2.7 (4.3) 4.1 (3.6) 0.38 0.35 0.18

Ankle plantar exionfl

( ) at IC
21.5

(10.6)
25.6

(9.6)
0.30 0.41 0.18

Means and standard deviations (SD) of balance measures (ground reaction forces, N) and

biomechanical measures (angles, °). *Statistically signi cant di erences between rightfi ff

and left sides ( < 0.05).P 
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the hip, knee, or ankle at initial contact between the injured and
uninjured groups as well as between the injured and uninjured limbs.
E ect sizes ranged from 0.01 0.73 for the within group comparison andff –

0.08 0.41 for the between group comparison suggesting that any–

di erences are not clinically relevant. This result may be due toff

participants using a variety of di erent landing strategies to regainff

stability after landing. While the ankle contributes to the deceleration
moment and control of the center of mass when landing, control at the
knee and hip also contributes to center of mass deceleration (Devita and
Skelly, 1992; Doherty et al., 2015c ). Lower extremity joint positioning
at initial contact is often a point of interest in jump-landing maneuvers
as knee and hip position at initial contact have been identi ed asfi

mechanism for injury ( ). However, time averagedFong et al., 2009
di erences may be more relevant as Doherty et al. (ff Doherty et al.,
2015c Caul eld and Garrett, 2002), and Caul eld and Garrett (fi fi ) showed
that di erences in time-averaged angular displacements at the ankle,ff

knee, and hip exist both prior to and post landing in individuals with
previous ankle injury during a drop-landing task. Time averaged
angular displacements should be considered in future studies.

This study has several limitations. The sample size for the injured
population was small. More injuries may have shown larger di erencesff

between groups. The severity of ankle injury and exact structure
involved in each case was self-reported. While the self-reported data
suggest these injuries were lateral ankle sprains, it cannot be ruled out
that other tissues or structures were involved. Also, perceived instabil-
ity was not collected in control and injured groups. While control
participants had not sustained any lower extremity injuries within the
one year prior to test date, it is possible that they had some residual
e ects from an injury occurring > one year prior. Information regard-ff

ing SOF operator rehabilitation strategies after injury would have been
useful in assessing e cacy of certain rehabilitation e orts. Futureffi ff

studies in SOF operators should determine ankle instability status and
keep record of post injury rehabilitation e orts.ff

5. Conclusions

This study showed that dynamic postural stability measures and
landing mechanics are not signi cantly altered in SOF operators thatfi

have su ered a single self-reported ankle injury within one year priorff

when compared to healthy SOF operators. Injured SOF operators
demonstrated better stability in the anterior-posterior direction on
their injured limb compared to their uninjured limb, but this is arguably
not a meaningful di erence. These results suggest current humanff

performance training and rehabilitation may adequately restore postur-
al stability or that the single self-reported injury did not alter postural
stability or landing mechanics. It is also possible that following ankle
injury dynamic postural stability is restored through daily activities the
SOF operators complete.

Acknowledgments

Funding for this study was provided by the O ce of Naval Researchffi

[Award No. N000141110929], U.S. Army Medical Research and
Materiel Command [Award No. W81XWH-11-2-0020], U.S. Army
Research Laboratory [Award No. W911NF-10-1-0168], and the Air
Force Materiel Command/Air Force Research Laboratory [Award No.
FA86501226271]. The views expressed in this paper are those of the
authors and do not represent the offi cial policy or position of the
Defense Health Agency, the U.S. Army Medical Research and Material
Command, the O ce of Naval Research, the Air Force Material Supportffi

Agency, USSOCOM, or the Department of Defense.

References

Abt, J.P., Sell, T.C., Lovalekar, M.T., et al., 2014. Injury epidemiology of U.S. army special
operations forces. Mil. Med. 179 (10), 1106 1112. – http://dx.doi.org/10.7205/

MILMED-D-14-00078.
Almeida, S.A., Williams, K.M., Sha er, R.A., Brodine, S.K., 1999. Epidemiologicalff

patterns of musculoskeletal injuries and physical training. Med. Sci. Sports Exerc. 31
(8), 1176 1182– .

Bahr, R., Bahr, I.A., 1997. Incidence of acute volleyball injuries: a prospective cohort
study of injury mechanisms and risk factors. Scand. J. Med. Sci. Sports 7 (3),
166 171. .– http://dx.doi.org/10.1111/j.1600-0838.1997.tb00134.x

Brown, C.N., Bowser, B., Orellana, A., 2010. Dynamic postural stability in females with
chronic ankle instability. Med. Sci. Sports Exerc. 42 (12), 2258 2263. – http://dx.doi.
org/10.1249/MSS.0b013e3181e40108.

