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Abstract. [Purpose] The purpose of this study was to evaluate the changes in gait patterns and clinical outcomes 
of patients with chronic ankle instability (CAI) following treatment with a home-based non-invasive biomechanical 
device. [Subjects and Methods] Thirty-three patients with CAI were compared with 43 healthy controls. Patients 
underwent a spatiotemporal gait assessment before and three months following treatment. Clinical evaluation was 
recorded with SF-36 Health Survey and the Foot and Ankle Outcome Score (FAOS). [Results] Significant baseline 
differences were found between groups. Patients with CAI showed a statistically significant improvement in veloc-
ity, cadence, symptomatic limb step length and single limb support over time. Significant improvements in SF-36 
PCS and FAOS outcome scores were found in patients with CAI. [Conclusion] Patients with CAI have baseline spa-
tiotemporal gait abnormalities as compared with healthy controls. However, clinical and gait metrics improvement 
can be expected after 12 weeks of perturbation training using a non-invasive biomechanical device.
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INTRODUCTION

The pathophysiology of progression from acute lateral ankle sprain to chronic ankle instability (CAI) is not well under-
stood. It is estimated that CAI can develop in up to 40% of ankle sprains1–3). The prevalence of CAI in young adult population 
is estimated to be 1.1% in males and 0.7% in females4). Chronic ankle instability is regarded to have multifactorial pathology, 
and can be caused by several co-existing etiologies. Mechanical instability5, 6), proprioception deficits7–10), neuromuscular 
control deficits11–13), postural control deficits14–16), and muscle weakness9, 17, 18) have all been studied and demonstrated to 
contribute to CAI.

A debate exists regarding gender-based differences and ankle instability. Some authors found that males had a higher 
incidence of ankle sprains compared to age-matched females4, 19). Conversely, other authors found that ankle instability 
was more common in females20). Several publications have shown that female athletes are more prone to lower extremity 
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injuries, anterior cruciate ligament injuries in particular21–25). Other studies report more mixed results regarding an increased 
incidence of ankle sprains in females26, 27).

Gait abnormalities have been previously described in patients with CAI. The majority of research has focused on ankle 
kinematics, showing reduced ankle dorsiflexion28–30), with anterior talus displacement31–33). Nyska et al34) showed that in 
patients with CAI, there is slower weight transfer with reduced impact at the stance phase, and a lateral shift of the foot’s 
center of pressure.

A recent study35) showed significant differences in spatiotemporal gait data of patients with CAI compared with healthy 
controls. Patients with CAI had lower walking velocity, lower cadence, and shorter step length. Furthermore, their base of 
support was wider, and single limb support time was shorter. These gait alterations might reflect modified gait adopted by 
patients, in order to compensate for their sense of instability or reflect deficits caused by the instability.

Treatment of CAI may include both surgical and conservative options. McKeon et al. conducted a systematic review 
on the clinical effectiveness of balance training for patients with CAI. They concluded that balance training can be used 
prophylactically or after an acute ankle sprain in an effort to reduce future ankle sprains, but current evidence is insufficient 
to assess this effect in patients with chronic ankle instability36). There are several non-invasive treatment options for patients 
with CAI amongst them are orthotics, ankle braces, strength training and balance board training2). In the last five years 
several publications have described the effect of a novel home-based biomechanical therapy (AposTherapy) on clinical 
symptoms and gait patterns in patients with different musculoskeletal conditions37–39). This device aims to apply functional 
balance training using a foot wear device. It is capable of a center of pressure manipulation and generation of perturbations 
which intend to challenge and train neuromuscular control40–42).

The purpose of this study was to evaluate the changes in temporal-spatial gait parameters and clinical outcomes of patients 
with CAI following treatment with a home-based non-invasive biomechanical device and compare them to a group of healthy 
controls. The study hypothesis was that with the unique propensities of this therapy to train neuromuscular control, improved 
spatiotemporal gait metrics and clinical outcome scores can be expected.

SUBJECTS AND METHODS

The AposTherapy Centre database was retrospectively searched for patients treated for chronic ankle instability between 
May 2009 and September 2014 (Commencement of data collection at the therapy center and three months from starting data 
analysis, to allow three months’ follow-up period). Data were retrieved from the patients’ medical files and the controls’ 
records. Approval from the Institutional Review Board was obtained before initiating this study. The study is registered in the 
NIH clinical trial registration system (No. NCT00767780).

To enhance the validity of clinical research conducted in this patient population, strict inclusion and exclusion criteria 
were used, based on the criteria endorsed by the International Ankle Consortium43). Inclusion criteria included a history of 
at least one significant ankle sprain, history of the previously injured ankle joint ‘giving way’ and/or recurrent sprain and/or 
‘feelings of instability’, and a Foot and Ankle Outcome Score (FAOS) less than 75 in three or more categories as specified in 
the International Ankle Consortium work43). Accordingly, excluded from the study were patients with a history of previous 
surgeries or fractures involving the lower extremity, and patients with an acute injury in the previous 3-months period result-
ing in at least one interrupted day of desired physical activity.

Patients underwent a comprehensive assessment during their first visit to the therapy center, by a certified physical thera-
pist including a physical examination, spatiotemporal gait analysis, and clinical outcome scores assessment.

