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 EFFECTS OF AN EXHAUSTIVE TREADMILL PROTOCOL ON RUNNING GAIT IN ARMY 

OFFICER RESERVE TRAINING CORE CADETS 
 
 
ABSTRACT  
 
Objective: To analyze limb symmetry and compare biomechanical gait variables previously 
linked to LEOI, during rested and exhaustive state running, within a single Army ROTC unit. 
Study Selection:  Twenty-one healthy cadets (14 males, 7 females) volunteered from the 
University’s Army ROTC unit to participate in this study  
Methods:  Rested an exhaustive state over-ground running trials were completed prior to and 
following the completion of a maximal graded exercise test immediately followed by a run to 
exhaustion on a treadmill.   
Conclusions: In a healthy ROTC cadet population, changes in gait variables that were 
previously linked to LEOI were observed following an exhaustive run protocol.  These changes 
demonstrate the extent to which exhaustion may contribute to altering gait mechanics in a 
manner leading to overuse injuries.  Vertical stiffness and changes in vertical stiffness were found 
to be variable both between and within individuals.  Further investigation is needed on the 
variability of vertical stiffness seen in the current study, especially in regards to development of 
boney versus muscular related LEOI. 
Key Words: Military, Gait Analysis, Exhaustive Run 
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Introduction 

Maintaining peak physical fitness is mandatory for all members of the United States 

military in order to perform their duties effectively and efficiently.  A majority of the required 

physical training (PT) for members of the Reserve Officer Training Corps (ROTC) involves the 

development of cardiovascular and aerobic fitness; consequently, most PT sessions primarily 

emphasize running [1, 2].  The fitness backgrounds of ROTC cadets are varied, resulting in PT 

that often exceeds physical fitness readiness [3].  Excessive training prior to the establishment of 

appropriate physical fitness levels can lead to overtraining, chronic exhaustion, and overuse 

injuries [4].  Lower extremity overuse injury (LEOI), defined as a sprain, strain, stress reaction, or 

stress fracture, is the most commonly reported training injury, affecting 10-15% and 15-25% of 

male and female cadets per month, respectively [3, 5].   

Extrinsic risk factors for LEOI including training shoe selection, running surface, rapid 

increases in running volume, distance, or intensity, chronic exhaustion, low levels of physical 

fitness, and sedentary lifestyles have been reported [6-8].  Biomechanical risk factors of 

increased free moment (FM), loading rate, and vertical stiffness (KVERT) have been previously 

linked to boney LEOIs such as tibial stress fracture (TSF).  Increased hip adduction angle, hip 

adduction moments, knee flexion, and decreased KVERT have been linked to muscular or 

tendinous LEOI such as iliotibial band syndrome (ITBS) [9-14].  Overtraining and exhaustion have 

been linked to increasing the potential for these risk factors to lead to overuse injury LEOI [15, 

16], prompting researchers to examine the effect of exhaustion of gait biomechanics.  Increases 

in ground reaction force (GRF), shortened stride length, and higher step frequency after 

exhaustive activities have been found in both individuals with previous LEOI and healthy 

populations [3-5, 17, 18].  Gait variables affected by exhaustion during running in healthy 

populations have also included increases in knee flexion, decreases in ankle dorisflexion at heel 

strike, as well as both positive and negative changes in KVERT [17, 19-21].   
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A clear identification of exhaustion induced gait changes potentially related to the 

development of LEOI from previous literature is difficult due to disparities in methodology [16, 18-

25].  Kinetic and kinematic data have been previously collected on a treadmill during an 

exhaustive run, though this practice may not adequately reflect natural gait characteristics, as 

seen during over-ground running [17, 18, 20, 24, 26, 27].  Further, the use of estimated measures 

via mathematical calculation for variables, such as KVERT, versus direct measurements may result 

in less accurate findings [20, 23].  Finally, a common practice in biomechanics literature has been 

to assume a symmetrical relationship between the right and left limbs; however, previous 

literature suggests a natural braking and propulsion mechanism may account for asymmetry 

between limbs [28, 29].  Assumptions of limb symmetry may be inaccurate, especially in an LEOI 

population due to the majority of LEOI injuries occurring unilaterally [29].  Differences in research 

methodologies, contradictory findings, the use of estimations in variable calculations, and 

assumptions of limb symmetry in gait may serve to obfuscate the role of exhaustion relative to 

changes in running gait and subsequent risk for LEOI development.   

  Therefore, the purpose of this study was to analyze limb symmetry and compare 

biomechanical gait variables previously linked to LEOI, during rested and exhaustive state 

running, within a single Army ROTC unit.  To our knowledge, no previous studies have examined 

both three dimensional kinetic and kinematic running gait variables in a rested and exhaustive 

state using a military sample.  We hypothesized that during the exhaustive state running condition 

there would be kinetic and kinematic changes including decreases in ankle dorsiflexion position at 

heel strike and increases in GRF, knee flexion at heel strike, hip adduction angles and moments, 

and KVERT.  We also hypothesized changes in limb symmetry following an exhaustive run 

protocol.   
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Methods 

Research Design 

A pre-test, post-test design was conducted in the University’s human performance and 

biomechanics research laboratory.  Baseline biomechanical data were collected during a rested 

running state.  Cadets then completed an exhaustive running protocol on a treadmill, which was 

immediately followed by data collection for exhaustive running state trials in the same manner as 

baseline testing.  The independent variable was running state (rested versus exhausted).  The 

dependent variables were biomechanical gait variables with a focus on those variables previously 

associated with LEOIs. 

 

Subjects 

Twenty-one cadets (14 males, 7 females) volunteered from the University’s Army ROTC 

unit to participate in this study.  Subjects’ descriptive data are presented in table 1.  Prior to 

participation, cadets completed an informed consent form approved by the University Institutional 

Review Board, Human Studies Program (HSP).  All volunteers completed a brief medical history 

questionnaire, which was evaluated by an Certified Athletic Trainer and only cadets placed in the 

low risk group according to ACSM Risk Stratification Categories were included in the study [30].  

Cadet volunteers with active medical profiles were excluded from the study.   

 

Table 1.  Subject Descriptive Data 

 Mean Std Dev 
Age (yrs) 21.09  2.76 
Height (m)  1.75  0.10 
Mass (kg) 71.57 13.46 
Body Fat (%)* 14.13  8.86 
*Body Fat calculated using Jackson and Pollock 
sum of three sites equation [31] 
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Instrumentation 

Cadets were asked to report for data collection in their Army Improved Physical Fitness 

Uniforms along with their non-standardized personal running shoes [32].  Anthropometric data 

consisting of height, body mass, limb length, knee and ankle widths, and skinfold thickness were 

collected.  Resting heart rate was measured prior to the start of early morning data collection 

using palpation of the radial pulse for one minute.  Shoe width and length were measured using a 

metric ruler.  Height was collected using a wall mounted stadiometer (Model 67032, Seca 

Telescopic Stadiometer, Country Technology, Inc., Gays Mills, WI, USA) and body mass was 

obtained using a Detecto Certifier scale (Model 442, Detecto Scale Company, Webb City, MO, 

USA).   Knee and ankle joint widths were obtained using an anthropometer.  Skinfold 

measurements were obtained in duplicate by the same member of the research team for all 

cadets with Lange calipers (Cambridge Scientific Industries, Inc., Cambridge, Maryland, USA) 

using the three site protocol as described by Jackson and Pollock [31].  

 

Biomechanical Data Collection Protocol  

Kinematic data were collected using 27 retroreflective markers placed in accordance with 

a Vicon plug-in-gait lower limb and thorax marker set.  A three-dimensional motion capture 

system (Vicon, Inc., Centennial, Colorado, USA) including thirteen Vicon MX cameras located 

along an 18-meter runway and Vicon Nexus Software were used to capture, reduce, and analyze 

kinematic data.  Kinetic data were recorded using two force plates (Advanced Mechanical 

Technology Incorporated, Boston, Massachusetts, USA) adjacent to one another and embedded 

flush with the runway.  Kinematic data were collected at 240 Hz and time synchronized with 

kinetic data collected at 480 Hz, and then smoothed using a fourth order, low pass Butterworth 

filter with a 10 Hz cutoff.  

Prior to biomechanical analysis, participants were allowed a self-directed warm-up 

consisting of jogging and stretching in addition to familiarization running trials conducted on the 

test track to ensure consistent running velocity (4.0 m·s-1± 10%) between trials.  Speedtrap II 
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(Brower Timing Systems, Draper, Utah, USA) infrared sensors were placed four meters apart on 

the middle third of the runway to collect running velocity.  A running trial was considered 

successful if the subject ran at the correct running velocity and landed with the entire foot on the 

force plate without apparent targeting.  Three successful running trials were recorded for each 

foot in order to assess running gait, and the mean of these trials was used for analysis.  Previous 

authors have found high reliability when using the mean values of three trials to sufficiently 

evaluate gait data [15, 33].  Differentiated Ratings of Perceived Exertion (RPE) from Borg’s scale 

of perceived exertion were collected prior to, at midpoint, and at completion of gait trials to access 

the cadets’ level of exertion throughout the gait trials [34]. 

 

Treadmill Protocol 

The treadmill protocol was completed on a Quinton Medtrack T65 Treadmill (Cardiac 

Science, Corp., Bothell, WA).  Metabolic data were collected during the treadmill protocol using a 

metabolic cart containing an Oxygen Analyzer (Oxygen Analyzer S-3A/I, AEI Technologies, 

Naperville, Illinois, USA) and Carbon Dioxide Analyzer (Carbon Dioxide Analyzer CD-3A, AEI 

Technologies, Naperville, Illinois, USA) through an open circuit indirect calorimetry system.  

Ambient temperature, barometric pressure, and relative humidity were recorded from a Davis 

VantageVUE (Davis Instruments, Hayward, CA, USA).  A head support and mouthpiece with a 

two-way non-rebreather valve (Hans Rudolph, Kansas City, Missouri, USA) was fitted for the 

cadet and connected to the metabolic cart.  Calibration was performed prior to each data 

collection session according to the manufacturer’s instructions.  Heart rate was collected during 

each data collection session using a Polar Pacer T31 heart rate monitor (Polar Electro Oy, 

Finland).   

The treadmill protocol began with completion of the Modified Åstrand Protocol Graded 

Exercise Test (GXT) to determine VO2max [35].  Standardized instructions were stated prior to the 

GXT, which emphasized the importance of maximal effort by the participant.  Running speed for 

the GXT was determined  via the cadets’ perceived comfortable thirty minute running pace, 
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between five and eight miles per hour.  Cadets were blinded to the speed of the treadmill 

throughout the testing procedure.  The GXT was terminated based on the point of volitional 

exhaustion for each cadet, and a VO2max was confirmed based upon meeting one of the following 

criterion: a respiratory exchange ratio greater than 1.15 or a plateau in maximal oxygen output 

with an increase in work rate [35].  Following voluntary exhaustion, cadets were given a three-

minute active recovery at 1% grade on the treadmill at a self-selected walking pace with the 

breathing apparatus removed.  

Following the active recovery stage, the breathing apparatus was refitted and treadmill 

speed increased to a speed predicted to elicit 80% VO2max at 1% grade as determined by the 

American College of Sports Medicine (ACSM) equations for estimating oxygen consumption [35].  

Metabolic data were collected during the first three minutes of this stage in order to determine if 

adjustments to treadmill speed were needed to elicit the prescribed percent VO2max (80%).  

Following verification of 80 ± 5% VO2max intensity at 1% grade, the breathing apparatus was 

removed.  Cadets continued running at the prescribed treadmill speed while the grade increased 

2.5% every three minutes until volitional exhaustion.  Differentiated Ratings of Perceived Exertion 

(RPE) [34] were collected following the completion of the GXT, prior to the start of the exhaustive 

run, and following the exhaustive run. 

 

Procedures 

All data were collected during a single session.  Upon arrival to the lab, an informed 

consent process was completed and the consent form was signed.  Each cadet then completed 

both the general medical history questionnaire and a Lower Extremity Overuse Injury (LEOI) 

questionnaire.  Completed questionnaires were reviewed by the investigators, and 

anthropometric data were obtained.  This was immediately followed by the biomechanical data 

collection protocol for rested state running in order to obtain baseline values for gait variables.  

Following the rested state running trials, the cadets were given the opportunity to stretch 

and get a drink of water prior to the start of the treadmill protocol described previously.  Following 
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the completion of the treadmill run protocol, retro-reflective makers were replaced as needed.  

Running gait trials and RPE [34] were then repeated using the same procedure as rested state 

trials as soon as possible following completion of the treadmill protocol.   

Data Analysis  

Data were analyzed using SPSS 21.0 for Windows (IBM) with an a priori alpha level set 

at p < 0.05 for all analyses.  Multiple repeated measures analyses of variance (ANOVA) were 

utilized in order to evaluate the changes between baseline and exhaustive state running 

variables, including ankle, knee, and hip joint angles, velocities and moments during stance 

phase, GRF, vertical stiffness (KVERT), stride length and stance time.  Paired t-tests were used to 

compare RPE at times before and after baseline trials relative to RPE before and after exhaustive 

state trials.  Paired t-tests were also used to examine differences in biomechanical variables 

between legs.  All joint moments were calculated and reported as external moments. 
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Results 

During the exhaustive treadmill protocol, all subjects met at least one criteria for 

attainment of VO2max defined previously [35].  The mean time from the completion of the 

exhaustive run to the beginning of exhaustive state gait trials was 6:09 ± 1:41 minutes.  Cadets 

reported significantly higher RPE for legs and joints, chest and breathing, and overall scores at 

the onset of the exhaustive gait trials when compared to the onset and completion of baseline gait 

trials (table 2).  Significant increases in all RPE levels were seen from the onset to the completion 

of the exhaustive gait trials.  Post-exhaustive gait trial RPE did not reach RPE levels reported 

after completion of the exhaustive treadmill protocol, indicated by the post-exhaustive trials RPE 

remaining significantly lower than RPE following the exhaustive treadmill protocol (p < 0.01). 

 

Table 2.  Paired t-test results for significant findings between RPE scores (RPE ± SD) 

 Pre-Baseline Trials  Pre-Exhaustive Trials p-value 

Legs/Joints 6.33 ± 0.91 9.95 ± 2.84 < 0.01* 

Chest/Breathing 6.10 ± 0.30 9.76 ± 2.63 < 0.01* 

Overall 6.24 ± 0.63 9.95 ± 2.50 < 0.01* 

 

 Post-Baseline Trials Pre-Exhaustive Trials p-value 

Legs/Joints 8.29 ±  1.80 9.95 ±  2.84 < 0.01* 

Chest/Breathing 8.29 ±  1.49 9.76 ±  2.63 < 0.01* 

Overall 8.29 ±  1.71 9.95 ±  2.50 < 0.01* 

 

 Pre-Exhaustive Trials Post-Exhaustive Trials p-value 

Legs/Joints 9.95± 2.84 11.29 ± 2.76 < 0.01* 

Chest/Breathing 9.76 ± 2.63 11.62 ± 1.99 < 0.01* 

Overall 9.95 ± 2.50 11.33 ± 2.13 < 0.01* 

    

  Post-Exhaustive Protocol Post-Exhaustive Trials p-value 

Legs/Joints 16.62 ± 2.50 11.29 ± 2.76 < 0.01* 

Chest/Breathing 17.57 ± 3.36 11.62 ± 1.99 < 0.01* 

Overall 17.33 ± 2.18 11.33 ± 2.13 < 0.01* 

* Values are significant at the p ≤ 0.05 level 
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Dependent t-tests were used to evaluate right limb versus left limb gait asymmetries.  