Brown, C.N., Ko, J., Rosen, A.B., Hsieh, K., 2015. Individuals with both perceived ankle
instability and mechanical laxity demonstrate dynamic postural stability de cits.fi

Clin. Biomech. 30 (10), 1170 1174. – http://dx.doi.org/10.1016/j.clinbiomech.2015.
08.008.

Caul eld, B.M., Garrett, M., 2002. Functional instability of the ankle: di erences infi ff

patterns of ankle and knee movement prior to and post landing in a single leg jump.
Int. J. Sports Med. 23 (1), 64 68. .– http://dx.doi.org/10.1055/s-2002-19272

Cohen, J., 1988. Statistical Power Analisis for the Behavioral Sciences. Lawrence
Earlbaum Associates, Hillside, NJ.

Davis III, R.B., Õunpuu, S., Tyburski, D., Gage, J.R., 1991. A gait analysis data collection
and reduction technique. Hum. Mov. Sci. 10 (5), 575 587. – http://dx.doi.org/10.
1016/0167-9457(91)90046-Z.

Delahunt, E., Monaghan, K., Caul eld, B., 2006. Changes in lower limb kinematics,fi

kinetics, and muscle activity in subjects with functional instability of the ankle joint
during a single leg drop jump. J. Orthop. Res. 24 (10), 1991 2000. – http://dx.doi.org/
10.1002/jor.20235.

Devita, P., Skelly, W.A., 1992. E ect of landing sti ness on joint kinetics and energetics inff ff 

the lower extremity. Med. Sci. Sports Exerc. 24 (1), 108 115– .
Dick, R., Agel, J., Marshall, S.W., 2007. National Collegiate Athletic Association Injury

Surveillance System Commentaries: introduction and methods. J. Athl. Train. 42 (2),
173 182– .

Doherty, C., Bleakley, C., Hertel, J., Caul eld, B., Ryan, J., Delahunt, E., 2015a. Dynamicfi

balance de cits 6 months following rst-time acute lateral ankle sprain: a Laboratoryfi fi

analysis. J. Orthop. Sports Phys. Ther. 45 (8), 626 633. – http://dx.doi.org/10.2519/
jospt.2015.5653.

Doherty, C., Bleakley, C., Hertel, J., Caul eld, B., Ryan, J., Delahunt, E., 2015b. Single-legfi

drop landing motor control strategies following acute ankle sprain injury. Scand. J.
Med. Sci. Sports 25 (4), 525 533. .– http://dx.doi.org/10.1111/sms.12282

Doherty, C., Bleakley, C., Hertel, J., Caul eld, B., Ryan, J., Delahunt, E., 2015c. Single-legfi

drop landing movement strategies 6 months following rst-time acute lateral anklefi

sprain injury. Scand. J. Med. Sci. Sports 25 (6), 806 817. – http://dx.doi.org/10.1111/
sms.12390.

Doherty, C., Bleakley, C., Hertel, J., Caul eld, B., Ryan, J., Delahunt, E., 2016a. Dynamicfi

balance de cits in individuals with chronic ankle instability compared to ankle sprainfi

copers 1 year after a rst-time lateral ankle sprain injury. Knee Surg. Sportsfi

Traumatol. Arthrosc. 24 (4), 1086 1095. – http://dx.doi.org/10.1007/s00167-015-
3744-z.

Doherty, C., Bleakley, C., Hertel, J., Caul eld, B., Ryan, J., Delahunt, E., 2016b. Recoveryfi

from a rst-time lateral ankle sprain and the predictors of chronic ankle instability: afi

prospective cohort analysis. Am. J. Sports Med (February). http://dx.doi.org/10.
1177/0363546516628870.

Doherty, C., Bleakley, C., Hertel, J., Caul eld, B., Ryan, J., Delahunt, E., 2016c. Single-legfi

drop landing movement strategies in participants with chronic ankle instability
compared with lateral ankle sprain copers . Knee Surg. Sports Traumatol. Arthrosc.“ ”

24 (4), 1049 1059. .– http://dx.doi.org/10.1007/s00167-015-3852-9
Faul, F., Erdfelder, E., Lang, A.-G., Buchner, A., 2007. G*power 3: a exible statisticalfl

power analysis program for the social, behavioral, and biomedical sciences. Behav.
Res. Methods 39 (2), 175 191 – .

