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INTRODUCTION:  Lower extremity musculoskeletal (MSK) injuries are common, complex, and costly problems 

especially among military personnel. Between 15% to 35% of men and 38% to 67% of women sustain at least one injury 

during Basic Combat Training, with 77% located in the pelvis and lower extremity.(Knapik JJ 2006) Existing literature has 

demonstrated an association between static foot structure and dynamic foot function, as well as between overuse injury and 

demographic characteristics. Previous studies have failed to provide a comprehensive biomechanical foot characteristics.  

 

METHODS: In this study, foot structure, function, and arch height flexibility (AHF) were objectively measured in 1,090 

incoming cadets (16.3% female, mean age of 18.5 years and BMI of 24.5 kg/m2) of the United States Military Academy 

(USMA) at the start of their training. USMA IRB approved the protocol and a consent was obtained prior to data collection. 

Each foot was categorized by foot type (planus, rectus, and cavus) based on standing arch height index (AHI). Based on 

quintile distribution of AHF, each foot was identified as flexible, referent, or stiff. Five trials of dynamic plantar pressure 

distribution was captured (emed-X at 100 Hz, novel gmbH, Munich) for each foot using a second-step protocol during self-

selected comfortable pace of barefoot walking. Peak pressure and the Center of Pressure Excursion Index (CPEI %) were 

calculated for each foot. A Generalized Linear Model with an identity link function was used to examine the effects of race, 

gender, foot types, and AHF while accounting for potential dependence in bilateral data.  

 

RESULTS: Planus and flexible feet independently demonstrated over-pronation, as measured by reduced CPEI. When 

comparing across race, Black participants showed a significantly lower AHI, a larger malleolar valgus index (MVI), and a 

higher prevalence of pes planus (91.7% versus 73.3% overall). However, Asian participants with increased AHF displayed 

over-pronation in gait. Females showed no significant difference in standing AHI and MVI but demonstrated a significantly 

greater AHF and a reduced CPEI than male participants. Results demonstrated that (1) flexible arches are more prevalent in 

pes planus and (2) those with flexible arch, rather than lowered arch, may be associated with over-pronation in gait.  

 

DISCUSSION: Those participants with flexible arches demonstrated over-pronation, even in the absence of lowered arch, 

suggest the potential importance of arch flexibility on foot function. Improved understanding of the factors that are associated 

with aberrant foot function may identify subjects at risk of lower limb MSK injuries and guide treatment strategies.   

 

SIGNIFICANCE/CLINICAL RELEVANCE: This was the first large scale investigation that comprehensively 

characterized biomechanical foot in a cohort of young at-risk individuals for lower limb musculoskeletal injuries. Long-term 

goal is to examine the relationship between these biomechanical features and injuries, ultimately to develop effective 

preventive measures. 
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INTRODUCTION: Injuries to the lower-extremity and ankle are common among athletes and military personnel; however, 
little is known about how measures of foot structure are associated with lower-extremity and ankle injury risk in young and 
physically active populations. The purpose of this study was to examine the association between foot structure upon entry to 
military service and subsequent ankle and lower-extremity injury during one year of follow-up. 

METHODS:  To accomplish this objective we conducted a prospective cohort study at the United States Military Academy 
(USMA) at West Point.  The study was approved by the IRB at our site prior to initiation.  All incoming cadets at the USMA 
in the summer of 2013 were recruited to participate in this study. Study volunteers completed foot structural assessments 
within 3 days of arrival. Arch height and foot length were measured in sitting and standing positions, using a custom-made 
jig to calculate Arch Height Index to assess foot structure (planus, neutral, cavus).  The primary outcomes of interest were 1) 
time from baseline until incident lower-extremity injury and 2) time from baseline until incident ankle injury during one year 
follow-up period.  Univariate and multivariable Cox Proportional Hazards regression models were used to analyze the data. 
Kaplan-Meier survival estimates, hazard ratios (HR) and 95% confidence intervals (CIs) were calculated by foot structure. 