Review of these findings indicated significant differences in multiple gait variables between right 

and left limbs.  Due to the potential linkage to LEOI, KVERT was considered as a significant factor 

when analyzing gait variables.  Significant differences in KVERT from rested to exhaustive state 

were observed on the right limbs only (p = 0.005) and further evaluation showed the right limbs 

tended to move from a less stiff to more stiff condition. Subjects were separated according to 

stiffness at baseline measurements due to differences in the right and left limbs, and repeated 

measures ANOVAs were performed on the less stiff limbs and more stiff limbs independently 

(Table 3, Table 4).  

 

Table 3.  KVERT Results for More Stiff Limbs 

Subject ID More Stiff Limb KVERT @ Baseline 
(kN /m) 

KVERT Exhaustive 
(kN /m) 

∆ KVERT 

AROTC_102 R 43.12 44.00 0.87 

AROTC_103 R 50.42 47.01 -3.41 

AROTC_105 L 55.05 64.79 9.74 

AROTC_106 L 52.28 53.69 1.41 

AROTC_107 R 77.17 77.15 -0.02 

AROTC_108 L 70.71 60.60 -10.11 

AROTC_110 R 52.76 55.07 2.31 

AROTC_111 L 50.30 54.39 4.09 

AROTC_112 L 62.67 73.87 11.19 

AROTC_113 L 67.78 64.65 -3.13 

AROTC_114 L 59.29 67.75 8.45 

AROTC_115 L 69.30 71.46 2.16 

AROTC_116 L 38.71 36.28 -2.43 

AROTC_117 L 48.41 44.87 -3.54 

AROTC_118 L 60.34 55.78 -4.56 

AROTC_119 L 59.86 61.09 1.23 

AROTC_120 R 60.89 59.29 -1.59 

AROTC_121 L 56.64 60.53 3.89 

AROTC_122 L 72.70 60.71 -11.99 

AROTC_123 L 68.36 54.79 -13.57 

AROTC_124 L 61.18 63.10 1.92 
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Table 4.  KVERT Results for Less Stiff Limbs 

Subject ID Less Stiff Limb KVERT @ Baseline 
(kN /m) 

KVERT Exhaustive 
(kN /m) 

∆ KVERT 

AROTC_102 L 37.77 39.92 2.15 

AROTC_103 L 45.96 45.02 -0.95 

AROTC_105 R 54.43 57.66 3.23 

AROTC_106 R 48.80 52.49 3.69 

AROTC_107 L 51.76 60.59 8.83 

AROTC_108 R 64.00 73.56 9.56 

AROTC_110 L 51.35 58.66 7.31 

AROTC_111 R 45.46 50.41 4.95 

AROTC_112 R 55.69 59.47 3.78 

AROTC_113 R 55.34 59.73 4.39 

AROTC_114 R 52.63 63.71 11.09 

AROTC_115 R 52.24 61.60 9.35 

AROTC_116 R 38.13 35.97 -2.16 

AROTC_117 R 44.17 46.80 2.63 

AROTC_118 R 54.02 61.08 7.06 

AROTC_119 R 45.83 52.81 6.97 

AROTC_120 L 58.61 60.50 1.89 

AROTC_121 R 54.36 59.29 4.93 

AROTC_122 R 58.45 58.10 -0.35 

AROTC_123 R 51.68 52.95 1.27 

AROTC_124 R 57.20 55.86 -1.33 

 
 

In the less stiff limbs (Table 5), significant increases (p < 0.01) in KVERT were observed 

from baseline to exhaustive conditions.  Significant decreases (p < 0.05) in plantarflexion at heel 

strike and maximum plantarflexion moment, with significant increases (p < 0.05) in dorsiflexion 

excursion during early stance, were seen from the baseline to exhaustive conditions.  Significant 

increases (p < 0.01) in absolute free moment were also identified.  At the knee, significant 

decreases (p < 0.05) in timing of maximum flexion, flexion excursion, and flexion moment during 

loading were found.  Significant increases (p < 0.05) in varus knee position at heel strike, 
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maximum varus velocity, maximum flexion velocity, and maximum internal rotation velocity, were 

all seen from baseline to exhaustive conditions.  Maximum extension, flexion, and adduction 

moments at the hip all significantly increased (p ≤ 0.05) from baseline to exhaustive conditions.  

The timings of maximum GRFz (p = 0.02), maximum braking force (p = 0.05), and maximum 

propulsion force (p = 0.01) all significantly decreased.  Stance time significantly decreased (p = 

0.01) from baseline to exhaustive conditions.  

 
Table 5.  ANOVA results for significant biomechanical variables of the ankle, knee, hip, 
and GRFs of cadets’ less stiff limbs 

 Baseline ± SD Exhaustive ± SD p-value Power 

Ankle Kinematics     
Position @ Heel Strike (°) 7.08 ± 4.89 4.34 ± 5.38 0.01* 0.86 

Timing Max Dorsiflexion (% 
Stance) 

47.18 ± 3.03 46.45 ± 3.46 0.11 0.36 

Dorsiflexion Excursion Early 
Stance (°) 

27.44 ± 8.29 31.17 ± 9.94 0.01* 0.85 

Ankle Kinetics     
Max Plantarflexion Moment 

(Nm·kg) 
-337.27 ± 123.70 -257.17 ± 136.93 0.02* 0.71 

Max Eversion Moment (Nm·kg) -167.00 ± 89.24 -187.98 ± 109.90 0.08 0.43 
Absolute Free Moment (Nm·kg) 6.2·10-3 ±  2.6·10-3 7.8·10-3  ± 2.5·10-3 < 0.01* 1.00 

Knee Kinematics     
Max Flexion (°) 42.96 ± 4.40 44.09 ± 4.94 0.21 0.23 

Time Max Flexion (% Stance) 33.36 ± 3.80 31.01 ± 3.62 0.03* 0.63 
Max Flexion Velocity (°/s) 605.72 ± 101.98 714.30 ± 165.59 0.01* 0.85 

Flexion Position @ Push Off (°) 8.12 ± 4.58 7.04 ± 5.31 0.07 0.45 
Max Flexion Excursion (°) 28.72 ± 3.68 27.34 ± 3.50 0.03* 0.63 

Varus Position @ Heel Strike (°) 2.87 ± 4.55 4.25 ± 3.60 0.04* 0.54 
Max Varus Velocity (°/s) 179.45 ± 99.71 232.81 ± 124.46 0.01* 0.80 

Time of Max Varus Velocity (°/s) 28.46 ± 20.30 30.40 ± 17.49 0.60 0.08 
Max Internal Rotation Velocity 

(°/s) 
435.28 ± 156.47 687.03 ± 240.00 < 0.01* 1.00 

Knee Kinetics     
Flexion Moment Loading (Nm·kg) 793.15 ± 828.05 319.40 ± 168.94 0.02* 0.70 
Hip Kinetics     
Max Extension Moment (Nm·kg)  -2888.58 ± 623.63 -3202.55 ± 486.53 < 0.01* 0.92 

Max Flexion Moment (Nm·kg) 1611.05 ± 550.71 2053.22 ± 851.17 < 0.01* 0.87 
Max Adduction Moment (Nm·kg) 1534.04 ± 361.37 1682.76 ± 420.16 0.05* 0.52 
GRF     

Timing Max GRFz (% Stance) 47.90 ± 2.53 46.95 ± 2.59 0.02* 0.67 
Loading Rate (N/s) 15628.58 ± 

3309.07 
16035.56 ± 
3277.85 

0.27 0.19 

GRFz Impulse (N·%Stance) 236.74 ± 41.34 234.77 ± 44.07 0.15 0.30 
GRFz Impulse Normalized 

(N·%Stance/kg) 
0.34 ± 0.02 0.33 ± 0.02 0.07 0.44 

Time Max Braking Force 
(% Stance) 

30.70 ± 1.23 30.13 ± 1.46 0.05* 0.51 

Time Max Propulsion Force 77.50 ± 1.94 76.96 ± 1.79 0.01* 0.84 
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(%Stance) 

Stiffness     
KVERT (kN/m) 51.33 ± 6.60 55.53 ± 8.49 < 0.01* 1.00 

Max Knee Stiffness (Nm/°) 3.74 ± 3.54 2.56 ± 1.59 0.12 0.35 
Temporal-Spatial Parameters     

Stance Time (s) 0.25 ± 0.02 0.24 ± 0.02 0.01* 0.84 
* Values are significant at the p ≤ 0.05 level 
 

 

 

In the more stiff limbs (Table 6), no significant differences were observed in KVERT 

between rested and exhaustive state gait trials.  Significant decreases (p < 0.05) in plantarflexion 

at heel strike, maximum plantarflexion moment, and time of maximum dorsiflexion were seen 

from the baseline to exhaustive conditions.  Absolute free moment was found to significantly 

increase (p < 0.01), similar to the changes observed in the less stiff limbs.  The knee displayed 

significantly decreased (p < 0.05) flexion moment during loading, timing of maximum flexion, 

flexion position at push off, and flexion excursion.  Maximum flexion velocity, maximum varus 

velocity, timing to maximum varus velocity, and maximum internal rotation velocity at the knee 

were all seen to significantly increase (p < 0.05) from baseline to exhaustive conditions.  

Maximum extension, flexion, and adduction moments at the hip were all significantly increased (p 

< 0.05), similar to the moments seen in the less stiff limbs.  The timing of maximum GRFz (p < 

0.01), GRFz impulse (p = 0.01) and normalized GRFz impulse (p = 0.01) all significantly 

decreased, while loading rate (p = 0.01) significantly increased. 
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Table 6.  ANOVA results for significant biomechanical variables of the ankle, knee, hip and 
GRFs of cadets’ more stiff limbs 

 Baseline ± SD Exhaustive ± SD p-value Power 

Ankle Kinematics     
Position @ Heel Strike (°) 8.13 ± 4.07 5.59 ± 6.49 0.04* 0.55 

Timing Max Dorsiflexion (% Stance) 49.64 ± 2.62 48.37 ± 3.46 0.01* 0.74 
Dorsiflexion Excursion Early Stance 

(°) 
24.24 ± 4.64 26.29 ± 6.36 0.06 0.47 

Ankle Kinetics     
Max Plantarflexion Moment (Nm·kg) -277.19 ± 129.65 -230.03 ± 118.00 0.01* 0.84 

Max Eversion Moment (Nm·kg) -235.67 ± 243.32 -287.38 ± 264.63 0.14 0.31 
Absolute Free Moment (Nm·kg) 6.7·10-3  ± 2.3·10-3 8.1·10-3  ± 2.7·10-3 0.00* 0.96 

Knee Kinematics     
Max Flexion (°) 45.83 ± 4.20 45.70 ± 4.54 0.86 0.05 

Time Max Flexion (% Stance) 35.40 ± 4.46 33.59 ± 4.58 0.02* 0.68 
Max Flexion Velocity (°/s) 610.56 ± 90.87 659.72 ± 114.91 0.04* 0.54 

Flexion Position @ Push Off (°) 7.84 ± 4.42 6.04 ± 4.11 0.03* 0.62 
Max Flexion Excursion (°)  26.69 ± 3.70 28.09 ± 3.92 0.13 0.32 

Varus Position @ Heel Strike (°) 4.55 ± 3.97 4.73 ± 5.41 0.77 0.06 
Max Varus Velocity (°/s) 210.09 ± 132.21 302.24 ± 154.91 < 0.01* 0.93 

Time of Max Varus Velocity (°/s) 22.14 ± 17.39 31.48 ± 17.97 0.01* 0.82 
Max Internal Rotation Velocity (°/s) 641.48 ± 290.02 817.87 ± 366.85 < 0.01* 0.98 
Knee Kinetics     

Flexion Moment Loading (Nm·kg) 862.22 ± 883.49 563.68 ± 856.34 0.08 0.41 
Hip Kinetics     

Max Extension Moment (Nm·kg)  -3032.68 ± 595.96 -3360.04 ± 677.64 0.02* 0.68 
Max Flexion Moment (Nm·kg) 1750.23 ± 587.09 2367.52 ± 1172.67 0.02* 0.66 

Max Adduction Moment (Nm·kg) 1697.40 ± 485.30 1848.07 ± 441.46 0.03* 0.60 
GRF     

Timing Max GRFz (% Stance) 59.86 ± 2.13 48.55 ± 2.52 < 0.01* 0.89 
Loading Rate (N·s) 14241.57 ± 

2881.01 
15545.21 ± 
3617.86 

0.01* 0.83 

GRFz Impulse (N·%Stance) 241.33 ± 44.81 235.22 ± 43.71 0.01* 0.74 
GRFz Impulse Normalized 

(N·%Stance/kg) 
0.35 ± 0.02 0.34 ± 0.02 0.01* 0.81 

Time Max Braking Force  
(% Stance) 

30.68 ± 1.46 30.41 ± 2.06 0.53 0.09 

Time Max Propulsion Force  
(% Stance) 

77.62 ± 1.63 77.32 ± 1.45 0.13 0.33 

Stiffness     
KVERT (kN/m) 58.95 ± 9.95 58.61 ± 10.13 0.81 0.06 

Max Knee Stiffness (Nm/°) 3.83 ± 2.73 3.31 ± 2.40 0.32 0.16 
Temporal-Spatial Parameters     

Stance Time (s) 0.24 ± 0.02 0.24 ± 0.02 0.38 0.14 
* Values are significant at the p ≤ 0.05 level 
 

Discussion  

An important finding of the present study was that a significant difference in vertical 

stiffness (Kvert), which has been previously associated with LEOI [13], existed between limbs 

during rested state running trials for subjects in the current study.  This resulted in independent 
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analysis of limbs using KVERT as the principle parameter by which the data were categorized.  

Stiffness has been defined in previous literature as the ability to attenuate shock forces through 

the lower limb [14].  Leg stiffness takes into consideration the change in limb displacement 

through the stance phase of running, including the angle of attack of the limb.  Angle of attack is 

not taken into consideration with KVERT, which has been used previously to evaluate 

neuromuscular changes to attenuate vertical shock forces, and is defined as the ratio of the 

maximal vertical GRF to the vertical displacement of the COM from initial contact to when COM 

reaches its lowest point during midstance [36].  Strategies to modulate KVERT include changes in 

joint kinematics (through the multiple joints of the lower limb) and muscular recruitment, which in 

turn modulates total limb stiffness in attempts to maintain ideal COM displacement [37, 38].  The 

inability to maintain the ideal limb stiffness or adequately modulate limb stiffness has been 

speculated to be a potential risk factor for LEOI [13, 39].  

 In the current study the limbs that were less stiff at baseline were found to significantly 

increase in stiffness following an exhaustive running protocol whereas the limbs that were more 

stiff at baseline did not significantly change in the exhaustive condition.  Following the exhaustive 

protocol, the stiffness measures of the less stiff limbs (55.53 ± 8.49 kN/m) approached the values 

of the more stiff limbs at both baseline (58.95 ± 9.95 kN/m) and exhaustive (58.61 ± 10.13 kN /m) 

conditions.  This increase in stiffness was similar to that reported by Degache et. al [36], who 

found significantly increased KVERT following a 5k hill interval run used as an exhaustive protocol.  

No significant changes were seen in the more stiff limbs following the exhaustive protocol, which 

is similar to the findings of Padua et. al [38], but the current study’s lack of significance could be 

due to the variability in the data.  Changes in KVERT were not uniform among cadets, particularly in 

the more stiff limbs, with some individuals having increased and others decreased KVERT from 

baseline to exhaustive measures (Table 3).  This wide range of stiffness changes due to 

exhaustion has been noted previously and emphasizes the individuality of stiffness modulation 

between individuals [20].  