A total of 33 patients met the inclusion criteria, 18 males and 15 females, with a mean age of 39.0 years (range 16 to 77, 
SD 16), and mean body mass index (BMI) of 26.0 kg/m2 (range 20.1 to 36.9, SD 4.8). Four patients had bilateral ankle insta-
bility, with one limb being more symptomatic (based on their answer to the question: “which ankle is more symptomatic?”). 
The control group consisted of 43 healthy individuals matched for age and anthropometric data (Table 1). The control group 
was evaluated by gait analysis as same as the study group.

Gait was measured using a computerized mat with embedded sensors to calculate spatiotemporal data (GaitMat system, 

Table 1.  Patient’s characteristics

CAI Control
N 33 43
Age (years) 39.0 (16.0) 37.5 (14.2)
Height (m) 1.70 (0.1) 1.73 (0.09)
Weight (kg) 74.1 (15.9) 74.0 (13.0)
BMI (kg/m2) 26.0 (4.8) 24.6 (2.9)
*p-values was set to p<0.05. No significant differences were found 
between patients with CAI and controls in terms of age, height, 
weight and BMI.
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E.Q., Inc. Chalfont, PA, USA)44). Spatiotemporal metrics is considered the most immediately clinically applicable out of all 
gait data, and have been referred to as the ‘vital signs of gait’. Moreover, they make intuitive sense, can be easily interpreted 
and have been well correlated with levels of disability and function across multiple pathologies45). During gait analysis 
patients with CAI and controls were asked to walk barefoot at a self-selected speed. Each examination included four trials, 
and the mean value of all trials was calculated for the following parameters: gait velocity (cm/s), step length (cm), cadence 
(steps/min), base of support (cm), stance (% gait cycle [GC]), and single limb support (SLS) (%GC). Left and right values 
were determined based on the leading limb during heel strike. The analysis included values of the more symptomatic limb 
and less symptomatic limb. This was determined by the patient’s history and physical examination findings. For the control 
group, the results of the left limb were arbitrarily defined as the more symptomatic limb.

Clinical outcomes were evaluated with the SF-36 Health Survey and the Foot and Ankle Outcome Score (FAOS)46).
Following first assessment, patients with CAI were calibrated with a unique non-invasive biomechanical device. The 

biomechanical device (AposTherapy, Apos-Medical and Sports Technologies Ltd., Herzliya, Israel) consists of two convex-
shaped biomechanical elements attached to each foot using a platform in the form of a shoe, allowing customized calibration 
(Fig. 1). The device can be individually calibrated to shift the trajectory of the foot’s center of pressure during gait, thereby 
altering the orientation of the ground reaction force vector as demonstrated by Haim and Rozen41, 42, 47). Also, the convexity 
of the biomechanical elements generates perturbations while walking, enabling dynamic, functional, and repetitive training 
intended to improve neuromuscular control40).

Following calibration, patients received usage instructions to be performed during their daily routine. Patients were in-
structed to walk with the biomechanical device for 10 minutes once a day during the first week and gradually increase walk-
ing time reaching 60 minutes once a day after 12 weeks. In addition, after four weeks of therapy patients were encouraged to 
walk outdoors with the biomechanical device for 10–15 minutes once a day. Patients underwent a second clinical outcome 
assessment and gait analysis following three months of treatment.

All statistical analysis was carried out by an independent biostatistician. Data were analyzed with IBM SPSS software ver-
sion 21.0 and the significant level was set at 0.05. The following dependent parameters were evaluated: spatiotemporal gait 
measures including velocity, cadence, more and less symptomatic step length, base of support, more and less symptomatic 
stance phase, and more and less symptomatic SLS phase. SF-36 measures included the SF-36 Physical Score (average of 4 
sub-categories) and the SF-36 Mental Score (average of 4 other sub-categories). FAOS measures included a total score and 
five sub-categories including pain, symptoms, ADL, quality of life and sports. Results were presented as a mean and standard 
deviation, followed by 95% confidence interval for the two time periods. Non-parametric one-sample Kolmogorov-Smirnov 
tests were calculated to compare the observed cumulative distribution function for the continuous variables with the Normal 
theoretical distribution.

Differences between CAI patients and the healthy group were measured by the unpaired t-test and differences over time 
were measured by paired t-test. Furthermore, differences within gender were evaluated with The GLM Repeated Measures 
procedure to demonstrate the differences over time, the interaction of the differences between the groups over time and the 
interaction of the differences with gender.

Fig. 1.  The biomechanical device (Apos system)



J. Phys. Ther. Sci. Vol. 29, No. 4, 2017680

RESULTS

All patients complied with the treatment and completed the study protocol, with no adverse events reported.
Results of gait analysis are summarized in Table 2. Significant differences were found for all gait parameters (velocity, 

cadence, step length, base of support, stance, single limb support), except for SLS for the less symptomatic limb, when 
comparing pre-treatment gait metrics of patients with CAI with healthy controls.

In patients with CAI, a comparison of pre-treatment gait metrics with post-treatment, demonstrated a statistically signifi-
cant improvement in velocity from 104.3 to 114.8 cm/s, cadence from 70.4 to 73.6 steps/min, symptomatic limb step length 
from 55.9 to 62.6 cm, less symptomatic limb step length from 58.6 to 61.6, and symptomatic limb single limb support from 
38.6 to 39.4%GC. When comparing post-treatment gait metrics of patients with CAI with healthy controls, statistically 
significant differences still existed for velocity, symptomatic limb step length, less symptomatic limb step length, and base of 
support. A small-large effect size was calculated for the gait parameters, ranging from 0.37 to 1.09.