RESULTS: Complete data for foot structure were available on 1090 subjects or 2180 feet (18.5 ±1.1 years, 1.76±0.80 m, 
76.1±12.6 kg, and 24.5±2.96 kg/m2), of which 174 (16%) were female.  In univariate models, subjects with rectus foot 
structure were at the greatest risk for incident lower-extremity injury followed by planus foot structure during the follow-up 
period.  Individuals with cavus foot structure were 18% less likely (HR=0.82; 95% CI=0.57, 1.18) to sustain a lower-
extremity injury during follow-up when compared to those with rectus foot structure (Figure 1A).  Results were similar in 
multivariable models controlling for sex and BMI for both sitting and standing measures of foot structure.  In univariate 
models, subjects with rectus foot structure were also at the greatest risk for incident ankle injury followed by planus foot 
structure during the follow-up period.  Individuals with cavus foot structure were 52% less likely (HR=0.48; 95% CI=0.21, 
1.12) to sustain an ankle injury during follow-up when compared to those with rectus foot structure (Figure 1B).  Again, 
results were similar in multivariable models controlling for sex and BMI for both sitting and standing measures of foot 
structure.     

SIGNIFICANCE/CLINICAL RELEVANCE: These data suggest that cavus foot structure may be associated with reduced 
lower-extremity and ankle injury risk.  These findings are preliminary but consistent across lower-extremity injury outcomes.  
As a result, further study is needed to fully understand the potential association between foot structure and subsequent lower-
extremity injury risk. 

FIGURES/TABLES: 

Figure 1A.  Kaplan-Meier survival estimates 
for lower-extremity injury during follow-up by 
foot type measured in a standing position.  

Figure 1B.  Kaplan-Meier survival estimates for 
ankle injury during follow-up by foot type 
measured in a standing position.  
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INTRODUCTION: It has been demonstrated that excessive workloads cause stress, pain, and musculoskeletal disorders in 

the back and lower limbs. For example, Andersen et al. [1] have reported on the association between workload and increased 

incidence of low back pain. Scarce is however the current literature on the association between weight-carrying and force 

distribution in different plantar regions. Aim of this study was to assess how in-shoe plantar load distribution is affected by 

weight type and by different carrying modes. 

 

METHODS: 13 young healthy subjects were thus far recruited and examined for this study (age 32.6 ± 6.2 years, BMI 22.7 ± 

2.8 kg/m
2
). A capacitive insole system (Pedar, Novel) was used to measure peak pressure (kPa), pressure-time integral 

(kPa*s), force-time integral (%BW*s), and maximum force (%BW) at rearfoot, midfoot, metatarsal head, toes and total foot 

while subjects were performing the following motor tasks: normal walking; fast walking; stair ascending, and stair 

descending. Subjects wore their personal trainers and a latex flat insole. Three weight types (4 – 8 - 12 kg) were carried by 

each subject in three carrying modes: inside a box against the chest (BX); divided in two hand held light bags (HB), and 

inside a backpack (BP). The weight type and carrying modes were randomized for each subject. In-shoe plantar pressure 

distribution when subjects performed the same tasks with no weight was used as control. For each subject, average plantar 

load parameters across a minimum of four steps (2 left, 2 right) were calculated in each foot region. The percent differences 

in maximum force at each plantar region between the three carrying modes and the control were determined. Non-parametric 

paired Friedman test and Tukey-Kramer post-hoc with Bonferroni correction, were used to assess statistical differences in 

pedobarographic parameters between the three carrying modes and the three weights. 

 

RESULTS: The Friedman test revealed no significant differences in contact time between the three carrying modes, and 

between the three weights, in any motor task. The maximum force recorded at the total foot during normal walking was 

linearly associated to the weight type. For example, in BX, differences in maximum force at total foot were between 74 and 

91 % of the carried weight. Significant increases in maximum force associated to weight types were also detected in most 

foot regions.  Carrying modes affected plantar loading in all foot regions. For the 12 kg weight, maximum force significantly 

increased at rearfoot, toes and total foot in all carrying modes, and at midfoot (37 ± 29%) only in BX (figure 1). 
 

DISCUSSION: In this study we aimed at assessing the effects of weight type and carrying mode on in-shoe plantar loading 

magnitude and distribution. Pressure insoles appear suitable to detect weight carried in daily motor tasks or activities. As 

expected, in simple motor tasks, the maximum force recorded by pressure insoles is consistent with the carried weight. 

Moreover, load distribution across foot regions depends on the carrying mode. The same weight carried against the chest 

affects plantar load distribution differently than carried in a backpack, and this could be related to different joint torques and 

muscle forces acting at the main foot joints. A larger sample size will be sought to improve the statistical power of the current 

results. 

 

SIGNIFICANCE/CLINICAL RELEVANCE: Carrying mode should be considered when choosing the most appropriate 

footwear/orthotics and in the assessment of the mechanical loading acting on the lower limb. Pressure insoles could be used 

to estimate the weight type and the number of occurrences it is carried in standard working environments. 