 Significant changes in kinematic variables found in the less stiff limbs support the 

observed increases in KVERT following the exhaustive run.  Decreased ground contact time in 
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hopping activities has been found to correspond with increased stiffness measurements [40].  

This supports the current study’s finding of decreased stance time with the less stiff limbs as 

stiffness increased after exhaustion.  Knee flexion excursion significantly decreased  after the 

exhaustive run which would serve to decrease the COM displacement, thus increasing the 

stiffness of the less stiff limbs in an exhaustive state.  In this way, the less stiff limbs utilized a 

greater range of knee flexion motion to absorb forces during rested state trials and therefore 

dissipated forces more through the musculature of the limbs [41].  After the exhaustive protocol, 

the less stiff limbs exhibited decreased range of motion at the knee and increased stiffness, 

placing the forces through the boney structures of the limb [13].   

The stiffer limb at baseline, in theory, displayed a more boney force attenuation strategy 

in both the baseline and exhaustive states, increasing concerns for tibial stress fracture (TSF) risk 

[13, 39].  While some subjects demonstrated increased KVERT in their more stiff limbs following the 

exhaustive protocol, others demonstrated decreased KVERT.  It has been suggested that an 

optimal zone exists in which the central nerve system attempts to maintain stiffness to avoid 

injury [13].  It is possible that for some individuals, the stiffer leg was already near the upper limit 

of the zone of optimal stiffness and changes in modulation strategy by the central nervous system 

due to fatigue necessitated decreasing stiffness to stay within the optimal zone.  In other 

individuals, it is possible that the more stiff limb was still capable of increasing stiffness to employ 

a boney force absorption strategy owing to muscle fatigue following the exhaustive treadmill run.  

This variable response in the stiffer limb among subjects resulted in a lack of significant change in 

stiffness in either direction from baseline to exhaustive state.   

However, regardless of this lack of change for the group as a whole, individuals such as 

AROTC_114, who increased the stiffness of the already stiffer limb by 11.09 kN·m-1, further 

amplifying reliance on a strategy of boney force attenuation in an exhaustive condition, may be at 

the greatest risk for development of TSF.  Additionally, subjects in the current study had 

significantly increased loading rate, which has been previously associated with TSF, in an 

exhausted state on their more stiff limbs [9-12, 42].  These findings indicate that when exhausted 

the more stiff limbs may be exposed to increased tibial shock due to the GRF loading more 
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rapidly during initial contact [11].  The inherent capability of the muscles of the lower limb to 

attenuate GRFs can be diminished with muscular exhaustion [43].  Alterations of muscular 

function due to exhaustion decrease the muscles’ ability to dissipate impact forces, compromising 

shock absorption and potentially leading to higher tibial shock, tibial bending stresses, and TSF 

[11, 43]. 

The changes in gait variables due to exhaustion in the current study were consistent with 

Clansey et al. [19] who found increased loading rate as well as increased absolute free moment 

in runners following a bout of exhaustive running.  Significant increases in FM due to exhaustion 

were found in both the more stiff and less stiff limbs in the current study.  Milner et al. [10] and 

Holden et. al [44], both defined FM as the torque about the vertical axis of the lower leg, which is 

caused by the friction between the foot and the ground during the stance phase of gait.  Milner et 

al. [10] further explained that although FM does not directly measure the torque on the tibia, it can 

be hypothesized that higher measures of FM may contribute to higher torques on the tibia, 

potentially leading to spiral TSF.  No injury tracking was utilized in the current study, but when 

compared to Milner et al’s [10] findings, the mean FM of both the cadets’ more stiff limbs (8.1·10-3  

± 2.7·10-3) and less stiff limbs (7.8·10-3 ± 2.5·10-3) after exhaustion were closer to the mean FM 

for Milner’s TSF group (9.3·10-3  ± 4.3·10-3) than their healthy control group (5.9·10-3 ± 2.1·10-3), 

suggesting that changes in FM due to exhaustion may be indicative of increased risk of TSF 

development.  Pohl et al. [45] also found FM as a contributing factor to TSF, and their TSF group 

demonstrated similar FM measures (9.1·10-3 ± 4.2·10-3) as the TSF group in Milner et. al [10] and 

those found in an exhaustive state in the current study.  The current study’s finding of increases 

in FM due to exhaustion indicates that further research should evaluate the effects of exhaustion 

on FM in a TSF group. 

 Gait variables previously associated with the development of ITBS were also found in the 

current study to change from the baseline to exhaustive state.  Runners with a history of ITBS, 

which accounts for about 12% of all overuse injuries, and is the most common cause of lateral 

knee pain in runners, have been found to remain in greater knee internal rotation throughout 

stance phase when compared to non-injured runners [46-49].  Both the current study and Miller et 
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al. [22], who evaluated ITBS runners, did not find increased knee internal rotation, but did find 

significantly increased maximum knee internal rotation velocity following an exhaustive run 

protocol.  The distal ligamentous portion of the iliotibial band has been proposed to limit internal 

rotation at the knee and in an exhaustive state the increased internal rotation velocity places a 

greater demand on the ligamentous portion of the iliotibial band in order to react to this rapid 

internal rotation movement [50].  Those individuals with ITBS may be unable to stabilize this rapid 

internal rotation movement, thus moving into a more internally rotated position [46, 47, 50].   

The iliotibial band, via the tensor fascia latae and gluteus maximus, serves as an 

important stabilizer of the knee and hip joints by resisting knee internal rotation and hip adduction.  

Individuals with ITBS have decreased hip abductor torque compared to their contralateral side 

and healthy controls [51].  The current study found significantly increased external hip adduction 

moment in the exhaustive condition, which corresponds to an increased internal hip abduction 

moment.  Individuals with ITBS and decreased abduction torque may be highly affected when 

exhausted, by the increased external adduction moment found in the current study.  The inability 

to overcome this external adduction moment may result in an increased hip adduction angle 

which has been previously identified in an ITBS population [46, 47].  Significantly increased hip 

flexion and extension moments were also found in the exhaustive condition, which could place 

increased load on the musculature of the hip.  In addition to decreased hip abductor strength, 

decreased hip flexor strength has been previously found in runners with a history of ITBS [52]. 

Increased knee adduction moments, increased hip adduction angle, and contralateral 

pelvic drop are often described as a Trendelenburg gait and have been seen in individuals with 

ITBS [46, 48].  The combination of these variables may place the GRF more medially on the foot 

forcing the knee into a more varus alignment [48].  Varus alignment upon single leg stance has 

been identified as varus thrust in knee osteoarthritis (OA) literature [53].  Knee OA individuals 

with varus thrust have increased knee adduction moment and increased varus velocity [54].  

Cadets in the current study had significantly increased varus velocity on both limbs and increased 

varus position at initial contact on the less stiff limbs in an exhaustive state.  These findings are 

similar to those found by Chang et al. [54] in a knee OA population.  This increased varus 
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positioning, or varus thrust, can place additional strain on the iliotibial band by elongating the 

fibers and increasing the compression of the highly innervated adipose tissue deep to the distal 

ligamentous portion, potentially resulting in ITBS [50].  The increased knee varus velocity and 

varus position at initial contact found in the current study may not only be linked to ITBS, but 

expose the knee to forces associated with the development of OA later in life. 

 A potential limitation of the current study was the potential variability in training load from 

additional physical activity by cadets outside of structured ROTC PT sessions.  Nine of the cadets 

participating in this study were in Ranger training, requiring higher intensity training in separate 

training sessions prior to structured ROTC PT, with the expectation to maintain higher levels of 

fitness than that of the general cadet population.  Including cadets from both the Ranger and 

general ROTC population introduced variability in training load and fitness levels.  However, the 

use of a military population in a controlled training environment potentially served to provide more 

standardization of the training load than in populations studied in previous literature.  Further 

research is needed to evaluate the effects of training status and fitness level on gait changes due 

to exhaustion. 

 There were also specific study limitations in relation to the exhaustive protocol portion of 

data collection.  Cadets were asked to reach a level of exhaustion at which they could no longer 

continue the protocol.  Although all cadets met VO2max criteria, level of exhaustion was only 

measured by RPE score, which was subjectively based upon the cadets’ individual interpretation 

of exhaustion.  Quantitative measures of exhaustion, such as blood lactate concentration, should 

be used in the future to assure adequate levels of exhaustion are reached and maintained.    

 In summary, differences in KVERT were found in right and left limbs among cadets, which 

gave rise to more stiff limbs and less stiff limbs groupings; a novel finding that was not an original 

intent of the study.  Less stiff limbs were found to significantly increase KVERT following 

exhaustion, which was most likely due to decreasing COM displacement through modulation of 

kinematic variables at the knee joint.  Variables previously associated with TSF were found to be 

affected by exhaustion; significant increases in FM were found in both limbs, and of particular 

concern in regards to TSF were the more stiff limbs, due to the additional TSF risks of increased 
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stiffness and increased loading rate.  The exhaustive state findings of increased knee internal 

rotation velocity in the current study correspond to the increases seen in an ITBS population 

during an exhaustive run.  Increases in hip flexion, extension, and adduction moments may 

potentially result in LEOI in individuals with weakened hip musculature due to the inability to 

stabilize the hip and pelvis.  Increased varus velocity and varus positioning found in an 

exhaustive state may contribute to not only ITBS mechanism, but may further be linked to knee 

OA.  In conclusion, in a healthy ROTC cadet population, changes in gait variables that were 

previously linked to LEOI were observed following an exhaustive run protocol.  These changes 

demonstrate the extent to which exhaustion may contribute to altering gait mechanics in a 

manner leading to overuse injuries.  Additionally, vertical stiffness and changes in vertical 

stiffness were found to be variable both between and within individuals.  Future research should 

track incidences of LEOI within the study population in order to evaluate the effects of gait 

changes due to exhaustion on the development of LEOI.  Further investigation is needed on the 

variability of vertical stiffness seen in the current study, especially in regards to development of 

boney versus muscular related LEOI. 

 

  



24 

Appendices 

Appendix A.  Study Variables 

Dependent Independent 

Kinetic Variables 

• Peak Vertical Ground Reaction Force 
Impulse 

• Peak Braking Force 
• Peak Propulsive Force 
• Vertical Stiffness 

Kinematic Variables 

• Ankle, Knee, and Hip Joint angles at 
heel strike 

• Ankle, Knee, and Hip Max Joint Angles 
• Ankle, Knee, and Hip Joint Velocities 
• Ankle, Knee, and Hip Moments 

• Rested or exhaustive state running 
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A Review of Literature 

Maintaining peak physical fitness is necessary for all service members of the United 

States military to perform their duties effectively and efficiently.  A majority of the required 

physical training (PT) for members of the Reserve Officer Training Corps (ROTC) revolves 

around the development of cardiovascular and aerobic fitness; therefore, most PT sessions have 

a strong focus on running activities [2, 3].  The fitness backgrounds of ROTC cadets are varied, 

and therefore some cadets encounter training during PT that far exceeds their physical fitness 

readiness.  Excessive amounts of training without establishing a proper physical fitness base 

prior to the start of PT and basic training can lead to overtraining, chronic fatigue and overuse 

injuries [4].  Lower extremity over use injury (LEOI) is the top ranking musculoskeletal injury in the 

military, and researchers have begun to identify intrinsic and extrinsic risk factors of LEOI across 

running and military populations [3].   The purpose of this study was to compare gait 

biomechanical variables, with a focus on those variables that have been previously linked to 

LEOI, during rested and exhaustive state running within a single Army ROTC unit. 

 

Prevalence of Lower Extremity Overuse Injury (LEOI) in Military Population 

Despite the size and threat of these problems, the research has been very limited in the 

military population.  Many of the LEOI studies have been conducted on populations of 

recreational or highly trained runners which may or may not be applicable to military populations.  

There is great variation in the physical fitness backgrounds of cadets/military recruits when they 

come into physical training (PT) or basic training, and some may not be at a physical fitness level 

that is equivalent with trained runners. 

The Department of Defense (DOD) [3] has made it their goal to detect and address the 

risk factors associated with lower extremity overuse injury.  According to the latest information 

produced by the DOD, lower extremity overuse injury accounts for 34.5% of days of limited duty 

in injured military personnel.  The Military Injury Prevention Priorities Working Group (MIPPWG) 

has identified three of the top injuries in the military to be related to lower extremity which include 

the categories of over-use injuries, fractures, and sprains and strains.  Fatigue could be a 
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potential cause with many of these injuries; however MIPPWG reported that no research had 

been done linking fatigue to LEOI at the time of publication.  The MIPPWG created a list of 

recommendations for addressing the issue of lower extremity injuries, with their number one 

recommendation being to prevent overtraining by de-emphasizing distance running during 

physical training.  Distance running is known to cause lowered physical performance, decreased 

motivation, increased fatigue and attrition.  

Kaufman et al. [5] published a review of research related to military training related 

injuries, again ranking lower extremity musculoskeletal injuries at the top of the list.  

Overuse/stress syndrome accounted for 23.8% of injuries in an Army infantry basic training 

population.  The researchers explained that military training primarily focuses around weight 

bearing activities such as distance running and ruck marching.  They showed that as the 

frequency, duration, or total amount of training increased, the rate of injuries increased as well 

(200-300%) while physical fitness increased only 10%.  The authors reported in the meta-

analysis, that across the literature, injury rates associated with vigorous weight-bearing activity 

are high, and were shown to be higher among military recruits and infantry soldiers than in civilian 

distance runners, and about the same as civilian competitive athletes and vigorous exercise 

participants. 

Furthering research in the area of injury prevention could help prevent military members 

from dealing with LEOI injuries and help to reduce the amount of missed active duty days per 

year, as well as prevent the government from overspending on healthcare.  Previous authors 

agree the severity of the problem, which has been clearly identified across studies; however there 

is a need for further studies to come to agreement on the causes and risk factors of LEOI in a 

military population [1, 3-5].   

 

Risk Factors Leading to Development of LEOI 

Previous studies have examined LEOI in a multitude of ways, and have been able to 

identify both extrinsic and intrinsic risk factors for the development of LEOIs; however there has 

been little agreement on the findings of these studies.  Researchers have conducted studies 
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within military populations in order to assess both the prevalence of LEOI in different settings of 

the military and with different active populations (usually trained runners), as well as to determine 

the main risk factors associated with the injury in attempts to formulate a working prevention 

strategy. 

 

Risk Factors with LEOI Unrelated to Biomechanics 

 There are a vast amount of extrinsic and intrinsic risk factors outside of those 

related directly with gait biomechanics variables that are associated with the development of 

LEOI.  Previous authors have identified numerous risk factors all related to training frequency, 

duration, and intensity as well as equipment used during training [4, 5]. Other risk factors include 

physiological and anthropometric factors which can be seen through biomechanical variables and 

metabolic analysis.   

Brushoj et al. [4] performed a randomized controlled clinical trial to study an injury 

prevention program among 1020 Army recruits (19-26 years old).  The researchers implemented 

a 15 minute exercise routine to be performed by the experimental group three times per week for 

the entire three months of basic training in hopes the program would aid in preventing overuse 

injuries.  There were no significant differences found in the number of injuries reported between 

the placebo group and experimental group (incidence 0.22 versus 0.19, P=.162).  The soldiers in 

the prevention group had greater improvement in running distance in the 12 minute run tests in 

comparison to the control group (P=0.037).   