Results of clinical outcome scores are summarized in Table 3. Significant improvements in clinical outcome scores were 
found in patients with CAI following treatment. The SF-36 PCS component increased from 56.2 to 64.5, total FAOS score 
increased from 66.6 to 74.8. A similar improvement was found in all the subcategories of the FAOS score (pain, symptoms, 
ADL, QoL, and sport).

A gender interaction analysis was performed to evaluate whether this treatment has a different effect on males and females 
with regards to gait and clinical outcome scores. A small-medium effect size was calculated for the different subcategories, 
ranging from 0.29 to 0.54. In terms of gender differences, a significant interaction was found in gender treatment in several 
gait parameters including velocity (p=0.038), more and less symptomatic limb step length (p=0.016 and p=0.038, respec-
tively), more symptomatic limb stance phase (p=0.005) and less symptomatic limb SLS (p=0.022). In other words, although 
both genders improved significantly following treatment, males have improved to a greater extent compared to females. 
There was no significant interaction in the clinical outcomes.

DISCUSSION

This study evaluated changes in spatiotemporal gait parameters and clinical outcomes of patients with CAI following 
treatment with a non-invasive biomechanical device, intended to improve neuromuscular control.

Table 2.  Gait pattern of patients with CAI and healthy population. Results are presented as mean (SD) [95% CI]

CAI
pre-treatment

CAI 
post 3 months of 

treatment
Effect size Healthy

Velocity (cm/s)
104.3 (17.9) 114.8 (17.7)β

0.59
126.5 (18.5)*§

[100.4–113.4] [110.0–123.1] [120.8–132.2]

Cadence (steps/min)
70.4 (7.4) 73.6 (5.8)β

0.43
75.8 (5.2)*

[68.0–74.1] [71.6–76.5] [74.1–77.4]

More symptomatic step length (cm)
55.9 (6.1) 62.6 (6.9)β

1.09
66.8 (7.7)*§

[58.1–62.2] [60.7–68.8] [64.4–69.2]

Less symptomatic step length (cm)
58.6 (7.0) 61.6 (7.8)β

0.43
67.2 (7.5)*§

[58.0–61.7] [60.1–64.9] [64.8–69.5]

Base of support (cm)
6.8 (3.5) 6.9 (3.9)

0.03
4.7 (2.2)*§

[5.4–8.6] [5.4–8.9] [4.0–5.4]

More symptomatic Stance (%GC) 
60.9 (1.8) 60.2 (1.9)β

0.39
59.8 (1.3)*

[60.0–61.3] [59.5–60.8] [59.4–60.2]

Less symptomatic stance (%GC)
61.4 (1.9) 60.7 (1.7)β

0.37
59.9 (1.8)*

[60.5–61.9] [59.8–60.9] [59.4–60.5]

More symptomatic SLS (%GC)
38.6 (1.9) 39.4 (1.7)β

0.42
40.0 (1.6)*

[38.1–39.5] [39.1–40.2] [39.5–40.5]

Less symptomatic SLS (%GC)
39.3 (1.7) 39.8 (1.9)

0.29
40.1 (1.4)*

[38.8–40.1] [39.2–40.6] [39.7–40.5]
Significance was defined as p<0.05. *Significance between CAI (pre-treatment) vs. Healthy; §Significance between CAI 
(post-treatment) vs. Healthy. βSignificance between CAI pre-treatment vs. post-treatment.
Effect size was calculated as the difference between the 3 months assessment and pre-treatment assessment divided by 
the standard deviation at the pre-treatment assessment.
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When analyzing gait of patients with CAI compared with healthy controls, significant differences were found for the 
majority spatiotemporal parameters (velocity, cadence, step length, base of support, stance, and single limb support). This is 
in accordance with several studies documenting gait alterations in patients with chronic ankle instability29–34, 48). Wikstrom 
et al. studied neuromuscular and biomechanical control in CAI patients during planned and unplanned gait termination, com-
pared with controls. Authors showed altered biomechanical strategies during both planned and unplanned gait termination 
indicating alterations in feed-forward neuromuscular control and suggestive of feedback neuromuscular control deficits48). 
Nyska et al. reported on a longer ground contact time of the heel and midfoot as well as lateralization of the center of 
pressure34). Authors have reported on balance impairments in patients with ankle instability14, 16), and sensorimotor deficits 
are well documented9, 49). These gait alterations could reflect the deficits caused by ankle instability or reflect compensation 
mechanisms adopted by patients to overcome their instability.

The basis for neuromuscular training to treat ankle instability is directly linked to our current understanding of ankle 
instability pathogenesis. Mechanical instability, describing objective physical and radiologic findings of ligamentous in-
sufficiency, and functional instability with no objective evidence of insufficiency of static ankle stabilizers as previously 
described by Freeman et al.50) should not be considered as two strictly separate entities. In 2002, Hertel et al.51) suggested a 
model in which mechanical and functional instability are considered as part of a continuum, and later Hiller et al.52) updated 
this model suggesting a group of different instability subsets, depending on the complex interaction of mechanical instability, 
perceived instability, and frequency of recurrent sprain.