Fong, D.T., Chan, Y.-Y., Mok, K.-M., Yung, P.S., Chan, K.-M., 2009. Understanding acute
ankle ligamentous sprain injury in sports. Sports Med. Arthrosc. Rehabil. Ther.
Technol. 1, 14. .http://dx.doi.org/10.1186/1758-2555-1-14

Gehring, D., Wissler, S., Mornieux, G., Gollhofer, A., 2013. How to sprain your ankle a– 

biomechanical case report of an inversion trauma. J. Biomech. 46 (1), 175 178.–

http://dx.doi.org/10.1016/j.jbiomech.2012.09.016.
Goldie, P.A., Evans, O.M., Bach, T.M., 1994. Postural control following inversion injuries

of the ankle. Arch. Phys. Med. Rehabil. 75 (9), 969 975– .
Gorton III, G.E., Hebert, D.A., Gannotti, M.E., 2009. Assessment of the kinematic

variability among 12 motion analysis laboratories. Gait Posture 29 (3), 398 402.–

http://dx.doi.org/10.1016/j.gaitpost.2008.10.060.
Gribble, P.A., Bleakley, C.M., Caul eld, B.M., et al., June 2016. Evidence review for thefi

2016 International Ankle Consortium consensus statement on the prevalence, impact
and long-term consequences of lateral ankle sprains. Br. J. Sports Med (bjsports-2016-
096189). .http://dx.doi.org/10.1136/bjsports-2016-096189

Hass, C.J., Bishop, M.D., Doidge, D., Wikstrom, E.A., 2010. Chronic ankle instability alters
central organization of movement. Am. J. Sports Med. 38 (4), 829 834. – http://dx.
doi.org/10.1177/0363546509351562.

Hennessy, S., Bilker, W.B., Berlin, J.A., Strom, B.L., 1999. Factors in uencing the optimalfl

control-to-case ratio in matched case-control studies. Am. J. Epidemiol. 149 (2),
195 197– .

Hertel, J., 2008. Sensorimotor de cits with ankle sprains and chronic ankle instability.fi

Clin. Sports Med. 27 (3), 353 370. .– http://dx.doi.org/10.1016/j.csm.2008.03.006
Jones, B.H., Cowan, D.N., Tomlison, J.P., Robinson, J.R., Polly, D.W., Frykman, P.N.,

1993. Epidemiology of injuries associated with physical training among young men
in the army. Med. Sci. Sports Exerc. 25 (2), 197 203– .

Jones, B.H., Perrotta, D.M., Canham-Chervak, M.L., Nee, M.A., Brundage, J.F., 2000.
Injuries in the military: a review and commentary focused on prevention. Am. J. Prev.

H.M. Bansbach et al. Clinical Biomechanics 47 (2017) 27–32

31



Med. 18 (3 Suppl), 71 84– .
Kadaba, M.P., Ramakrishnan, H.K., Wootten, M.E., 1990. Measurement of lower

extremity kinematics during level walking. J. Orthop. Res. 8 (3), 383 392. – http://dx.
doi.org/10.1002/jor.1100080310.

Kaufman, K.R., Brodine, S., Sha er, R., 2000. Military training-related injuries:ff

surveillance, research, and prevention. Am. J. Prev. Med. 18, 54 63. (3, Suppl. 1).–

http://dx.doi.org/10.1016/S0749-3797(00)00114-8.
Kragh, J.F., Jones, B.H., Amaroso, P.J., Heekin, R.D., 1996. Parachuting injuries among

Army rangers: a prospective survey of an elite airborne battalion. Mil. Med. 161 (7),
416 419– .

Lauder, T.D., Baker, S.P., Smith, G.S., Lincoln, A.E., 2000. Sports and physical training
injury hospitalizations in the army. Am. J. Prev. Med. 18 (3 Suppl), 118 128– .

Lephart, S.M., Ferris, C.M., Riemann, B.L., Myers, J.B., Fu, F.H., 2002. Gender di erencesff

in strength and lower extremity kinematics during landing. Clin. Orthop. 401,
162 169– .

Lillywhite, L.P., 1991. Analysis of extrinsic factor associated with 379 injuries occurring
during 34,236 military parachute descents. J. R. Army Med. Corps 137 (3), 115 121– .

Liu, K., Glutting, J., Wikstrom, E., Gustavsen, G., Royer, T., Kaminski, T.W., 2013.
Examining the diagnostic accuracy of dynamic postural stability measures in
di erentiating among ankle instability status. Clin. Biomech. 28 (2), 211 217. ff – http://
dx.doi.org/10.1016/j.clinbiomech.2012.11.003.

Lovalekar, M., Abt, J.P., Sell, T.C., Wood, D.E., Lephart, S.M., 2016a. Descriptive
epidemiology of musculoskeletal injuries in Naval Special Warfare Sea, air, and land
operators. Mil. Med. 181 (1), 64 69. – http://dx.doi.org/10.7205/MILMED-D-14-
00655.