Almeida et al. [55] performed a study on 1143 male United States Marine Corp recruits 

(17-28 years old) who were predominately white (69.7%), with 19.5% Hispanic, 6.0% black, and 

4.8% other.  The purpose of the study was to identify rates of diagnosis-specific musculoskeletal 

injuries in a military population and examine patterns between physical training and these injuries 

on base at the Marine Corps Recruit Depot in San Diego, California.  The recruits were tracked 

throughout the 12 week basic training session, and the authors found that the overall injury rate 

was 39.6% (number of recruits/population at risk), with 82% of these injuries occurring in the 

lower extremities.  Overuse injuries accounted for 78% of the diagnoses.  Weekly injury rates 
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were significantly correlated with hours of vigorous physical training (overuse injuries p=0.018, 

and acute injuries p=0.027).     

Milgrom et al. [56] completed a prospective study on a group of 295 infantry recruits 

during basic training.  After completion of an initial physical fitness test and indirect measurement 

of VO2max, the recruits then completed 14 weeks of basic training during which they were 

encouraged to report symptoms of medial tibial pain or stress fractures.  At the conclusion of the 

study, 43% of the recruits complained of exertional pain along the medial tibial border.  Tibial 

tenderness was bilateral in 90 of 123 cases.  The authors concluded that the cause of a recruit’s 

medial tibial pain could be determined by a obtaining a detailed health history, performing a 

thorough physical exam, and the appropriate use of scintigraphy protocol (nuclear diagnostic 

test).   The authors also discussed that aerobic fitness and sports participation prior to basic 

training did not protect against medial tibial pain.  They hypothesized that the recruits are 

exposed to such a different type and level of intensity of training that they have never been 

exposed to before, and therefore they feel as though programs that are designed to build physical 

readiness before basic training might better serve in the prevention of this injury. 

Jones et al. [6] documented the impact of past physical activity, current physical fitness, 

and Army physical training along with the incidence of injuries among new recruits. This study 

included two phases: a baseline evaluation and a follow-up. Past physical fitness was assessed 

via questionnaire. Present physical fitness was assessed by gathering anthropometric data and 

calculating average weekly energy expenditures. An Army physical fitness test was used to 

obtain a baseline fitness level. Injuries were assessed throughout training by physicians. Eighty-

six of the 303 subjects in the study experienced LEOIs such as stress fractures, achilles 

tendonitis, and patellofemoral pain syndrome. The authors identified several intrinsic risk factors 

for LEOI including gender (women 50.5% obtained injuries, men 27.4% obtained injuries), low 

levels of running performance for both men and women (p=0.04), high body mass index for men 

(p=0.02), active lifestyle for men (p=0.004), and short stature for women (p=0.02).  The authors 

suggest that an overall underlying risk factor may be physical fitness. 
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McKenzie, Clement, and Tauton [7] published a review article in the Journal of Sports 

Medicine and provided a comprehensive overview of shoe and orthotic foot control in relation to 

lower extremity injuries.  These authors discussed the excessive pronation as a predisposing 

factor to injuries of the medial aspect of the lower extremity such as tibial stress syndrome, 

patellofemoral pain, and posterior tibialis tendinitis, further suggesting that runners with this 

predisposing factor should chose running shoes that control excessive motion.  The authors also 

present the primary etiological factors of knee pain in runners dealing with errors in training 

judgment and excessive loading due to compromised biomechanical features.  These specific 

errors cannot be corrected by running shoe design; however, footwear in addition to 

biomechanical control may lead to significant therapeutic intervention.   

Willems et al. [15] conducted a study on 400 physically active collegiate students (17-28 

years old) all participating in a standardized workout program through their physical education 

class.  Barefoot running trials were collected at the start of the study using a footscan pressure 

plate collected at 480Hz and video data collected by seven infrared cameras at 240Hz, using a 

lower extremity retro-reflective marker system.  Subjects then followed up with investigators 

regarding development of lower extremity injuries.  In the barefoot condition, the authors found 

that those subjects that would go on to develop exercise related lower leg pain showed a 

significant increase in ankle abduction excursion (p=0.026), ankle abduction velocity (p=0.001), 

maximal ankle eversion (p=0.034), ankle eversion excursion (p=.032), mean and maximal 

eversion velocity (p=0.034 and p=0.031 respectively), and mean ankle re-inversion (p=0.029). 

The authors analyzed the medio-lateral component of the center of pressure and showed 

increased risk of developing ERLLP in subjects with more medially directed center of pressure at 

forefoot flat (p=0.039) and a more laterally directly center of pressure at last foot contact 

(p<0.001).  The authors identified a central heel strike, an excessive eversion and an increased 

lateral roll-off as risk factors for ERLLP.  The authors identified that by testing in a barefoot 

condition, they were truly testing intrinsic risk factors that may otherwise be masked in shod 

conditions.   
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Willems et al. [33] conducted another study on the same cohort of 400 physically active 

collegiate students (17-28 years old) all participating in a standardized workout program through 

their physical education class.  Shod running trials (in standardized neutral shoes provided by the 

investigators) were collected at the start of the study using a footscan pressure plate which 

collected at 480Hz and video data collected by seven infrared cameras at 240Hz, using a lower 

extremity retro-reflective marker system.  Subjects then followed up with investigators regarding 

development of lower extremity injuries.  The authors found that those subjects that would 

develop exercise related lower leg pain showed a significant increase in ankle abduction 

excursion (p=0.031), pronation excursion (p=.007), maximal ankle eversion (p=0.034), ankle 

eversion excursion (p=.032), mean (p=0.049) and maximal (p=0.031) ankle re-inversion velocity, 

and a delayed time of maximal eversion (p=0.049).  No significant differences were found 

between groups for vertical force impact peak, nor for the mean and maximal loading rates[33].  

To date this is the only study which measures risk factors for LEOI in a prospective population 

using shod running.  The authors concluded that risk factors for developing ERLLP during shod 

running are increased pronation excursions and accelerated reinversion.  The authors also 

mentioned that the shod condition did not seem to mask intrinsic risk factors of ERLLP. 

Both studies conducted by Willems et al. gave similar findings despite the differences in 

methodology regarding shoe wear, which showed that shoe wear does not necessarily mask 

intrinsic risk factors (biomechanical variables) like they originally predicted.  Age, gender, aerobic 

fitness level, and a variety of biomechanical variables have all been shown to be associated with 

the development of LEOI.  Not all authors agree in the outcomes of these studies, which create 

problems in the development of prevention strategies.   

With extrinsic and intrinsic risk factors identified, one variable that seems to be lacking in 

these studies that focus on LEOI is the effect that exhaustion has on biomechanical gait 

characteristics.  In the military population, cadets are participating in training that is beyond some 

of their physical fitness readiness levels, and therefore they are performing under exhaustive or 

chronically exhausted conditions [4]. Overall, the identified extrinsic risk factors have mostly been 

associated with training frequency and duration [4, 5].  Although some authors have shown 
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prevention strategies that address these extrinsic risk factors, the development of a uniform 

prevention strategy still needs to be created.    

 

Biomechanical Risk Factors for Tibial Stress Fracture (TSF) 

 Many biomechanical related risk factors have been identified as predictive variables 

associated with LEOI through the use of kinetic and kinematic data collection.  Factors associated 

with the ankle, knee, and hip joints such as joint angles, velocities, and moments, have all been 

identified in the research.  Lack of cohesion between methodological approaches to research has 

created some disparities when critically comparing previous studies.  Stress fractures are a very 

common injury in a running and military population, accounting for as much as 50% of all injuries, 

with tibial stress fracture is the most common type of stress fracture, especially in running 

populations [11]. 

Davis, Milner, and Hamill [9] prospectively examined the relationship between increased 

measures of loading rate and incidence of tibial stress fractures in five competitive female runners 

who went on to develop TSF compared to five age and mileage matched control subjects.  The 

researchers used tibial accelerometers and a force platform sampling at 960 Hz along a 25 meter 

runway.  Subjects ran at 3.8 m/s for five trials, which were then averaged for analysis.  Runners 

who went on to develop TSF exhibited increased lower extremity loading rate, tibial shock, as well 

as instantaneous and average vertical loading rates (p < 0.05).  The authors address that 

stiffness has been previously correlated with loading rate, but no relationship was found in this 

study.  The authors concluded that tibial shock and vertical loading rates are increased in female 

runners who develop TSF.    

Pohl et al. [45] researched which kinematic and kinetic factors were the best predictors of 

TSF in 30 female distance runners (28 ± 10 years old) compared to an age and mileage matched 

control group (25 ± 9 years old) also comprised of 30 female distance runners. Subjects ran over-

ground at 3.7 m/s while kinematic data were collected at 120 Hz using a six camera motion 

capture system with a cut off frequency of 8 Hz.  Kinetic data were sampled at 960 Hz with a cut 

off frequency of 50 Hz.  Peak hip adduction, absolute free moment, and peak rearfoot eversion 
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were able to correctly predict TSF in 83% of cases, indicating an elevated risk level for TSF as 

these variables increased (p<0.05).    

Milner et al. [10] performed a study on 25 currently uninjured female distance runners 

with previous histories of lower extremity fractures (26 ± 10 years) and an age matched and 

mileage matched group of 25 healthy runners.  Kinematic data were collected using a six camera 

motion capture system sampling at 120 Hz.   Kinetic data were collected at 960 Hz while the 

subjects ran 3.7 m/s across a force platform.  All variables indicated that free moment was 

greater in the TSF group.  Peak adduction free moment, free moment at peak braking force, and 

absolute peak free moment were significantly higher (p < 0.05) in runners with a history of TSF 

compared to a control group with no previous lower extremity boney injuries.  The magnitude of 

absolute peak free moment successfully predicted a history of TSF in this group in 66% of cases.   

Milner et al. [12] performed a study on 23 runners with a history of TSF and were aged 

and mileage matched with healthy control subjects.  This study used the same collection 

procedures as the previous studies by Milner et. al.  The authors found that sagittal plane knee 

stiffness was significantly greater (p < 0.05) in the TSF group.  Stiffness was also positively 

correlated with shock.  Knee excursion, knee angle at initial contact, and shank angle at initial 

contact were not different between groups.   

Milner et al. [11] looked at a female running athlete population and measured 

biomechanical factors associated with tibial stress fractures.  One group consisted of twenty 

rearfoot strikers with a history of tibial stress fractures (TSIs) and one group consisted of a 

mileage-matched rearfoot striking control group.  A Bertec platform (Bertec Corporation, 

Columbus, OH) was used to collect ground reaction force data at 960 Hz during the stance phase 

of running.  Running velocity was monitored with the use of two photocells linked to a timer over a 

23 m runway.  Standard running shoes were worn during the five running trials.  Gait was 

monitored for any changes with contact with the force plate. Trials were subjectively measured 

and discarded if running gait was altered.  Ground reaction force variables consisted of vertical 

instantaneous and average loading rate (VILR, VALR), impact peak (IPEAK), and 

anteriorposterior instantaneous and average loading rates during initial braking (BILR, BALR).  
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Results allowed authors to conclude that VILR and VALR were increased, a higher IPEAK, and 

an increase in peak tibial shock in the TSF group compared to a control group. 

Milgrom et al. [43] performed a study on four members of their own research staff (27-52 

years old) in which measurements of in vivo tibial strain were taken.  A strain gauge was bonded 

to the undersurface of a bone staple which was inserted in a 30 degree rosette pattern in the 

medial aspect of the mid-tibial diaphysis.  After insertion of the bone staples were completed, the 

strain gauge exiting wires were connected to a four channel amplifier.  After performing five hours 

of light exercise activities, a baseline measurement of torque and kinetic data were taken.  The 

fatigue protocol began with a 2km run at their own pace (but not slower than 12km/h).  

Measurements were retaken 3 minutes after the completion of the run.  After a one hour rest, the 

subjects performed a 30km march at a pace of 6km/h.  Measurements were also taken after the 

completion of the march.  Two of the four subjects completed the entirety of the march.  The 

authors found a significant decrease in peak gastrocnemius isokinetic torque as compared post 

march to pre run.  When compared to the pre-run, tension strains increased 26% in post-run and 

29% post march.  The tension strain rates increase 13% post- run and 11% post-march.  The 

compression strain rates increased significantly post-march (9%) when compared to post-run.  

The authors concluded that fatigue state increases bone strains well above that of rested 

individuals, and that training in the fatigued state may be a major contributing factor to high stress 

fracture rates in infantry recruits. 

The tibia has been reported as the most common site of stress fracture in runners and 

military population, accounting for 33-55% of stress fractures [11].  Although anatomical make up 

of the bone structure is thought to serve as a potential risk factor, biomechanical risk factors 

including increases in loading rate, pronation, and free moment have all been linked to individuals 

with histories of TSF [9-12, 43]. 

 

Biomechanical Risk Factors for Iliotibial Band Syndrome (ITBS) 
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Ferber et al. [46] retrospectively examined differences in running biomechanics between 

runners who had previously sustained ITBS and runners with no previous knee- related running 

injuries.  The running mechanics of 35 females with a history of ITBS were compared to 35 

healthy age-matched and running distance-matched females.  Comparisons of hip, knee, and 

ankle 3D kinematics and internal moments during the stance phase of running gait were 

measured.  Subjects ran along a 25 meter runway at a velocity of 3.65 m/s (±5m/s), striking a 

force plate at its center.  Kinematic data were collected with a 6 camera, 3D Vicon Motion 

Analysis system.  Only the first 60% of stance was analyzed because authors noted, in general, 

peak joint moments, maximum ground reaction forces, and peak joint angles occur within this 

time frame.  The specific kinematic variables of interest were (1) peak rearfoot eversion angle, (2) 

peak rearfoot invertor moment, (3) peak knee internal rotation angle, (4) peak knee external 

rotator moment, (5) peak hip adduction angle, (6) peak hip abductor moment, and (7) peak knee 

flexion angle.  Data from the previously injured limb of the female runners in the ITBS group were 

used for analysis and were compared with the right limb of the female runners in the control 

group.  Variables were statistically compared between groups using one way ANOVAs at a 

confidence level of 0.05.  The ITBS group exhibited significantly greater peak rearfoot invertor 

moment, peak knee internal rotation angle, and peak hip adduction angle compared to controls.  

No significant differences in peak rearfoot eversion angle, peak knee flexion angle, peak knee 

external rotator moment, or peak hip abductor moments were observed between groups.  

Females with a previous history of ITBS demonstrated a kinematic profile that is suggestive of 

increased stress on the iliotibial band.  These results were generally similar to those reported in 

other literature.   

Chang et al. [53] studied knee varus thrust and its affect on knee adduction moment in 

222 patients with osteoarthritis (OA), including 163 woman and 59 men aged 68 ± 10.7 years old.   

Subjects underwent baseline gait observation to assess varus thrust and full- limb radiography to 

assess alignment.  Thrust was determined via video measurements, and then further assessed in 

those 64 subjects determined to have thrust via optoelectronic cameras and a single multi-

component force platform with a sampling frequency of 120 Hz.  Of the 401 knees, 67 had varus 
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thrust at baseline, and of that 67, 54 were varus on the radiograph, 12 were valgus, and one was 

neutral.  In addition, 19% of the studied knees had medial OA progression, and 37% of the knees 

exhibited thrust and a significantly greater knee adduction moment (p < 0.01).  The authors 

concluded that knee varus thrust is a potent risk factor for OA in the medial tibiofemoral 

compartment.   

 Chang et al. [54] performed a study on participants with knee osteoarthritis further 

examining varus thrust and its connection with OA.  Knee motion in the frontal plane was 

measured during walking and captured at a rate of 120 Hz using passive external reflective 

markers and an 8 camera digital real time motion analysis system.  Peak varus angle during 

stance, peak knee varus angular velocity, and total knee varus-valgus motion during stance were 

measured.  Of the 440 measured knees, 19% had definite varus thrust.  Knees with varus thrust 

were had significantly increased peak knee varus angle, as well as knee varus velocity (p < 0.05).  