The biomechanical device used in the study has been extensively examined in previous studies. The device is a foot-worn 
platform comprising two adjustable convex elements attached to its base. Through the adjustment of the elements, the device 
is capable of changing the patient’s center of pressure in both sagittal and coronal planes during ambulation, thus generating 
perturbations40). Perturbation training can improve neuromuscular control, and was found to be beneficial in the treatment 
of various musculoskeletal pathologies53–58). In the current study, patients with CAI exhibited a significant improvement 
in gait velocity, cadence, symptomatic limb step length, less symptomatic limb step length, and symptomatic limb single 
limb support. Also, significant improvements in clinical outcome scores following treatment were found. The SF-36 PCS 
component increased, total FAOS score increased and in all the subcategories of the FAOS score. Interestingly, even after 
a short time of training, gait and clinical improvements have been recorded, although biomechanical deficits leading to 
chronic ankle instability have been present for an extended period, showing the plasticity of the neuromuscular system, 
with proper training. Several authors have published similar findings. Sefton et al.58) showed that after six weeks of balance 
training, individuals with CAI demonstrated enhanced dynamic balance, proprioception, and changes in motor neuron pool 

Table 3.  Clinical outcomes of patients with CAI and healthy population

CAI
pre-treatment

CAI 
post 3 months of 

treatment
Effect size Healthy

SF-36 Physical score
56.2 (21.5) 64.5 (19.9)β

0.39
85.4 (10.4)*§

[48.9–66.7] [56.6–72.3] [82.2–88.6]

Sf-36 Mental Score
70.6 (19.2) 72.1 (17.8)

0.08
83.1 (12.2)*§

[62.7–78.4] [68.2–80.7] [79.4–86.9]
FAOS

Total
66.6 (17.2) 74.8 (14.8)β

0.48 -
[59.3–73.8] [68.6–81.0]

Pain
62.0 (21.9) 73.8 (17.3)β

0.54 -
[52.8–71.3] [66.5–81.2]

Symptoms
61.8 (21.6) 71.4 (20.4)β

0.44 -
[52.6–70.9] [62.8–80.0]

ADL
83.6 (14.9) 89.0 (10.7)β

0.36 -
[77.3–89.9] [84.5–93.5]

QoL
33.9 (25.1) 40.9 (24.5)β

0.29 -
[23.2–44.5] [30.5–51.2]

Sport
50.0 (24.0) 60.6 (27.4)

0.44 -
[39.9–60.1] [49.0–72.2]

Significance was defined as p<0.05. Significance was defined as p<0.05. *Significance between CAI (pre-
treatment) vs. Healthy; §Significance between CAI (post-treatment) vs. Healthy. βSignificance between CAI 
pre-treatment vs. post-treatment.
Effect size was calculated as the difference between the 3 months assessment and pre-treatment assessment 
divided by the standard deviation at the pre-treatment assessment.
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excitability compared with controls. Lee et al.8) showed improved postural stability and ankle proprioception after 12 weeks 
training with an ankle platform system. The advantage of the device studied in the current work is the fact that it is used in 
the patient’s environment allowing thousands of repetitions done while performing daily activities.

Several limitations of this study should be recognized. First, data was collected retrospectively from one therapy center 
database. Apart from the inherent limitations of a retrospective study, it is important to acknowledge that all patients in this 
database were referred for treatment indicating a possible selection bias. Patients were included in this analysis based on the 
Ankle Consortium criteria. However, other tools (combination of the CAIT and AII) should be considered to allow a more 
specific characterization the population. Second, four patients in this study had bilateral ankle instability. It might be that 
this subgroup has adopted different compensation gait strategies. Third, only spatiotemporal gait data were collected. Future 
studies should consider using a 3-dimentional gait analysis incorporated with electromyography analysis. Fourth, a longer 
follow-up period is needed to examine whether the clinical and gait metrics improvements achieved following treatment are 
sustainable or may continue to improve over time. Lastly, the healthy control group had missing data for the FAOS, which af-
fects the ability to compare the results of the CAI following treatment with those of healthy controls. Furthermore, this study 
lacked a control group of CAI patients. Having such a control group would have allowed drawing a conclusion regarding the 
efficacy of the treatment. Currently, the results of this study showed an improvement in gait patterns and clinical outcomes, 
however without a control group we cannot determine whether the improvement was due to the treatment alone or other 
reasons. Future studies should consider a randomized controlled trial methodology.

In conclusion, significant differences in the baseline spatiotemporal gait metrics of patients with CAI and healthy controls 
were noted. Clinical and gait metrics improvement can be expected after 12 weeks of perturbation training using Apos-
Therapy.

Financial disclosures
This study was not funded in any way.

Conflict	of	interest
Avi Elbaz and Amit Mor hold shares in AposTherapy. Ganit Segal is a salaried employee of AposTherapy. Shay Tenen-

baum, Ofir Chechik, Jason Bariteau, Nathan Bruck, Yiftah Beer, and Mazen Falah are co-researchers in a number of studies. 
They do not receive and are not entitled to any financial compensation from AposTherapy.

ACKNOwLEDgEMENT

The authors would like to thank Nira Koren-Morag Ph.D., biostatistician, for her support in the statistical analysis.