 

REFERENCES: 

1. Andersen LL, et al. Scand J Work Environ Health. 2017; 43(1):68-74. 

 

 
Figure 1. Percent differences in maximum force between each carrying mode (BX, HB and BP) and control at different foot regions when carrying the 12 kg 
weight. On the left, statistical significant differences in maximum force between carrying mode and control are indicated with the task acronym within the 

relevant plantar region. 
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INTRODUCTION: There is growing evidence that weakness or fatigue in the proximal stability muscles, especially gluteus 

medius (Gmed) and gluteus maximus (Gmax), can influence distal lower limb kinematics (Homan et al, 2013) and foot posture 

(Barwick et al, 2012) causing increased abnormal distal joint loading and risk of lower limb injuries (Chuter et al, 2012). 

Strengthening interventions targeted at the proximal stability muscles of the hip and their effect on foot posture and lower limb 

injury rate have not been investigated in detail (Snyder et al, 2009) and the two segments of the lower limb are often treated 

independently of each other. The aim of this study, therefore was to investigate if a 3 week hip strengthening programme altered 

the centre of pressure progression in a group of military personnel referred for rehabilitation due to musculoskeletal injury. 

METHODS:  Ethical approval was granted from Ministry of Defence Research Ethics Committee. 38 male British Army 

personnel, referred for a 3-week intensive rehabilitation course with non-traumatic lower limb pathology, were recruited and 

randomly allocated to either a functional hip strengthening intervention, (n= 21, age 29 +/- 4.80, weight 83.1 +/- 13.4 kg), or 

control group, (n = 17, age 28 +/- 5.36, weight 85.2 +/- 10.4 kg). Each group completed the standard rehabilitation regime, with 

the exercise group adding specific hip exercises (Gmed and Gmax) over a 3 week programme. Foot pressure measurement 

system (RS-scan® system, Belgium) was used to measure the COP coordinates for progression angle at admission and 

discharge. Four sub-phases of the stance phase of gait were calculated (Chui 2012), including (ICP - heel strike 0% of stance 

phase), Forefoot contact phase (FFCP - forefoot loading 35% of stance phase), Foot flat phase (FFP - mid-stance 50% of stance 

phase), Forefoot push off phase (FFPOP - toe off 100% of stance phase). Pre and post data was compared statistically with a 

repeated measures ANOVA (p≤0.05). 

RESULTS: There was significant effects of centre of pressure progression observed (p 0.017) between the 2 groups at discharge 

for ICP. The hip strengthening group moved laterally (1.83o - -0.96o +/-5.68) whilst the control group remained in a medial 

position (1.56o-2.8o +/- 5.94). At forefoot contact phase significant differences for both groups was also observed (p 0.035) after 

the 3 week period (-4.09o - -4.26o +/-2.46), however, the exercise group did not appear to be more lateral in the progression 

angle than the control. 

DISCUSSION:  Hip rehabilitation of Gmed and Gmax alters centre of pressure progression angle to be more lateral than those 

who do not specifically exercise this muscle group. This is in keeping with the action of the external rotation of hip muscle. 

Additionally, an intensive rehabilitation course, as used in the military rehabilitation care pathway for injured soldiers, 

significantly improves the lateral position of the centre of pressure at forefoot loading, indicating that foot function can be 

altered through rehabilitation. These findings support previous work (Snyder et al 2009) that a functional closed chain resistance 

hip rotation exercises may be effective in controlling the rearfoot in the early contact phases of walking gait. 

SIGNIFICANCE/CLINICAL RELEVANCE: Implementation of a hip strengthening programme alters the centre of pressure 

progression at initial contact and forefoot contact phases and should be considered as part of a functional rehabilitation plan 

for foot function.  
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INTRODUCTION:  Running is the primary aerobic exercise method for our nation’s military.  Runners in the military 
sustain injuries at approximately 30-37% annual incidence.1,2  Since the publication of Born to Run3 and the advent of 
minimalist footwear and barefoot running, many runners have attempted to change from a rearfoot strike pattern to a non-
rearfoot strike.  Cadence manipulation has been shown to effect negative joint work4 and plantar pressure.5  In an effort to 
further understand running related injury development and prevention, Goss et al. previously observed 64% accuracy of self-
reported foot strike pattern dichotomized in a small laboratory sample.6 

METHODS: Participants ran at a self-selected speed for 5 minutes.  Data were collected in the final minute of a 5-minute 
run.  Two-dimensional sagittal plane video data were collected using a Casio EXilim camera at 240 Hz on 529 subjects aged 
18-60.  These video data were collapsed and re-analyzed from 4 previous studies with local institutional review board 
approval.     