The authors concluded that visualized varus thrust is associated with objective and quantitative 

measurements of dynamic frontal plane knee instability.   

 Niemuth et al. [52] tested the strength of six muscle groups of the hip on the involved leg 

of recreational runners with injuries compared to a healthy control population.  Thirty (17 female, 

13 male) subjects experiencing single leg LEOI were included as well as 30 matched controls.  

Muscle strength of the six muscle groups were assessed by a hand held dynamometer.  The 

highest value of the 2 trials was used, and values were all normalized to body mass.  Results 

showed that leg dominance did not influence injury (p = 0.71), and no significant side to side 

changes were measured in healthy runners (p = 0.62).  Among the injured runners, the injured 

hip abductor (p < 0.01) and flexor (p = 0.03) groups were significantly weaker than the non-

injured side.  The hip adductor muscle group was significantly stronger in the injured side (p = 

0.01).  The authors concluded that hip abductor, flexor, and adductor group muscle strength is 

imbalanced in individuals with LEOI.   

 Fredericson et al. [51] examined hip abductor strength in a group of 24 (14 female, 10 

male) collegiate competitive distance runners with ITBS comparing injured and healthy limbs to a 

control group of 30 (14 females, 16 males).  Hip abductor torque was measured using a Nicolas 
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Manual Muscle Tester (kg) and normalized for differences in height and mass among subjects to 

units of percent body mass times height.  Prehabilitation hip abductor torque was found to be 

statistically significant among injured and non-injured male and female groupings (p < 0.05).  

Following a six week standardized rehabilitation protocol with special attention directed to 

strengthening the gluteus medius, the females increased averaged hip abductor torque by 34.9% 

and the males by 51.4%.  Following rehabilitation, 22 of 24 athletes were pain free and able to 

return to running.  The authors concluded that long distance runners with ITBS have weaker hip 

abduction strength in their injured leg when compared to controls and respond well to 

rehabilitation techniques.   

 Fairclough et al. [50] evaluated the clinical anatomy of the hip and knee region in order to 

challenge the view that the iliotibial band moves antero-posteriorly over the epicondyle.  Gross 

anatomical and microscopial studies were conducted on the distal portion of the iliotibial band in 

15 cadavers.  In addition, this study was complemented with magnetic resonance imaging of six 

asymptomatic volunteers as well as two athletes with acute ITBS.  It was found that in all 

cadavers, the iliotibial band was anchored to the distal femur by fibrous strands, closely 

associated with a layer or densely innervated and vascularized adipose tissue.  No bursa sacs 

underlying the iliotibial band were found in any cadavers.  The magnetic resonance scans 

supported a zone of impingement of the iliotibial band at 30° of knee flexion, as a consequence of 

tibial internal rotation.  The researchers concluded that the iliotibial band does not move over the 

epicondyle, and therefore, ITBS may be more likely associated with the compression of the 

densely innervations adipose tissue deep to the iliotibial band rather than a friction syndrome.   

  Noehren et al. [47] prospectively compared lower extremity kinematics and kinetics 

between a group of females with ITBS (n = 18) to a group of healthy age and mileage matched 

controls.  Bilateral 3D lower extremity kinematics and kinetics were collected at 120 Hz via a 6 

camera motion analysis system as well as a force plate collecting at 1080 Hz.  Kinematic data 

were low-pass filtered at 8Hz and kinetic data at 50 Hz using a fourth-order zero lag Butterworth 

filter.  Subjects ran at 3.7 m/s (±5%) over a 25 meter runway.  The ITBS group exhibited 

significantly increased hip adduction and knee internal rotation angles.  These combined 
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movements may increase strain on the iliotibial band causing it to compress against the condyle.  

The authors concluded by suggesting control of secondary plane motions through strengthening, 

stretching, and neuromuscular re-education.   

Miller et al. [22] evaluated lower extremity mechanics of iliotibial band syndrome (ITBS) 

during an exhaustive run.   The authors studied sixteen recreational runners (ages 27.5±9 ITBS 

group and 26.4±7.7 for control group), eight of which had a history of ITBS in one or both legs, 

eight served as a control group.  An eight camera motion capture system was used to collect 

three dimensional data.  A 23 retro-reflective marker set was used.  Dynamic trials consisted of 

running on a treadmill at a consistent pace that would exhaust them within 20 minutes.  Marker 

positions were recorded for 10 seconds every two minutes until voluntary exhaustion.  The 

authors found significant differences during stance in maximum foot adduction (2.6±7.9° for ITBS 

and -6.1±7.6° for control, p=0.003), minimum knee flexion (12.5±3.6° for ITBS and 7.7±3.8° for 

control, p=0.03), and maximum ankle dorsiflexion velocity (74.8±19.7° for ITBS and 54.9±27.9° 

for control).  After the runs, the authors found significant differences during stance in maximum 

knee flexion (43.8±7.8° in ITBS and 36.5±9.2° for control, p=0.02), maximum foot inversion 

(3.3±10.9° for ITBS and -9.5±19.6° for control, p=0.03), minimum thigh flexion velocity (-

29.5±16.9° for ITBS and -16.7±8.2° for control, p=0.01), and maximum knee internal rotation 

velocity (16.4±9.3° for ITBS and 10.3±4.0° for control, p=0.02).  Furthermore, at the end of the 

run, ITBS knees were significantly more flexed at heel-strike than control knees (p=0.01).  The 

number of knees impinged at heel-strike increased (six to eleven) over the course of the run for 

the ITBS group but decreased (six to four) in the control group.  Peak strain was significantly 

higher both before (8.5±1.2% for ITBS and 7.5±0.6% for control) and after (8.4±1.3% for ITBS 

and 7.5±0.7% for control) the run in the ITBS group.  In conclusion, the authors found that 

runners who have a history of ITBS showed more internal rotation of the leg (increasing strain on 

the iliotibial band) and larger increases in knee flexion angle at heel-strike near voluntary 

exhaustion. 

Powers [48] published a clinical commentary in the Journal of Orthopaedic and Sports 

Physical Therapy on the review of tibiofemoral and patellofemoral joint biomechanics as related 
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to knee injury.  The author discusses and reviews literature regarding the idea the proximal 

factors, such as hip gait mechanics, can affect the distal joints of the lower limb.  This theory is 

also supported by literature suggesting that impaired control of the hip, pelvis, and trunk likely 

influences injury mechanisms.  Powers is hopeful that his findings across the literature will lead to 

the development of a better injury examination process, as well as development of more efficient 

and effective knee rehabilitation and injury prevention programs.  This commentary concluded 

with the hope of further research to support the hips influence on knee pathologies. 

Reiman, Bolgla, and Lorenz also published a clinical commentary in the Journal of Sport 

Rehabilitation on the multifactorial relationships between hip joint strength, ranger of motion, 

kinetics/kinematics, and knee pathologies.  Specifically these authors addressed ITBS, and 

reported that across the literature, evidence of hip abductor weakness has been presented as a 

potential predictive factor for ITBS.  These authors suggested that future research should 

determine whether excessive femoral rotation or adduction is more predictive of injury.  A 

suggestion of the development of standardized muscle testing procedures across the literature 

was made in order to help obtain conclusive results.   

 

Use of Stiffness as a Biomechanical Variable 

Stiffness is a biomechanical concept that incorporates neuromuscular control of the lower 

extremity in regards to attenuating shock forces through the lower limb [36].  This concept has 

become popular among biomechanics literature due to its association with lower extremity 

overuse injury.   

Morin, Samozino, and Millet [23] investigated the changes in running mechanics and 

stiffness behavior over a 24 hour long treadmill run.  Ten healthy males (40.4 ± 6.5 years old), all 

experienced ultra-endurance runners, were included all having previously completed at least one 

24 hour or 100 km race.  Kinematic and kinetic data were measured before, every two hours, and 

after a 24 hour treadmill run.  These measurements were performed at 10 km/hr and kinetic data 

were sampled at 1000 Hz for 10 consecutive steps.  Significant changes were observed in the 

subjects’ running pattern and spring mass measurements with a 4.9% increase in step frequency, 
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a 4.5% decrease in contact time, a 4.4% decrease in maximal GRF, and an increase in both leg 

and vertical stiffness (p < 0.05).  Most of these changes were observed as early as four to six 

hours into the experiment.  The authors concluded that changes in running mechanics alter 

greatly over a 24 hour run, showing a clear shift toward a higher oscillating frequency and 

stiffness during the stance phase of running gait.   

 Farley and Morgenroth [40] performed a study to determine the mechanisms to adjust leg 

stiffness during hopping in place.  Two males and three females (aged 20-23 years old) 

completed the study.  Subjects performed two legged hopping at a speed matched to a 

metronome set at 2.2 Hz (±2%). Preferred hopping height and maximum hopping height were 

measured.  Trials were completed on a force platform collecting with a sampling frequency of 

1000 Hz, and video data were collected from the lateral view at 200 fields per second.  Video 

data was filtered using a fourth order zero lag Butterworth filter with a cut off frequency of 9 Hz.  

Ankle torsional stiffness was reported as 1.9 times greater while knee torsional stiffness was 1.7 

times greater in maximum height hopping than in preferred height hopping (p < 0.05).  In a 

computerized model, with ankle stiffness increasing by 1.9 fold, leg stiffness was calculated to 

increase by 2 fold, and increased knee stiffness by 1.7 fold had no impact on leg stiffness.  The 

authors concluded that the primary mechanism for which stiffness is modulated is through the 

ankle.   

Farley et al. [57] investigated the changes that occurred in leg stiffness when stride 

frequency was altered at the same speed.  Four male subjects (21 to 29 years old) participated in 

the study.  The subjects ran at 2.5 m·s-1 during two separate baseline trials in order to determine 

normal stride frequency.  The subjects were then asked to run at nine different stride frequencies 

including the preferred, four below the preferred (-5, -11, -18, and -26%) and four above preferred 

(+17, +25, +30, and +36%).   Kinetic data was collected via a force plate embedding into a 

treadmill and was collected at 1000 Hz.    The authors found increased leg stiffness, and 

increased vertical stiffness at higher stride frequencies (p < 0.05).  The authors concluded that 

although leg stiffness does not seem to change with difference velocities, it is possible for leg 
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stiffness to be significantly changed to accommodate different stride frequencies at a given 

velocity.   

Degache et al. [36] studied the effects that a five hour long hilly running bout on a 

treadmill had on kinematic and kinetic variables in runners.  The subjects included eight male 

long distance trail runners 42.5 ± 5.9 years old.  Kinetic data was measured via a force plate 

within the treadmill and collected at 1000 Hz.  Measurements were taken before and immediately 

after the running protocol, and were measured at one minute increments of three different speeds 

(10, 12, and 14 km·hr-1).  The authors found a significant decreased contact time at 12 and 14 

km·hr-1, which further resulted in an increased step frequency at all three speeds after the five 

hour run.  Significantly increased leg stiffness and vertical stiffness were also observed at all 

running speeds, with significantly decreased downward displacement of center of mass and leg 

length changes.  All significance was determined at the alpha level of p < 0.05.  The authors 

recognized that the treadmill used for measurement had considerably high stiffness.  The 

conclusions of the study were that a five hour hilly running bout modified running step mechanics 

as well as increased leg and vertical stiffness levels.  The authors also compared these changes 

with another of their studies which had similar findings on ultra-marathon runners, but the 

changes in the ultra-marathon runners occurred at a higher amplitude of change.   

Willams et al. [14] completed a study which examined the effects of high and low arches 

on leg stiffness.  The goal of the study was to determine if structural deviations in the lower limb 

would be associated with any differences in lower extremity kinetics.  Twenty high-arched (10 

males, 10 females) and 20 low-arched (12 males, 8 females) runners were asked to run along a 

25 m runway at 3.35m/s.  The high-arched runners were 28 ± 8.1 years old and the low-arched 

runners were 27.7 ± 7.5 years old.  Kinematic data were collected using a Vicon motion captures 

system and filter using a second order recursive Butterworth filter with an 8 Hz low pass cut off 

frequency.  Kinetic data were collected via force places at 50 Hz.  Leg stiffness was estimated 

using the spring-mass model, and then scaled to body mass.  The authors found that the high-

arched runners demonstrated significantly increased leg stiffness (p = 0.03), knee stiffness (p = 

0.04), and loading rate (p = 0.01) than when compared to low-arched runners.  Low-arched 
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subjects were found to have significantly increased contact time (p = 0.03) and vertical 

displacement (p = 0.01) when compared to high-arched runners.  The authors linked increased 

stiffness measurements with increased loading rate, and explained that when coupled with 

decreased flexion excursion and earlier activity of knee extensor muscles, it may place runners 

with high arches at an increased risk for boney injuries of the lower limb.   

Ferris et al. [42] tested if runners adjust their leg stiffness when running on difference 

surfaces, and if so, how these adjustments were made.  The investigators studied five subjects of 

unknown gender, age, or mass, and had them run on tracks of four different surface stiffness.  

Forces were measured via a force platform, and kinematic data was measured through high 

speed video recordings.  The authors found no difference in vertical stiffness despite the two-fold 

increase in surface stiffness (p=.6).  Leg stiffness increased by as much as 68% between the 

most and least stiff surfaces, however, the magnitude differed between subjects due to different 

stiffness measurements between subjects (p<.05).  The authors then suggested that the changes 

in leg stiffness on different surfaces shows that the central nervous system does not necessarily 

rely on patterns of joint movements to control running, and therefore leg stiffness is greatly 

connected with the neuromuscular system.   

McMahon [41] prospectively studied static anthropometric measures and demographic 

information and overuse injuries in the lower leg, ankle and foot bilaterally in 204 (ages 17 to 25) 

US Air Force Academy Cadets.  Once a month for six months following the initial assessment, 

each subject was emailed a follow-up injury tracking form. Type, incidence and cause of injury 

were documented. Injuries were classified via five digit coding system following guidelines from 

NAIRS Medical Terminology Codes. Injury was defined as: the injury kept the cadet out of 

training, exercise or competition on the day following the injury, and/or the injury required medical 

attention of any kind beyond icing or wrapping. Data were recorded only if it was training, 

exercise, or sports related. Significant relationships between navicular drop, total talocrural range 

of motion, total supination, fitness level and injuries to the lower leg, ankle and foot were 

revealed. This study provides evidence that many lower leg, foot and ankle morphologic 

characteristics do not place individuals at increased risk for overuse injury, but that formulas may 
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exist which predict potential for injury. The results of this study suggest that the time consuming 

screening processes implemented in various athletic and 35 military settings may not be 

necessary. Particularly when trying to predict injury due to dynamic activity via static 

measurements.  

Padua et al. [38] examined the influence of fatigue on vertical leg stiffness and muscle 

activation and joint movement strategies and whether the response of healthy human subjects is 

the same across genders.  Their repeated measures design consisted of 11 healthy physically 

active males (27.8±4.4 years old) and 10 females (24±4 years old).  The authors asked the 

participants to use their preferred landing leg as the test limb for all of the muscle activity and 

kinematic data.  Subjects completed a barefoot hopping protocol with two trials; the first trial the 

subjects hopped at a preferred hopping rate and the second trial the subjects hopped at 3.0 Hz 

controlled by a metronome.  Approximately 45 hops were performed for each condition.  The 

authors then induced lower extremity muscle fatigue using a barbell loaded with one third of the 

subjects body weight and instructed them to squat repeatedly through the knee flexion range of 0-

60 degrees at a frequency of 50 squats per minute until the point of fatigue (defined as falling four 

squat cycles behind the pace or fail two successive squat cycles).  The results of the study 

showed reductions in peak hamstring (p=0.002) and anterior tibialis (p=0.001) activation after 

fatigue as well as increased gastrocnemius (p=0.005) and soleus (p=0.001) peak activity.  