Lovalekar, M.T., Abt, J.P., Sell, T.C., et al., 2016b. Descriptive epidemiology of
musculoskeletal injuries in the Army 101st airborne (air assault) division. Mil. Med.
181 (8), 900 906. .– http://dx.doi.org/10.7205/MILMED-D-15-00262

Medina McKeon, J.M., Bush, H.M., Reed, A., Whittington, A., Uhl, T.L., McKeon, P.O.,
2014. Return-to-play probabilities following new versus recurrent ankle sprains in
high school athletes. J. Sci. Med. Sport 17 (1), 23 28. – http://dx.doi.org/10.1016/j.
jsams.2013.04.006.

Perron, M., Hébert, L.J., McFadyen, B.J., Belzile, S., Regniére, M., 2007. The ability of the
Biodex stability system to distinguish level of function in subjects with a second-
degree ankle sprain. Clin. Rehabil. 21 (1), 73 81. – http://dx.doi.org/10.1177/
0269215506071288.

Reynolds, K., Cosio-Lima, L., Bovill, M., Tharion, W., Williams, J., Hodges, T., 2009. A
comparison of injuries, limited-duty days, and injury risk factors in infantry, artillery,
construction engineers, and special forces soldiers. Mil. Med. 174 (7), 702 708.–

http://dx.doi.org/10.7205/MILMED-D-02-2008.

Riemann, B.L., Lephart, S.M., 2002a. The sensorimotor system, part I: the physiologic
basis of functional joint stability. J. Athl. Train. 37 (1), 71 79– .

Riemann, B.L., Lephart, S.M., 2002b. The sensorimotor system, part II: the role of
proprioception in motor control and functional joint stability. J. Athl. Train. 37 (1),
80 84– .

Sell, T.C., Abt, J.P., Crawford, K., et al., 2010. Warrior model for human performance and
injury prevention: eagle tactical athlete program (ETAP) part I. J. Spec. Oper. Med.
10 (4), 2 21 – .

Sell, T.C., House, A.J., Apt, J.P., Huang, H.C., Lephart, S.M., 2012. An examination,
correlation, and comparison of static and dynamic measures of postural stability in
healthy, physically active adults. Phys. Ther. Sport 13 (2), 80 86. – http://dx.doi.org/
10.1016/j.ptsp.2011.06.006.

Shumway-Cook, A., Woollacott, M., 2001. Motor control: issues and theories. In: Motor
Control: Theory and Practical Applications, second ed. Lippincott Williams & Wilkins,
Philadelphia, pp. 1 25– .

Terada, M., Gribble, P.A., 2015. Jump landing biomechanics during a Laboratory
recorded recurrent ankle sprain. Foot Ankle Int. 36 (7), 842 848. – http://dx.doi.org/
10.1177/1071100715576517.

Weir, J.P., 2005. Quantifying test-retest reliability using the intraclass correlation
coe cient and the SEM. J. Strength Cond. Res. 19 (1), 231 240. ffi – http://dx.doi.org/
10.1519/15184.1.

Wikstrom, E.A., Tillman, M.D., Smith, A.N., Borsa, P.A., 2005. A new force-plate
technology measure of dynamic postural stability: the dynamic postural stability
index. J. Athl. Train. 40 (4), 305 309– .

Wikstrom, E.A., Tillman, M.D., Chmielewski, T.L., Cauraugh, J.H., Borsa, P.A., 2007.
Dynamic postural stability de cits in subjects with self-reported ankle instability.fi

Med. Sci. Sports Exerc. 39 (3), 397 402. – http://dx.doi.org/10.1249/mss.
0b013e31802d3460.

Wikstrom, E.A., Naik, S., Lodha, N., Cauraugh, J.H., 2010. Bilateral balance impairments
after lateral ankle trauma: a systematic review and meta-analysis. Gait Posture 31 (4),
407 414. .– http://dx.doi.org/10.1016/j.gaitpost.2010.02.004

Wikstrom, E.A., Tillman, M.D., Chmielewski, T.L., Cauraugh, J.H., Naugle, K.E., Borsa,
P.A., 2012. Discriminating between copers and people with chronic ankle instability.
J. Athl. Train. 47 (2), 136 142– .

Willems, T., Witvrouw, E., Verstuyft, J., Vaes, P., Clercq, D.D., 2002. Proprioception and
muscle strength in subjects with a history of ankle sprains and chronic instability. J.
Athl. Train. 37 (4), 487.

Woltring, H., 1995. Smoothing and di erentiating techniques applied to 3-D data. In:ff

Three-Dimensional Analysis of Human Movement. Human Kinetics, Champaign, IL,
pp. 79 100– .

H.M. Bansbach et al. Clinical Biomechanics 47 (2017) 27–32

32