REFERENCES

1) Chan KW, Ding BC, Mroczek KJ: Acute and chronic lateral ankle instability in the athlete. Bull NYU Hosp Jt Dis, 2011, 69: 17–26. [Medline]
2) de Vries JS, Krips R, Sierevelt IN, et al.: Interventions for treating chronic ankle instability. Cochrane Database Syst Rev, 2011, (8): CD004124. [Medline]
3) van Rijn RM, van Os AG, Bernsen RM, et al.: What is the clinical course of acute ankle sprains? A systematic literature review. Am J Med, 2008, 121: 324–331.

e6. [Medline]  [CrossRef]
4) Hershkovich O, Tenenbaum S, Gordon B, et al.: A large-scale study on epidemiology and risk factors for chronic ankle instability in young adults. J Foot Ankle 

Surg, 2015, 54: 183–187. [Medline]  [CrossRef]
5) Brown CN, Rosen AB, Ko J: Ankle ligament laxity and stiffness in chronic ankle instability. Foot Ankle Int, 2015, 36: 565–572. [Medline]  [CrossRef]
6) Hubbard TJ, Hertel J: Mechanical contributions to chronic lateral ankle instability. Sports Med, 2006, 36: 263–277. [Medline]  [CrossRef]
7) Fu AS, Hui-Chan CW: Ankle joint proprioception and postural control in basketball players with bilateral ankle sprains. Am J Sports Med, 2005, 33: 1174–

1182. [Medline]  [CrossRef]
8) Lee AJ, Lin WH: Twelve-week biomechanical ankle platform system training on postural stability and ankle proprioception in subjects with unilateral func-

tional ankle instability. Clin Biomech (Bristol, Avon), 2008, 23: 1065–1072. [Medline]  [CrossRef]
9) Willems T, Witvrouw E, Verstuyft J, et al.: Proprioception and muscle strength in subjects with a history of ankle sprains and chronic instability. J Athl Train, 

2002, 37: 487–493. [Medline]
10) Witchalls JB, Waddington G, Adams R, et al.: Chronic ankle instability affects learning rate during repeated proprioception testing. Phys Ther Sport, 2014, 

15: 106–111. [Medline]  [CrossRef]
11) Vaes P, Duquet W, Van Gheluwe B: Peroneal reaction times and eversion motor response in healthy and unstable ankles. J Athl Train, 2002, 37: 475–480. 

[Medline]
12) Mitchell A, Dyson R, Hale T, et al.: Biomechanics of ankle instability. Part 1: reaction time to simulated ankle sprain. Med Sci Sports Exerc, 2008, 40: 

1515–1521. [Medline]  [CrossRef]
13) Löfvenberg R, Kärrholm J, Sundelin G, et al.: Prolonged reaction time in patients with chronic lateral instability of the ankle. Am J Sports Med, 1995, 23: 

414–417. [Medline]  [CrossRef]
14) Arnold BL, De La Motte S, Linens S, et al.: Ankle instability is associated with balance impairments: a meta-analysis. Med Sci Sports Exerc, 2009, 41: 

http://www.ncbi.nlm.nih.gov/pubmed/21332435?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21833947?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18374692?dopt=Abstract
http://dx.doi.org/10.1016/j.amjmed.2007.11.018
http://www.ncbi.nlm.nih.gov/pubmed/25135102?dopt=Abstract
http://dx.doi.org/10.1053/j.jfas.2014.06.001
http://www.ncbi.nlm.nih.gov/pubmed/25511756?dopt=Abstract
http://dx.doi.org/10.1177/1071100714561057
http://www.ncbi.nlm.nih.gov/pubmed/16526836?dopt=Abstract
http://dx.doi.org/10.2165/00007256-200636030-00006
http://www.ncbi.nlm.nih.gov/pubmed/16000667?dopt=Abstract
http://dx.doi.org/10.1177/0363546504271976
http://www.ncbi.nlm.nih.gov/pubmed/18621453?dopt=Abstract
http://dx.doi.org/10.1016/j.clinbiomech.2008.04.013
http://www.ncbi.nlm.nih.gov/pubmed/12937572?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/23954386?dopt=Abstract
http://dx.doi.org/10.1016/j.ptsp.2013.04.002
http://www.ncbi.nlm.nih.gov/pubmed/12937570?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18705024?dopt=Abstract
http://dx.doi.org/10.1249/MSS.0b013e31817356b6
http://www.ncbi.nlm.nih.gov/pubmed/7573649?dopt=Abstract
http://dx.doi.org/10.1177/036354659502300407


683

1048–1062. [Medline]  [CrossRef]
15) Hiller CE, Nightingale EJ, Lin CW, et al.: Characteristics of people with recurrent ankle sprains: a systematic review with meta-analysis. Br J Sports Med, 

2011, 45: 660–672. [Medline]  [CrossRef]
16) Wikstrom EA, Naik S, Lodha N, et al.: Bilateral balance impairments after lateral ankle trauma: a systematic review and meta-analysis. Gait Posture, 2010, 31: 

407–414. [Medline]  [CrossRef]
17) Hall EA, Docherty CL, Simon J, et al.: Strength-training protocols to improve deficits in participants with chronic ankle instability: a randomized controlled 

trial. J Athl Train, 2015, 50: 36–44. [Medline]  [CrossRef]
18) Arnold BL, Linens SW, de la Motte SJ, et al.: Concentric evertor strength differences and functional ankle instability: a meta-analysis. J Athl Train, 2009, 44: 

653–662. [Medline]  [CrossRef]
19) Waterman BR, Owens BD, Davey S, et al.: The epidemiology of ankle sprains in the United States. J Bone Joint Surg Am, 2010, 92: 2279–2284. [Medline]  

[CrossRef]
20) Waterman BR, Belmont PJ Jr, Cameron KL, et al.: Epidemiology of ankle sprain at the United States Military Academy. Am J Sports Med, 2010, 38: 797–803. 