Fatigue also significantly increased quadriceps and hamstring co-activation ratios (p=0.005) and 

gastrocnemius/soleus and anterior tibialis co-activation ratios (p=0.03) after fatigue and females 

demonstrated higher quadriceps and hamstring co-activation rations than males, regardless of 

fatigue (p=0.026). Females were found to land with greater knee flexion than they did pre fatigue 

(p=0.03).  The authors found that fatigue made no significant difference in terms of vertical leg 

stiffness but also mentioned their observed statistical power  was relatively low (.323).  The only 

change to kinematics was an increase in initial ground contact post fatigue verses pre-fatigue 

(p=0.032).  The subjects all placed greater reliance on the quadriceps muscle following the 

fatigue protocol, however, females use this strategy even more so than males before and after 

fatigue (females activated their quadriceps 45% more than males).  Overall, after fatigue, subjects 
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tended to adopt a more ankle strategy in which they more heavily relied on the ankle musculature 

and less on the knee musculature to modulate vertical leg stiffness.  

Butler, Crowell and Davis published a commentary lecture in the Journal of Clinical 

Biomechanics addressing the theory that lower extremity stiffness is an important factor when 

analyzing muscle performance and musculoskeletal injury.  These authors reported through their 

findings in the literature that increased stiffness has been found as beneficial to performance.  

They also reported the idea of an optimal zone of stiffness which allows for an injury free 

performance.  It has been suggested that increased stiffness may lead to boney lower extremity 

overuse injuries, and decreased stiffness may lead to muscular or tendinous overuse injuries.  

These authors suggest further prospective evaluation of stiffness as it relates to injury, but also 

report that stiffness is able to be modified through environmental factors and verbal cues. 

Strategies to modulate KVERT include changes in joint kinematics (through the multiple 

joints of the lower limb) and muscular recruitment, which in turn modulates total limb stiffness in 

attempts to maintain ideal COM displacement [37, 38].  The inability to maintain the ideal limb 

stiffness or adequately modulate limb stiffness has been speculated to be a potential risk factor 

for LEOI [13, 14]. 

 

Limb Asymmetry 

 The most common practice in biomechanics literature is to assume that right and left 

limbs are the same and therefore can be used interchangeably.  However, previous literature has 

suggested that humans use one leg in a more propulsive way and one leg as more of a braking 

mechanism, further suggesting there may be differences between limbs [28, 29].    

Ziftchock, Davis and Hamill [29] investigated gait asymmetry in female runners with 

histories of unilateral tibial stress fractures compared to a healthy population of female runners.  

The aims of the study were to report normal levels of gait asymmetry in healthy individuals, 

compare asymmetry levels in healthy individuals and those with histories of TSF, and examine 

kinetics between involved and uninvolved limbs of runners who previously sustained a TSF.  

Subjects wore a tibial accelerometer and ran along a 25 meter runway at a speed of 3.7 m/s 
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(±5%) striking force platform sampling data at 960 Hz.  Data were low pass filtered at 50 Hz with 

a fourth order zero lag Butterworth filter.  Natural levels of asymmetry in healthy runners ranged 

from 3.1% for peak vertical GRF up to 49.8% for peak lateral GRF and peak shock.  The involved 

limb of the previously injured runners demonstrated increased braking and vertical impact GRF 

and loading rates as compared to the control group, although not statistically tested.  The authors 

suggested that previously injured runners are closer to the injury threshold and more susceptible 

to repeated injury, and furthermore, asymmetry may influence which limb gets injured.   

 Potdevin et al. [28] tested functional differences between lower limbs in able bodied gait 

according to force impact analysis, as well as to assess if there is a preferential limb for 

propulsion and braking.  Twenty-four healthy men (25.9 ± 4.5 years old) performed ten walking 

trials along a 10 meter runway with two imbedded force plates collecting at an unknown 

frequency.  Velocity of the center of mass was collected using a motion capture system.  Results 

indicated significant bilateral differences between legs concerning the propulsive and braking 

impulses; 70.8% of participants displayed different most braking limbs than most propulsive 

limbs, whereas 25% used the same leg to produce both propulsion and braking (p < 0.05).  The 

authors concluded that the study supports asymmetry in gait in healthy individuals.   

 Although some amount of asymmetry in gait among limbs may be considered natural, it 

has been shown that athletes with previous histories of injury exhibit great deals of asymmetry, 

indicating asymmetry as a potential risk factor for LEOI [28, 29].   

 

Effects of Exhaustion on Gait 

 Many previous studies have focused on analysis of biomechanical gait variables during a 

fatigued condition.  Most of these studies have focused on trained distance runners, which may or 

may not be similar to a military population.  A variety of fitness backgrounds of some of the 

military population results in training during PT that far exceeds their physical fitness readiness.  

Excessive amounts of training without establishing a proper physical fitness base prior to the start 

of PT and basic training can lead to overtraining, chronic fatigue and overuse injuries. 
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Abt et al. [16] performed a running gait study on twelve healthy competitive male and 

female distance runners (24.5±4.1 years old).  A Modified Astrand Protocol was used to 

determine VO2max, and then used to predict the pace for the exhaustive run procedure, which was 

completed a week later.  The exhaustive run consisted of a run on a treadmill at 0% grade to 

volitional exhaustion at a speed correlating with the subject’s maximal ventilatory threshold (as 

determined by heart rate).  Data were collected using eight high speed optical cameras on a 

treadmill.  No significant pre-fatigue and post-fatigue differences were found between kinematic 

or kinetic variables. 

Christina et al. [17] evaluated the changes in ankle joint motion and vertical ground 

reaction force during running after fatiguing the dorsiflexors and invertors of the foot.  Kinematic 

and kinetic data were collected on 11 college aged (24.3±3.5 years old) recreational female 

runners at 60Hz and 500Hz respectively while running 2.9m/s via videotape on a force measuring 

treadmill in pre and post fatigued states.  Fatiguing procedures included sets of repetitive 

concentric and eccentric contractions on an Elgin leg/ankle exerciser, which targeted the 

localized muscle groups (either ankle dorsiflexors or ankle inverters).  These isometric exercises 

were quantified by a transducer which measured torque before and after the exercise was 

completed. After the one repetition maximum (1 RM) of the subject was determined, three 

maximal voluntary contractions were completed to complete the fatigue protocol.  Reflective 

markers were placed on the right limb only and were used to track joint motion in the sagittal 

plane. Following fatigue of the dorsiflexors, significant decreases were seen in dorsiflexion at heel 

contact in the post-fatigue gait cycle (p=.003), and an increase in the rate of rise of impact force 

from pre to post-fatigue (p=0.008), as well as a decrease in foot angle at heel strike (p=0.02).  

The fatigue of the ankle invertors led to a significant decrease in peak impact force (p=.005), 

peak push off force (p=.002), and a trend towards significantly less inversion at heel contact 

(p=0.025).  All post-fatigue maximum isometric torques were significantly less than initial pre-

fatigue maximal measurements (p≤0.01).  The authors concluded that these changes all resulted 

from localized muscle fatigue.  The authors concluded that observed changes in the ability of the 
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muscles to generate force during a fatigued state may lead to increased loading rates, abnormal 

loading rates, and potentially cause the development of running injuries.  

Clansey et al. [19] conducted a study on twenty-one healthy, highly trained, rearfoot 

striking, male distance runners (36.2±12.5 years old) in order to examine the acute effects of 

progressive fatigue on running gait.  Lactate threshold was used to standardize the intensity 

(speed) of each subject’s treadmill running fatigue protocol.  A full body, six degree of freedom 

retroreflective marker set was used to collect kinematic data at 200Hz using a 12 motion capture 

camera system.  Kinetic data were collected using a force platform sampling at 1000Hz.  Subjects 

performed three gait analysis tests (pre, mid, and post), consisting of six acceptable over ground 

running trials at 4.5m/s±5% before and after two 20 minute fatiguing treadmill runs at lactate 

threshold.  All markers remained in place during testing in order to minimize time between trials.  

RPE values were taken at the beginning and end of each 20 minute treadmill running bout.  

Kinematic and kinetic data were filtered using a fourth-order low-pass Butterworth filter at 12 and 

80Hz respectively.  During stance, both vertical average loading rates (p=0.004) and vertical 

instantaneous loading rates (p=0.005) significantly increased from pre to post test conditions.  

Knee excursion joint range of motion tended to decrease (p=.096) but no significant differences 

were reported.  Following the 20 minute running bouts, peak rearfoot eversion (p=0.036) and 

peak free moment (p=0.004) increased significantly.  At initial contact, the hip became more 

extended (p=0.046) and the ankle became more plantar flexed (p=0.018) after the two 20 minute 

running bouts. There were no significant decreases in step length.   

Gerlach et al. [18] also examined ground reaction force (GRF) by using an exhaustive run 

on a force measuring treadmill to fatigue their subjects before measuring impact force magnitude 

and loading rates.  Kinetic data were collected at 500Hz on 87 healthy adult female runners (18-

53 years old) while running at their average 5k race pace.  Fatiguing procedures included a 

modified discontinuous VO2max treadmill protocol designed for high performance runners.  Heart 

rate, blood pressure, and rate of perceived exertion (RPE) were measured at each stage of the 

three minute work load and three minute rest interval continuous cycle.  The protocol was 

completed when oxygen uptake reached a plateau, a respiratory exchange ratio of greater than 
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1.10 was hit, age predicted maximum heart rate was achieved, or voluntary exhaustion occurred. 

The GRF of the subjects was measured prior to and immediately after the fatigue capability. 

Impact peak decreased by 6.6%, and loading rates decreased by 11.8% after completion of the 

fatigue protocol.  Consistent with previous studies, the authors also observed a decrease in 

cadence (p<.0001) and increase in step length (p<.008) post fatigue protocol.  Peak force at push 

off was not affected by fatigue (p=0.18).  The authors recognized that joint kinematics would 

accompany changes in stride length and cadence, but were not measured in this study.  Finally 

the authors discussed whether the decrease in impact forces were a strategy of the body to 

minimize impact and protect from injury or if the fatigued condition truly diminished performance.  

Yoshino et al. [26] studied ways in which gait patterns and physiological rhythms such as 

muscle activity and heart activity are affected by the fatigue induced in a long period of walking.  

Twelve healthy male subjects (19-26 years old) walked at a self selected speed for three hours 

while EMG and ECG data were recorded in 12 non-overlapping data sets 15 minutes.  The 

subjects were divided into groups according to the second 90 minute period gait cycle time.  The 

faster group (Group B) was younger (p=0.02) and less fatigued than the slower group (Group B) 

(p<0.05).  Group A showed a significant increase in stride to stride variability.  Group A had a 

lower resting heart rate (p=0.02).  The authors cited three potential reasons these results may 

have been different, including a decrease in walking speed, a decrease in initial intensity of the 

heel-strike impact intensity, and the differences between walking and running.  The authors also 

mention that the people in Group B were more physically active and self-confident going in to the 

study so this may have been a limitation to their results. 

Voloshin et al. [24] looked at the effects of fatigue on the shock waves generated by the 

foot during running gait.  The participants consisted of 22 males (age 30.8±5.1 years) who were 

in “excellent” health and practiced calisthenics at least twice per week and had no previous 

history of muscular weakness, disease, or drug therapy. The exercise test (treadmill running) was 

then performed for 30 minutes at a speed corresponding to the predetermined anaerobic 

threshold level.  The subjects were divided into fatigue and non-fatigue groups according to their 

end tidal CO2 pressure measurements at the conclusion of the running exercise.  Seven files of 
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acceleration were collected during each 30 minute test.  The authors found that stride rate 

decreased after fatigue ensued (p<.05).  Normalized maximum accelerations also significantly 

increase for the fatigue group (p<.05).  The researchers hypothesized that the change in stride 

rate may be due to the fact that the fatigued muscles can no longer support running at the optimal 

stride rate.  Fatigue of the runner may further lead to modification of the landing phase mechanics 

of the running stride.   

Dutto et al. [20] examined leg stiffness characteristics in 15 (11 males, 4 females) 

healthy, well trained runners (28.3±6.7 years old).  A speed associated with 80% of peak oxygen 

consumption, calculated by the subjects perform five continuous, submaximal runs of increasing 

speed immediately followed by a graded run to volitional exhaustion, was used to elicit fatigue 

around 45 minutes. The VO2 values for the last two minutes of each stage were used to estimate 

oxygen cost at that speed.  The fatigue run took place on a treadmill embedded with six uniaxial 

force transducers to collect vertical ground reaction force at 1000Hz.  Speed remained constant, 

and the subjects were asked to inform the investigators about one to two minutes before ending 

the test so that measures of effort, heart rate, and RPE could be monitored.  Run times varied 

from 31-90 minutes working at VO2peak.  Leg stiffness and vertical stiffness were estimated 

using experimental equations.  Ten of 15 runners had significant changes in stride rate (p<0.01) 

and nine of 15 runners had significant changes in foot contact times at the end of the run 

(p<0.01).  Changes in vertical stiffness were shown to be more associated with displacement of 

the center of mass (p<0.01) as opposed to changed in peak vertical force (p>0.01).  Significant 

changes in vertical stiffness were observed in 14 subjects (p<0.01) (12 decreasing and two 

increased) with between 6-39% of the variance explained by the fatiguing run.  

Derrick et al. [21] completed a study on ten healthy and physically active recreational 

runners (25.8±7.0 years old) on kinematic variables during an exhaustive run.  All subjects wore 

the same shoe provided by the researchers.  Subjects were fitted with two piezoelectric 

accelerometers (anteromedial aspect of right tibia and frontal bone of skull) as well as a knee and 

rearfoot electrogoniometer all sampled at 1000Hz.  The average speed of the subjects during a 

3200 meter maximal effort run was used as the treadmill exhaustive run speed.  Subjects were 
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asked to continue running on a treadmill until exhaustion prevented them from continuing and 

data were collected every 30 seconds.  Stride frequency and stride rate were calculated.  The 

knee became significantly more flexed at heel impact (p<0.05), rearfoot angle became more 

inverted at impact (p<0.05).  Peak leg impact accelerations (p<0.05) and impact attenuation 

(p<0.05) increased during the progression of the run.  In conclusion, the authors noted that the 

increase in peak impact force was not considered risk for injury due to a decreased effect mass.  

The authors suggested that the changes in kinematic variables may have resulted from increased 

metabolic costs during the end stages of the exhaustive run.   

Willson and Kernozek [25] examined changes in loading characteristics of the foot 

associated with fatigue during human running.  Nineteen healthy subjects ranging from 20 to 30 

years old were equipped with an in-shoe measurement system for assessment of plantar loading.  

Subjects completed the Ohio State protocol for exercise testing until fatigue on a treadmill 

(determined by use of Borg’s RPE scale).  Data were collected at 150 Hz during a comfortable 

running pace under normal and fatigued conditions.  The authors reported decreased step time, 

significantly smaller values under the heel for peak force, force-time integral, peak pressure, and 

pressure time integral and trends toward increased medial forefoot loading were identified while 

subjects were running under fatigued conditions (p < 0.05).  The authors concluded that running 

technique changes in a fatigued condition and affects plantar surface loading characteristics such 

as increased cadence, decreased loading of the heel, and increased medial forefoot landing.   