RESULTS:  The mean age of participants was 24.8 +/- 7.9.  Mean height was 171.4 +/- 10 cm and mean weight was 76.3 +/- 
11.9 kg.  Self-reported average weekly running distance was 10.6 +/- 10.4 miles.  Out of 529 participants (357 males, 172 
females), only 57 reported they were familiar with step rate (10.8%).  Only 49% of those 57 were able to accurately report 
their cadence within 10 steps per minute.  A subsample of 129 runners were asked if they could describe their foot strike 
pattern prior to running data collection on the treadmill.  Of the 129 runners, 99 (77%) could correctly describe their foot 
strike pattern.  Out of the 30 participants that incorrectly identified their foot strike pattern, 80% of them (24) reported a non-
rearfoot strike and then demonstrated a rearfoot strike pattern.  
 
DISCUSSION:  Most runners in these studies were not familiar with step rate or cadence.  Of those who stated they were 
familiar with cadence, about ½ were able to estimate their cadence within 10 steps per minute.  More runners here at West 
Point were able to accurately report their own foot strike pattern than previous studies have reported.  For those incorrect foot 
strike classifications, most of them demonstrated a rearfoot strike pattern while reporting a non-rearfoot strike pattern. 

SIGNIFICANCE/CLINICAL RELEVANCE: Runners may be more familiar with foot strike pattern than steps per minute or 
cadence.  
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INTRODUCTION: Running provides an inexpensive form of moderate to vigorous exercise in order to improve cardiac, 
metabolic, and mental health.1 However, running related overuse injuries are very common among recreational runners 
with the reported annual injury rate ranging from 39 – 85%.2  Soldiers within the Army are no exception where running 
accounts for 50% of exercise and sport related injuries.4  As the primary mode of physical endurance training within the 
civilian and military population, it is important to minimize running related injuries.  Large prospective trials 
investigating injury risk associated with running in minimalist shoe wear are rather scarce and often contradictory in 
nature.3, 5  There is currently no definition of the minimalist shoe vs. a conventional shoe addressing torsional shoe 
stiffness. Therefore, the purpose of this study was to investigate the relationship between lower extremity musculoskeletal 
injury and shoes with varying levels of torsional shoe stiffness and heel height. 

 

METHODS: The study included 1025 of 1308 incoming United States Military Academy (USMA) cadets.  Subjects 

were recruited after approval of the study and consent form from the Keller Army Community Hospital Institutional 

Review Board.  All subjects’ shoe length and stiffness were recorded using a novel device, the shoe stiffness in torsion 

device (SySTM), which we manufactured for the purposes of this study.6  Shoe heel height was also recorded.  

Thereafter, lower extremity injuries sustained over nine weeks during cadet basic training were documented and Kaplan-

Meier survival curves were estimated with time to incident of lower extremity injury as the primary outcome by level of 

the independent predictor variables, i.e. torsional shoe stiffness, heel height. Risk factors and known or potential 

covariates were carried forward into a multivariable Cox Proportional Hazards Regression Model. 

 

RESULTS:  Cadets wearing shoes with moderate lateral torsional stiffness were 49% less likely to incur any type of injury 

and 52% less likely to incur an overuse injury than cadets wearing shoes with minimal lateral torsional stiffness. Risk of 

injury was similar among cadets wearing shoes with minimal and extreme lateral torsional stiffness.   

 

DISCUSSION: The results of this study indicate that a shoe with mild to moderate lateral torsional stiffness and mild to 

moderate heel height may be most appropriate in efforts to reduce the risk of lower extremity injuries during training in young 

physically active athletic and military populations.  Furthermore, shoes with minimal lateral torsional stiffness and heel height 

should be discouraged within these populations due to the significantly increased risk of injury.  One limitation of the study 

was the 19% dropout rate due to incomplete data.  Also, we did not account for hysteresis when assessing shoe torsional 

stiffness.  Lastly, the torque wrench used to rotate the shoe to the 30 degree offset in order to assess stiffness was very sensitive 

and constantly changing potentially introducing error into the stiffness measures taken. 

 

SIGNIFICANCE/CLINICAL RELEVANCE: The current study provides guidance on key characteristics of shoe wear 

important in minimizing injury risk during physical fitness training.  The SySTM provides for a reliable, portable, and 

inexpensive method of capturing footwear torsional stiffness and heel height objectively in the clinic setting. 
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