[Medline]  [CrossRef]
21) Bell NS, Mangione TW, Hemenway D, et al.: High injury rates among female army trainees: a function of gender? Am J Prev Med, 2000, 18: 141–146. [Med-

line]  [CrossRef]
22) Cox JS, Lenz HW: Women midshipmen in sports. Am J Sports Med, 1984, 12: 241–243. [Medline]  [CrossRef]
23) Faude O, Junge A, Kindermann W, et al.: Risk factors for injuries in elite female soccer players. Br J Sports Med, 2006, 40: 785–790. [Medline]  [CrossRef]
24) Jones BH, Knapik JJ: Physical training and exercise-related injuries. Surveillance, research and injury prevention in military populations. Sports Med, 1999, 

27: 111–125. [Medline]  [CrossRef]
25) Knapik JJ, Sharp MA, Canham-Chervak M, et al.: Risk factors for training-related injuries among men and women in basic combat training. Med Sci Sports 

Exerc, 2001, 33: 946–954. [Medline]  [CrossRef]
26) Beynnon BD, Vacek PM, Murphy D, et al.: First-time inversion ankle ligament trauma: the effects of sex, level of competition, and sport on the incidence of 

injury. Am J Sports Med, 2005, 33: 1485–1491. [Medline]  [CrossRef]
27) Leininger RE, Knox CL, Comstock RD: Epidemiology of 1.6 million pediatric soccer-related injuries presenting to US emergency departments from 1990 to 

2003. Am J Sports Med, 2007, 35: 288–293. [Medline]  [CrossRef]
28) Hoch MC, Staton GS, Medina McKeon JM, et al.: Dorsiflexion and dynamic postural control deficits are present in those with chronic ankle instability. J Sci 

Med Sport, 2012, 15: 574–579. [Medline]  [CrossRef]
29) Hoch MC, McKeon PO: Joint mobilization improves spatiotemporal postural control and range of motion in those with chronic ankle instability. J Orthop Res, 

2011, 29: 326–332. [Medline]  [CrossRef]
30) Drewes LK, McKeon PO, Kerrigan DC, et al.: Dorsiflexion deficit during jogging with chronic ankle instability. J Sci Med Sport, 2009, 12: 685–687. [Medline]  

[CrossRef]
31) Wikstrom EA, Hubbard TJ: Talar positional fault in persons with chronic ankle instability. Arch Phys Med Rehabil, 2010, 91: 1267–1271. [Medline]  [CrossRef]
32) Kobayashi T, Saka M, Suzuki E, et al.: In vivo kinematics of the talocrural and subtalar joints during weightbearing ankle rotation in chronic ankle instability. 

Foot Ankle Spec, 2014, 7: 13–19. [Medline]  [CrossRef]
33) Caputo AM, Lee JY, Spritzer CE, et al.: In vivo kinematics of the tibiotalar joint after lateral ankle instability. Am J Sports Med, 2009, 37: 2241–2248. [Med-

line]  [CrossRef]
34) Nyska M, Shabat S, Simkin A, et al.: Dynamic force distribution during level walking under the feet of patients with chronic ankle instability. Br J Sports Med, 

2003, 37: 495–497. [Medline]  [CrossRef]
35) Gigi R, Haim A, Luger E, et al.: Deviations in gait metrics in patients with chronic ankle instability: a case control study. J Foot Ankle Res, 2015, 8: 1. [Medline]  

[CrossRef]
36) McKeon PO, Hertel J: Systematic review of postural control and lateral ankle instability, part II: is balance training clinically effective? J Athl Train, 2008, 43: 

305–315. [Medline]  [CrossRef]
37) Elbaz A, Beer Y, Rath E, et al.: A unique foot-worn device for patients with degenerative meniscal tear. Knee Surg Sports Traumatol Arthrosc, 2013, 21: 

380–387. [Medline]  [CrossRef]
38) Elbaz A, Mirovsky Y, Mor A, et al.: A novel biomechanical device improves gait pattern in patient with chronic nonspecific low back pain. Spine, 2009, 34: 

E507–E512. [Medline]  [CrossRef]
39) Elbaz A, Mor A, Segal G, et al.: APOS therapy improves clinical measurements and gait in patients with knee osteoarthritis. Clin Biomech (Bristol, Avon), 

2010, 25: 920–925. [Medline]  [CrossRef]
40) Debbi EM, Wolf A, Haim A: Detecting and quantifying global instability during a dynamic task using kinetic and kinematic gait parameters. J Biomech, 2012, 

45: 1366–1371. [Medline]  [CrossRef]
41) Haim A, Rozen N, Dekel S, et al.: Control of knee coronal plane moment via modulation of center of pressure: a prospective gait analysis study. J Biomech, 