Holden et al. [44] examined alterations in pronation in order to see if there was a link 

between reduction in pronation and changes in ground reaction parameters, with a focus on free 

moment.  Ten male recreational runners (28 ± 7 years old), all rearfoot strikers with normal 

arches, ran 4.5 m/s (±10%) along a 40 meter runway across a force platform sampling at 1250 

Hz.  Subjects wore three different pairs of running shoes, for varus, neutral, and valgus alignment 

of the foot.  Results indicated that free moment was highly variable between feet, but were 

repeatable with a given foot/footwear combination.  Free moment was greatest during the first 

half of stance phase, and increased with increases in pronation (p < 0.05).  The authors 

concluded that free moment was sensitive to relatively large within-subject changes in pronation.   
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Authors have concluded that temporal-spatial changes such as shorter stride length and 

higher step frequency have been linked to exhaustive state running in these populations.  An 

increase in knee flexion and decrease in ankle angle at heel strike, as well as a decrease in leg 

stiffness and vertical leg stiffness has also been identified in past research as effects of fatigue 

during running in healthy populations.  Researchers have reported conflicting or inconclusive 

results regarding the effects of fatigue on leg stiffness.   In comparison with Christina et al., 

Gerlach et. al believe that the differences in their results may stem from differences within their 

fatigue conditions; central fatigue versus localized fatigue.  The findings of Voloshin et al. 

indicated similar findings as Gerlach et. al in that stride rate decreased after fatigue ensued.  

Inconclusive or conflicting results have led to the need for further research to be done on the 

effect of fatigue on gait variables.  To our knowledge, there are no current studies which analyze 

kinetic and kinematic gait variables during an exhaustive condition in a military population. 

 

Methodological  

To develop the methodology of the study, previous studies have been referenced due to 

the reliability found with their methodological instrumentation and procedures.   

Faulkner et al. [34] analyzed the relationship between ratings of perceived exertion (RPE) 

and oxygen uptake (VO2).  The Borg Rating of Perceived Exertion scale (RPE) is a scale in which 

the participant in the study gives a cadetive score of how exhausted they feel during the exercise.  

The scale is based on a 6-20 scale, the number 20 corresponding to feelings and sensations with 

the work that is so exhausting the subject cannot continue with the exercise.  The study included 

16 men of high fitness (30±7.7 years old), 14 men of low fitness (28.1±7.6 years old), nine women 

of high fitness (31.9±12.3 years old), and 10 women of low fitness (34.2±10.5 years).  The 

subjects completed two graded exercise tests on a cycle ergometer to elicit VO2max which was 

determined by a plateau in oxygen consumption, attainment of a heart rate within ±10 beats per 

minute of age predicted maximum, a respiratory exchange ratio of 1.15, failure to maintain the 

required pedal cadence, or if the participant reported volitional exhaustion as recommended by 

the British Association of Sport and Exercise Sciences.  Two graded exercise tests were 
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performed to identify whether overall RPE and peripheral RPE were a reliable measure of 

exertion.  The reliability of the terminal overall RPE and peripheral RPE reported from the first 

and second graded exercise tests were p<0.001 and p<0.05 respectively.  Peripheral RPE at 

volitional exhaustion was significantly high than overall RPE in both men and women (p<0.001). 

RPE are almost as highly correlated with VO2 as heart rate during a graded exercise test to 

VO2max (~0.955-0.980).  These authors demonstrated that extrapolating VO2 values from overall 

RPE is an acceptable estimate of VO2max in both high and low-fit populations. 

Jackson and Pollack [31] recommend using a sum of three skinfolds as opposed to 

seven.  The sums of three and seven skinfolds are highly correlated (r≥0.97) which demonstrates 

that the different combinations of the sum of skinfolds can be used with minimal loss of accuracy.  

The authors also indicate that the use of sum of three skinfolds versus the sum of seven skinfolds 

enhances feasibility during data collections.  The authors agree that best sum of three skinfolds 

for men are: sum of chest, abdomen, and thigh, and for women are: sum of triceps, thigh, and 

suprailium.  During this ROTC data collection, the cadets will be wearing the appropriate attire to 

obtain these skinfold measurements.  

McNair and Marshall [32] conducted a study on ten men (20-30 years old)  who ran at a 

recreational jogging pace (3.5m/s) in both barefoot as well as in four different shod conditions.  

Data were collected using accelerometers attached to the tibia as well as video data collected at 

200 frames per second.  Adhesive retroreflective markers were placed on the skin or shoes on 10 

anatomical landmarks on the lower limb.  The results of the materials test showed that the shoes 

differed in their midsole characteristics, however, no significant differences were observed in 

peak acceleration and time to peak acceleration during the shod conditions (p<0.05).  The 

differences observed between shoes in the materials test were not sufficient enough to elicit 

kinematic changes (p<0.05).  The authors concluded that there seem to be few differences to be 

observed between shoes with regard to shock attenuation during running. 

Fellin et al. [27] performed a gait analysis study in order to identify five kinematic methods 

of identifying stance phase with vertical ground reaction force data during both over-ground and 

treadmill running.  Twenty healthy male and twenty healthy female runners (25.1 ± 8.7 years old) 
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were tested at a running pace of 3.35 m/s.  Twenty runners underwent analysis in over-ground 

running, while twenty performed analysis via a treadmill.  Each kinematic method was compared 

with stance identified from vertical ground reaction force for over-ground running (considered the 

gold standard).  The two methods that were found to be valid were the time when the distal heel 

marker reached a minimum vertical position, and when the vertical velocity of the distal heel 

marker changed from negative to positive.  Toe off was best identified using peak knee extension.  

The authors concluded that use of kinematic data in determining stance phase is possible when 

kinetic data are unavailable.    

The American College of Sports Medicine [30] established guidelines related to pre-

participation health screenings and risk stratification for individuals during exercise in order to 

optimize safety during exercise testing procedures.  The purpose of these guidelines were 

primarily to  identify and exclude individuals with medical contraindications to exercise, increased 

risk of disease because of age, symptoms, or risk factors who should undergo a thorough 

medical evaluation prior to exercise participation.  Positive risk factors were identified as family 

histories of heart attack, heart disease, or sudden death, cigarette smoking, hypertension, 

dyslipidemia, impaired fasting glucose, obesity, and sedentary lifestyle.  A low risk stratificiation 

category included men < 45 years of age and women < 55 years of age who are asymptomatic 

and meet no more than one of these previously listed risk factors.  These guidelines were 

adopted in the current study to ensure appropriate safety precautionary measures were taken to 

ensure the highest level of safety possible.   

The United States Army Physical Readiness Training (PRT) [2] manual  was developed 

as a guideline for training programs of Army Cadets.  The three components that make up PRT 

are strength, mobility, and endurance.  Endurance is defined in the manual as the ability to 

sustain activity, and balances aerobic and anaerobic training.  Endurance programs that are 

based solely on sustained running, fail to prepare units for the type of endurance they will need to 

conduct full spectrum operations.  Therefore, tasks such as speed running, negotiation of 

obstacles, foot marching, sustained running, cycling and swimming are all incorporated together 

to make up the most optimal PRT.  The on-ground component of PRT focuses mainly on 
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marching, speed and sustained running, calisthenics, and resistance training.  These concepts 

were all adopted by the Army ROTC program used in the current study.   

These studies each add consistency to the methodology because they offer reliability in 

instrumentation and methodological procedures. Using RPE as a standard measure for subjective 

exhaustion, a standardized three site skinfold method and a consistent running velocity during 

data collection, all allows for less variation in the data [33].  Because it has been shown that there 

are few differences between types of shoe wear, the cadets can wear their own personal running 

shoes for data collection which saves time and money for the investigators [32]. 
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C.2. Informed Consent Form 

INFORMED CONSENT 

To Participate in a Research Study 

 

Department of Kinesiology and Leisure Science, University of Hawaii at Manoa 

1337 Lower Campus Road, PE/A Complex Rm. 231, Honolulu, HI 96822 

Phone: 808-956-7606 

 

I. INVESTIGATORS 

Principle Investigators:  Kara Miller, MS, ATC; Ashley Putnam, ATC; Christopher Stickley, 

PhD, ATC; Iris F. Kimura, PhD, ATC, PT 

 

II. TITLE 

Biomechanical Risk Factors for Lower Extremity Overuse Injury Related to Fatigue 

 

III. INTRODUCTION 

 The following information is being provided to help you decide if you would like 

to participate in this study.  This form may have words that you do not understand.  If 

you have questions, please ask us.   

 The principle investigators in this study are currently graduate students at the 

University of Hawaii, completing this research as part of a PhD dissertation project and a 

Master’s thesis.  The purpose of this study is to examine the movements and forces 

experienced during running as they relate to overuse lower leg pain.  You are being 

asked to participate in this study because you are an active member of the Army ROTC. 

 

IV. DESCRIPTION OF PROCEDURES 

 You will be asked to fill out an injury history questionnaire prior to data 

collection.  You will then be asked to report to the University of Hawaii at Manoa, 

Kinesiology and Rehabilitation Science Laboratory for testing.  You will be asked to wear 

your Army PT shorts (or spandex shorts) and a sports bra (for females) and bring your 

normal running shoes.  Your height, weight and skinfold thickness will be measured by a 

member of the research team who is a certified athletic trainer.  Next, reflective 

markers will be placed on several landmarks on your body (ex. shoulders, lower back, 

hips, thighs, knees, shins, ankles, and feet).  Marker placement will be performed by a 

certified athletic trainer.  Measurements and marker application for female cadets will 

be performed by a female member of the research team. You will be asked to jog at a 

moderate pace (between 6:00 and 7:30 min/mile pace)
 
down an 18 m runway.  You will 

perform three successful trials for each leg while wearing normal running shoes 

(approximately 12-15 trials total).  You will have time prior to running to warm up and 

stretch, as well as time to get familiar with the procedures.  Following these trials you 

will be asked to complete a maximal oxygen uptake test (VO2max) on a treadmill.  After a 

three minute walking cool down you will be asked to perform a training simulation run 
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until voluntary exhaustion. Reflective markers will then be replaced and you will be 

asked to complete the 18 m jogging trials a second time. This entire procedure will take 

approximately 1.5 hours. 

 During the remainder of the academic year (approximately 8 months) after 

testing, members of the research team who are certified athletic trainers will evaluate 

you at the UH Army ROTC facilities once every 2 weeks for the development of lower leg 

pain.  This evaluation will include a questionnaire and hands-on injury evaluation.  

 

V. RISKS 

 Due to the level of physical activity involved, there is a risk of injury.  You may 

have muscle soreness and/or pain after testing.  You may also have some discomfort, 

muscle cramping or shortness of breath while testing.  There is a very remote chance of 

cardiac arrest and/or death.  The investigators are BOC certified athletic trainers and 

First Aid/CPR/AED trained.  In the event of any physical injury from the research, only 

immediate and essential medical treatment is available including an AED.  First Aid/CPR 

and a referral to a medical emergency room will be provided. In the event of an 

emergency outside the lab, as a result of this research, contact your medical doctor and 

inform the principal investigators (Kara Miller or Ashley Putnam at 808-956-7606 ext 

69455, Dr. Christopher Stickley at 808-956-7606 ext 63798, or Dr. Iris F. Kimura at 808-

956-7606 ext 63797).   

 You should understand that if you are injured in the course of this research 

process that you alone will be responsible for the costs of treating your injuries. 

 Because of the risks of maximal exercise testing during pregnancy, you are not 

eligible to participate in this study if you think you might be pregnant.  If you find out 

you are pregnant after beginning this study, you will not be eligible to continue 

participation. 

 

VI. BENEFITS 

 You may not receive direct/immediate benefits.  However, you will obtain 

information regarding your running characteristics, body composition, and aerobic 

exercise capacity.  Results of this study may assist athletic trainers, Army physicians, and 

sport biomechanists in preventing future injuries during Army training.   

 

VII. CONFIDENTIALITY 

 Your research records will be confidential to the extent permitted by law.  

Agencies with research oversight, such as The University of Hawaii Committee on 

Human Studies, have the right to review research records. 

 An identification number will be used to identify you during the study, which will 

be known only to you and study personnel.  In addition, all data and cadet (identity) 

information will be kept under lock and key in the Department of Kinesiology and 

Rehabilitation Science at the University of Hawaii at Manoa. These materials will be 

permanently disposed of in a period not longer than 5 years.  You will not be personally 
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identified in any publication arising from this study.  Personal information about your 

test results will not be given to anyone without your written permission.   

 

VIII. CERTIFICATION 

 I certify that I have read and I understand the foregoing, that I have been given 

satisfactory answers to my inquiries concerning the project procedures and other 

matters and that I have been advised that I am free to withdraw my consent 

participation and to discontinue participation in the project or activity at any time 

without prejudice. 

 I herewith consent to participate in this project with the understanding that such 

consent does not waive any of my legal rights, nor does it release the principle 

investigator or institution or any employee or agent thereof from liability for negligence. 

 I attest that I am not currently limited from full participation in my chosen sport 

due to injury. 

 I attest that I do not believe that I am currently pregnant and that should I 

become pregnant during participation in this study that I will voluntarily withdraw from 

further participation. 

 

 If you have any questions related to this study, please contact any of the 

principle investigators: Kara Miller or Ashley Putnam at 808-956-7606 ext 69455, Dr. 

Christopher Stickley at 808-956-7606 ext 63798, or Dr. Iris F. Kimura at 808-956-7606 

ext 63797 at any time. 

 

 

___________________       

Cadet ID Number         

 

              

_________________________________________        ______________ 

Signature of Participant              Date 

 

  If you cannot obtain satisfactory answers to your questions, or have complaints about 

your treatment in this study, please contact: Committee on Human Cadets, University of 

Hawai’i at Manoa, 2540 Maile Way, Honolulu, Hawaii 96822, Phone (808) 956-5007. 

 

 

 

 

 

 

 

 



59 

C.3. Questionnaires 

LEOI HISTORY QUESTIONNAIRE 

 

Date: _________________    ID: ___________ 

 

Name: ______________________________________ Email:      

  

Age: __________  Height: __________ Weight: ______ Years in the Military (Include ROTC, if 1
st

 year: 0):   

 

Shoe brand/style: _________________________ Shoe Size: ___________ Shoe Age (months):__________ 

 

Orthotics/inserts in Running Shoes:  Y         N Orthotic Type:    

 

Training History 

I currently train _____ per week 

     _____0-5 hours 

     _____5-10 hours 

     _____10-15 hours 

     _____15-20 hours 

     _____Over 20 hours 

 

I run an average of _____ per week 

     _____0-5 miles 

     _____5-10 miles 

     _____10-15 miles 

     _____15-20 miles 

     _____Over 20 miles 

 

Injury History 

 

1.  YES NO I have experienced pain in my left upper leg (above the knee and below the back) 

resulting from participating in training. (Circle “Yes” or “No” – DO NOT include pain 

that resulted from a single specific injury episode such as a bruise, sprain or 

broken bone) 

  

If  YES, please answer questions a & b below.  IF YOU HAVE EXPERIENCED MORE THAN 1 INJURY, ANSWER 

QUESTIONS a & b BELOW REGARDING YOUR MOST RECENT INJURY. 

If NO, skip to question 2 below. 