2008, 41: 3010–3016. [Medline]  [CrossRef]
42) Haim A, Rozen N, Wolf A: The influence of sagittal center of pressure offset on gait kinematics and kinetics. J Biomech, 2010, 43: 969–977. [Medline]  [Cross-

Ref]
43) Gribble PA, Delahunt E, Bleakley C, et al.: Selection criteria for patients with chronic ankle instability in controlled research: a position statement of the 

International Ankle Consortium. Br J Sports Med, 2014, 48: 1014–1018. [Medline]  [CrossRef]
44) Barker S, Craik R, Freedman W, et al.: Accuracy, reliability, and validity of a spatiotemporal gait analysis system. Med Eng Phys, 2006, 28: 460–467. [Medline]  

[CrossRef]
45) Mayich DJ, Novak A, Vena D, et al.: Gait analysis in orthopedic foot and ankle surgery—topical review, part 1: principles and uses of gait analysis. Foot Ankle 

Int, 2014, 35: 80–90. [Medline]  [CrossRef]
46) Roos EM, Brandsson S, Karlsson J: Validation of the foot and ankle outcome score for ankle ligament reconstruction. Foot Ankle Int, 2001, 22: 788–794. 

[Medline]  [CrossRef]

http://www.ncbi.nlm.nih.gov/pubmed/19346982?dopt=Abstract
http://dx.doi.org/10.1249/MSS.0b013e318192d044
http://www.ncbi.nlm.nih.gov/pubmed/21257670?dopt=Abstract
http://dx.doi.org/10.1136/bjsm.2010.077404
http://www.ncbi.nlm.nih.gov/pubmed/20303759?dopt=Abstract
http://dx.doi.org/10.1016/j.gaitpost.2010.02.004
http://www.ncbi.nlm.nih.gov/pubmed/25365134?dopt=Abstract
http://dx.doi.org/10.4085/1062-6050-49.3.71
http://www.ncbi.nlm.nih.gov/pubmed/19911093?dopt=Abstract
http://dx.doi.org/10.4085/1062-6050-44.6.653
http://www.ncbi.nlm.nih.gov/pubmed/20926721?dopt=Abstract
http://dx.doi.org/10.2106/JBJS.I.01537
http://www.ncbi.nlm.nih.gov/pubmed/20145281?dopt=Abstract
http://dx.doi.org/10.1177/0363546509350757
http://www.ncbi.nlm.nih.gov/pubmed/10736550?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10736550?dopt=Abstract
http://dx.doi.org/10.1016/S0749-3797(99)00173-7
http://www.ncbi.nlm.nih.gov/pubmed/6742310?dopt=Abstract
http://dx.doi.org/10.1177/036354658401200315
http://www.ncbi.nlm.nih.gov/pubmed/16825269?dopt=Abstract
http://dx.doi.org/10.1136/bjsm.2006.027540
http://www.ncbi.nlm.nih.gov/pubmed/10091275?dopt=Abstract
http://dx.doi.org/10.2165/00007256-199927020-00004
http://www.ncbi.nlm.nih.gov/pubmed/11404660?dopt=Abstract
http://dx.doi.org/10.1097/00005768-200106000-00014
http://www.ncbi.nlm.nih.gov/pubmed/16009979?dopt=Abstract
http://dx.doi.org/10.1177/0363546505275490
http://www.ncbi.nlm.nih.gov/pubmed/17092927?dopt=Abstract
http://dx.doi.org/10.1177/0363546506294060
http://www.ncbi.nlm.nih.gov/pubmed/22575498?dopt=Abstract
http://dx.doi.org/10.1016/j.jsams.2012.02.009
http://www.ncbi.nlm.nih.gov/pubmed/20886654?dopt=Abstract
http://dx.doi.org/10.1002/jor.21256
http://www.ncbi.nlm.nih.gov/pubmed/18835218?dopt=Abstract
http://dx.doi.org/10.1016/j.jsams.2008.07.003
http://www.ncbi.nlm.nih.gov/pubmed/20684909?dopt=Abstract
http://dx.doi.org/10.1016/j.apmr.2010.04.022
http://www.ncbi.nlm.nih.gov/pubmed/24334366?dopt=Abstract
http://dx.doi.org/10.1177/1938640013514269
http://www.ncbi.nlm.nih.gov/pubmed/19622791?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19622791?dopt=Abstract
http://dx.doi.org/10.1177/0363546509337578
http://www.ncbi.nlm.nih.gov/pubmed/14665586?dopt=Abstract
http://dx.doi.org/10.1136/bjsm.37.6.495
http://www.ncbi.nlm.nih.gov/pubmed/25653717?dopt=Abstract
http://dx.doi.org/10.1186/s13047-014-0058-1
http://www.ncbi.nlm.nih.gov/pubmed/18523567?dopt=Abstract
http://dx.doi.org/10.4085/1062-6050-43.3.305
http://www.ncbi.nlm.nih.gov/pubmed/22555568?dopt=Abstract
http://dx.doi.org/10.1007/s00167-012-2026-2
http://www.ncbi.nlm.nih.gov/pubmed/19564755?dopt=Abstract
http://dx.doi.org/10.1097/BRS.0b013e3181a98d3f
http://www.ncbi.nlm.nih.gov/pubmed/20637534?dopt=Abstract
http://dx.doi.org/10.1016/j.clinbiomech.2010.06.017
http://www.ncbi.nlm.nih.gov/pubmed/22498314?dopt=Abstract
http://dx.doi.org/10.1016/j.jbiomech.2012.03.007
http://www.ncbi.nlm.nih.gov/pubmed/18805527?dopt=Abstract
http://dx.doi.org/10.1016/j.jbiomech.2008.07.029
http://www.ncbi.nlm.nih.gov/pubmed/20047747?dopt=Abstract
http://dx.doi.org/10.1016/j.jbiomech.2009.10.045
http://dx.doi.org/10.1016/j.jbiomech.2009.10.045
http://www.ncbi.nlm.nih.gov/pubmed/24255768?dopt=Abstract
http://dx.doi.org/10.1136/bjsports-2013-093175
http://www.ncbi.nlm.nih.gov/pubmed/16122966?dopt=Abstract
http://dx.doi.org/10.1016/j.medengphy.2005.07.017
http://www.ncbi.nlm.nih.gov/pubmed/24220612?dopt=Abstract
http://dx.doi.org/10.1177/1071100713508394
http://www.ncbi.nlm.nih.gov/pubmed/11642530?dopt=Abstract
http://dx.doi.org/10.1177/107110070102201004


J. Phys. Ther. Sci. Vol. 29, No. 4, 2017684

47) Khoury M, Wolf A, Debbi EM, et al.: Foot center of pressure trajectory alteration by biomechanical manipulation of shoe design. Foot Ankle Int, 2013, 34: 
593–598. [Medline]  [CrossRef]

48) Wikstrom EA, Bishop MD, Inamdar AD, et al.: Gait termination control strategies are altered in chronic ankle instability subjects. Med Sci Sports Exerc, 2010, 
42: 197–205. [Medline]  [CrossRef]

49) Munn J, Sullivan SJ, Schneiders AG: Evidence of sensorimotor deficits in functional ankle instability: a systematic review with meta-analysis. J Sci Med Sport, 
2010, 13: 2–12. [Medline]  [CrossRef]

50) Freeman MA, Dean MR, Hanham IW: The etiology and prevention of functional instability of the foot. J Bone Joint Surg Br, 1965, 47: 678–685. [Medline]
51) Hertel J: Functional anatomy, pathomechanics, and pathophysiology of lateral ankle instability. J Athl Train, 2002, 37: 364–375. [Medline]
52) Hiller CE, Kilbreath SL, Refshauge KM: Chronic ankle instability: evolution of the model. J Athl Train, 2011, 46: 133–141. [Medline]  [CrossRef]
53) Gutierrez GM, Kaminski TW, Douex AT: Neuromuscular control and ankle instability. PM R, 2009, 1: 359–365. [Medline]  [CrossRef]
54) Han K, Ricard MD, Fellingham GW: Effects of a 4-week exercise program on balance using elastic tubing as a perturbation force for individuals with a history 

of ankle sprains. J Orthop Sports Phys Ther, 2009, 39: 246–255. [Medline]  [CrossRef]
55) Fitzgerald GK, Childs JD, Ridge TM, et al.: Agility and perturbation training for a physically active individual with knee osteoarthritis. Phys Ther, 2002, 82: 

372–382. [Medline]
56) Mansfield A, Peters AL, Liu BA, et al.: Effect of a perturbation-based balance training program on compensatory stepping and grasping reactions in older 

adults: a randomized controlled trial. Phys Ther, 2010, 90: 476–491. [Medline]  [CrossRef]
57) Fitzgerald GK, Axe MJ, Snyder-Mackler L: The efficacy of perturbation training in nonoperative anterior cruciate ligament rehabilitation programs for physi-

cal active individuals. Phys Ther, 2000, 80: 128–140. [Medline]
58) Sefton JM, Yarar C, Hicks-Little CA, et al.: Six weeks of balance training improves sensorimotor function in individuals with chronic ankle instability. J 

Orthop Sports Phys Ther, 2011, 41: 81–89. [Medline]  [CrossRef]

http://www.ncbi.nlm.nih.gov/pubmed/23449662?dopt=Abstract
http://dx.doi.org/10.1177/1071100713477613
http://www.ncbi.nlm.nih.gov/pubmed/20010113?dopt=Abstract
http://dx.doi.org/10.1249/MSS.0b013e3181ad1e2f
http://www.ncbi.nlm.nih.gov/pubmed/19442581?dopt=Abstract
http://dx.doi.org/10.1016/j.jsams.2009.03.004
http://www.ncbi.nlm.nih.gov/pubmed/5846767?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12937557?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21391798?dopt=Abstract
http://dx.doi.org/10.4085/1062-6050-46.2.133
http://www.ncbi.nlm.nih.gov/pubmed/19627919?dopt=Abstract
http://dx.doi.org/10.1016/j.pmrj.2009.01.013
http://www.ncbi.nlm.nih.gov/pubmed/19346625?dopt=Abstract
http://dx.doi.org/10.2519/jospt.2009.2958
http://www.ncbi.nlm.nih.gov/pubmed/11922853?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20167644?dopt=Abstract
http://dx.doi.org/10.2522/ptj.20090070
http://www.ncbi.nlm.nih.gov/pubmed/10654060?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21169716?dopt=Abstract
http://dx.doi.org/10.2519/jospt.2011.3365