 

a.  The pain in my left upper leg occurred: 

 during the last 6 months 

 between 6 months and 1 year ago 

 between 1 and 2 years ago 

 more than 2 years ago 
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b.  The pain in my left upper leg: 

 was not serious enough to seek medical care or treatment from a physician or athletic trainer 

 was serious enough to get treatment (ice, taping, anti-inflammatory medication, etc.) from a 

physician or athletic trainer but NOT serious enough to require any change in training 

 required me to decrease my training (amount or intensity) but I did not have to completely 

miss or “sit-out” any of my training 

 required me to completely miss or “sit-out” some of my training 

            

  

2.  YES NO  I have experienced pain in my left knee resulting from participating in training. 

(Circle  

   “Yes” or “No” – DO NOT include pain that resulted from a single specific injury  

   episode such as a bruise, sprain or broken bone) 

  

If  YES, please answer questions a & b below.  IF YOU HAVE EXPERIENCED MORE THAN 1 INJURY, ANSWER 

QUESTIONS a & b BELOW REGARDING YOUR MOST RECENT INJURY. 

If NO, skip to question 3 below. 

 

a.  The pain in my left knee occurred: 

 during the last 6 months 

 between 6 months and 1 year ago 

 between 1 and 2 years ago 

 more than 2 years ago 

 

b.  The pain in my left knee leg: 

 was not serious enough to seek medical care or treatment from a physician or athletic trainer 

 was serious enough to get treatment (ice, taping, anti-inflammatory medication, etc.) from a 

physician or athletic trainer but NOT serious enough to require any change in training 

 required me to decrease my training (amount or intensity) but I did not have to completely 

miss or “sit-out” any of my training 

 required me to completely miss or “sit-out” some of my training 

 

3.  YES NO I have experienced pain in my left lower leg resulting from participating in training. 

(Circle “Yes” or “No” – DO NOT include pain that resulted from a single specific 

injury episode such as a bruise, sprain or broken bone) 

  

If  YES, please answer questions a & b below.  IF YOU HAVE EXPERIENCED MORE THAN 1 INJURY, ANSWER 

QUESTIONS a & b BELOW REGARDING YOUR MOST RECENT INJURY. 

If NO, skip to question 4 below. 

 

a.  The pain in my left lower leg occurred: 

 during the last 6 months 

 between 6 months and 1 year ago 

 between 1 and 2 years ago 

 more than 2 years ago 
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b.  The pain in my left lower leg: 

 was not serious enough to seek medical care or treatment from a physician or athletic trainer 

 was serious enough to get treatment (ice, taping, anti-inflammatory medication, etc.) from a 

physician or athletic trainer but NOT serious enough to require any change in training 

 required me to decrease my training (amount or intensity) but I did not have to completely 

miss or “sit-out” any of my training 

 required me to completely miss or “sit-out” some of my training 

 

4.  YES NO I have experienced pain in my left foot resulting from participating in training. 

(Circle “Yes” or “No” – DO NOT include pain that resulted from a single specific 

injury episode such as a bruise, sprain or broken bone) 

  

If  YES, please answer questions a & b below.  IF YOU HAVE EXPERIENCED MORE THAN 1 INJURY, ANSWER 

QUESTIONS a & b BELOW REGARDING YOUR MOST RECENT INJURY. 

If NO, skip to question 5 below. 

a.  The pain in my left foot occurred: 

 during the last 6 months 

 between 6 months and 1 year ago 

 between 1 and 2 years ago 

 more than 2 years ago 

 

b.  The pain in my left foot: 

 was not serious enough to seek medical care or treatment from a physician or athletic trainer 

 was serious enough to get treatment (ice, taping, anti-inflammatory medication, etc.) from a 

physician or athletic trainer but NOT serious enough to require any change in training 

 required me to decrease my training (amount or intensity) but I did not have to completely 

miss or “sit-out” any of my training 

 required me to completely miss or “sit-out” some of my training 

 

5.  YES NO I have experienced pain in my right upper leg (above the knee and below the back) 

resulting from participating in training. (Circle “Yes” or “No” – DO NOT include pain 

that resulted from a single specific injury episode such as a bruise, sprain or 

broken bone) 

  

If  YES, please answer questions a & b below.  IF YOU HAVE EXPERIENCED MORE THAN 1 INJURY, ANSWER 

QUESTIONS a & b BELOW REGARDING YOUR MOST RECENT INJURY. 

If NO, skip to question 6 below. 

 

a.  The pain in my right upper leg occurred: 

 during the last 6 months 

 between 6 months and 1 year ago 

 between 1 and 2 years ago 

 more than 2 years ago 

 

b.  The pain in my right upper leg: 

 was not serious enough to seek medical care or treatment from a physician or athletic trainer 

 was serious enough to get treatment (ice, taping, anti-inflammatory medication, etc.) from a 

physician or athletic trainer but NOT serious enough to require any change in training 

 required me to decrease my training (amount or intensity) but I did not have to completely 

miss or “sit-out” any of my training 
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6.  YES NO I have experienced pain in my right knee resulting from participating in training. 

(Circle “Yes” or “No” – DO NOT include pain that resulted from a single specific 

injury episode such as a bruise, sprain or broken bone) 

 

If  YES, please answer questions a & b below.  IF YOU HAVE EXPERIENCED MORE THAN 1 INJURY, ANSWER 

QUESTIONS 5 & 6 BELOW REGARDING YOUR MOST RECENT INJURY. 

If NO, skip to question 7 below. 

 

a.  The pain in my right knee occurred: 

 during the last 6 months 

 between 6 months and 1 year ago 

 between 1 and 2 years ago 

 more than 2 years ago 

 

b.  The pain in my right knee: 

 was not serious enough to seek medical care or treatment from a physician or athletic trainer 

 was serious enough to get treatment (ice, taping, anti-inflammatory medication, etc.) from a 

physician or athletic trainer but NOT serious enough to require any change in training 

 required me to decrease my training (amount or intensity) but I did not have to completely 

miss or “sit-out” any of my training 

 required me to completely miss or “sit-out” some of my training 

 

7.  YES NO I have experienced pain in my right lower leg resulting from participating in 

training. (Circle “Yes” or “No” – DO NOT include pain that resulted from a single 

specific injury episode such as a bruise, sprain or broken bone) 

  

If  YES, please answer questions a & b below.  IF YOU HAVE EXPERIENCED MORE THAN 1 INJURY, ANSWER 

QUESTIONS a & b BELOW REGARDING YOUR MOST RECENT INJURY. 

If NO, skip to question 8 below. 

 

a.  The pain in my right lower leg occurred: 

 during the last 6 months 

 between 6 months and 1 year ago 

 between 1 and 2 years ago 

 more than 2 years ago 

 

b.  The pain in my right lower leg: 

 was not serious enough to seek medical care or treatment from a physician or athletic trainer 

 was serious enough to get treatment (ice, taping, anti-inflammatory medication, etc.) from a 

physician or athletic trainer but NOT serious enough to require any change in training 

 required me to decrease my training (amount or intensity) but I did not have to completely 

miss or “sit-out” any of my training 

 required me to completely miss or “sit-out” some of my training 

 

8.  YES NO I have experienced pain in my right foot resulting from participating in training. 

(Circle “Yes” or “No” – DO NOT include pain that resulted from a single specific 

injury episode such as a bruise, sprain or broken bone) 

  

If  YES, please answer questions a & b below.  IF YOU HAVE EXPERIENCED MORE THAN 1 INJURY, ANSWER 

QUESTIONS a & b BELOW REGARDING YOUR MOST RECENT INJURY. 

If NO, you are finished. 
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a.  The pain in my right foot occurred: 

 during the last 6 months 

 between 6 months and 1 year ago 

 between 1 and 2 years ago 

 more than 2 years ago 

 

b.  The pain in my right foot: 

 was not serious enough to seek medical care or treatment from a physician or athletic trainer 

 was serious enough to get treatment (ice, taping, anti-inflammatory medication, etc.) from a 

physician or athletic trainer but NOT serious enough to require any change in training 

 required me to decrease my training (amount or intensity) but I did not have to completely 

miss or “sit-out” any of my training 

 required me to completely miss or “sit-out” some of my training 

 

9. Have you ever had any orthopedic surgery? What body part? When? 

 

 

 

 

 

10. Have you had any injury to your back, hips, legs, knees, ankles, or feet in the past year that caused you 

to seek treatment from a physician or athletic trainer? What body part? When? 
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C.4. Data Collection Forms 

Data Collection Form 

AROTC Running Study ‘12 

 

Cadet ID#       

Tester:      

 

GENERAL INFORMATION 

Age  

Resting HR  

Level in ROTC  

Years in ROTC  

Name of Command  

Are you currently 

involved with Ranger 

Training? 

 

YES 

 

NO 

  

VICON 

Mass (Kg)    

Height (mm)  

Left Leg Length (mm)  

Left Knee Width (mm)  

Left Ankle Width  

Right Leg Length  

Right Knee Width  

Right Ankle Width  

Right Shoe Width  Left Shoe Width  

Right Shoe Length  Left Shoe Length  

 

SKINFOLDS (mm) 

Male: 1 2 3 Female: 1 2 3 

Chest    Tricep    

Abdomen    Supraillac    

Thigh    Thigh    

 

*Obtain a third skinfold measurement only if the first two are off by more than 1 mm 
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Running Trials 
AROTC Running Study ‘12 

 

Cadet ID#:             

           

*Cadets must run 4m/s±10% this is 0.90-1.10 s on our 4m runway 

 

          **Re-Level Force Plates 

Total    BASELINE   Total        FATIGUE 

Trials:       Trials: 

1  1  

2  2 

3  3 

4  4 

5  5 

6  6 

7  7 

8  8 

9  9 

10  10 

11  11 

12  12 

13  13 

14  14 

15  15 

16  16 

17  17 

18  18 

19  19 

20  20 

 

 

RPE Legs/Joints Chest/Breathing Overall 

Pre Baseline     

½ Way Baseline    

Post Baseline    

Pre Fatigue    

½ Way Fatigue    

Post Fatigue    

 

 

Trial Foot Time 

1 L        R  

2 L        R  

3 L        R  

4 L        R  

5 L        R  

6 L        R  

 

Trial Foot Time 

1 L        R  

2 L        R  

3 L        R  

4 L        R  

5 L        R  

6 L        R  
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Metabolic Cart Data Collection Form 
AROTC Running Study ‘12 

Cadet ID#:    _____  

Tester:      
 

METABOLIC CART 

 

Ambient Air Temp (°C)  

Humidity (%)  

Pb (mm Hg)  

O2 Drift (Total Time)  

O2 Avg Pre-Test  

O2 Avg Post-Test  

(Calibration Port ON) 

 

 

Self Selected Speed   

% Grade Reached  

VO2 Max Total Time  

VO2 Max (L/kg/min)  

 

80%±5% VO2 Max (ml/min)  

80% V02 Run Speed  

% Grade Reached  

Total Time Fatigue  

 

Total Prep Time (After Run)  

 

 

 

 

 

 

 

 

 



67 

GXT Treadmill Protocol   

    

Cadet ID: __________  

Tester: __________  

 

Self Selected Speed: _______mph (Between 5-8mph) 

    

Stage Time (Min) % Grade Level Completed 

1 0:00-3:00 0.0   

2 3:00-5:00 2.5   

3 5:00-7:00 5.0   

4 7:00-9:00 7.5   

5 9:00-11:00 10.0   

6 11:00-13:00 12.5   

7 13:00-15:00 15.0   

8 15:00-17:00 17.5   

9 17:00-19:00 20.0   

10 19:00-21:00 22.5   

    

  Legs/Joints Chest/Breathing Overall 

RPE:       

    

3 Minute Active Recovery 1% Grade @ _______ mph 

    

  Legs/Joints Chest/Breathing Overall 

RPE:       

    

Calculated Speed: _______mph  

    

Stage Time (Min) % Grade Level Completed 

1 0:00-3:00 1.0   

2 3:00-6:00 3.5   

3 6:00-9:00 6.0   

4 9:00-12:00 8.5   

5 12:00-15:00 11.0   

6 15:00-18:00 13.5   

7 18:00-21:00 16.0   

8 21:00-24:00 18.5   

9 24:00-27:00 21.0   

10 27:00-30:00 23.5   

    

  Legs/Joints Chest/Breathing Overall 

RPE:       
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C.5. Specific testing protocols 

 
Borg 6-20 Rating of Perceived Exertion (RPE) Scale 

 

Script:  Throughout today’s testing procedure, we will ask you to rate the work you will be doing, 

according to the Rating of Perceived Exertion (RPE) scale. You will be asked to say or point to a 

number to describe how hard the work is for you. We will ask you to rate the exertion of your legs 

and joints, chest and breathing, and overall body. A rating of “6” would correspond to those 

feelings and sensations you have during the easiest work you can imagine, similar to sitting in a 

chair.  A rating of “20” corresponds to the feelings and sensations you would have during the 

most difficult work you could imagine yourself doing, so exhaustive that you cannot continue.  We 

will ask you to give local muscular ratings for perceived exertion and feelings of strain in the legs 

and joints; central readings which are sensations involving the chest and breathing; and overall 

readings, for which you may integrate the local and central sensations in the way you feel 

appropriate. 

 

How hard is the work for your legs and joints? 

How hard is the work for your chest and breathing? 

How hard is the work overall? 

 
RPE Scale  
Perceived Exertion Description 

6 No exertion at all 
7 Extremely light 
8  
9 Very light 
10  
11 Light 
12  
13 
14 
15 
16 
17 
18 
19 
20 

Somewhat hard 
 
Hard (heavy) 
 
Very hard 
 
Extremely hard 
Maximal exertion 
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C.6.  Raw Data 
 
Statistical Output Less Stiff Limb 

 Baseline ± SD Exhaustive ± SD p-value F statistic Power 
Ankle Position @ Heel 
Strike 

7.08 ± 4.89 4.34 ± 5.38 0.01* 10.35 0.86 

Ankle Max DF 34.52 ± 7.06 35.50 ± 7.07 0.44 0.61 0.12 
Ankle Timing Max DF 47.18 ± 3.03 46.45 ± 3.46 0.11 2.81 0.36 
Ankle Max PF -28.40 ± 5.84 -28.89 ± 4.61 0.48 0.53 0.11 
Ankle Timing Max PF 99.59 ± 0.75 99.82 ± 0.46 0.26 1.38 0.20 
Ankle DF Excursion 
Early Stance 

27.44 ± 8.29 31.17 ± 9.94 0.01* 10.02 0.85 

Ankle Position @ Push 
Off 

-28.36 ± 5.87 -28.88 ± 4.62 0.46 0.57 0.11 

Ankle Position @ Heel 
Strike y 

3.90 ± 11.29 1.89 ± 12.93 0.45 0.61 0.12 

Ankle Max Eversion 30.41 ± 13.60 29.04 ± 17.01 0.70 0.16 0.07 
Ankle Timing Max 
Eversion 

43.61 ± 3.09 43.55 ± 3.56 0.91 0.01 0.05 

Ankle Max Inversion -2.33 ± 12.77 -4.38 ± 14.35 0.46 0.57 0.11 
Ankle Timing Max 
Inversion 

75.22 ± 33.36 72.78 ± 34.56 0.67 0.19 0.07 

Ankle Eversion 
Excursion 

32.74 ± 8.30 33.42 ± 8.26 0.74 0.12 0.06 

Ankle Position @ Push 
off 

-0.01 ± 13.32 -1.87 ± 15.27 0.51 0.44 0.10 

Ankle Max Eversion 
Velocity 

458.81 ± 158.98 522.97 ± 216.51 0.14 2.44 0.32 

Ankle Timing Max 
Eversion Velocity 

16.58 ± 9.92 15.78 ± 12.20 0.74 0.11 0.06 

Ankle Mean Eversion 
Velocity 

-10.73 ± 30.93 -9.13 ± 32.11 0.76 0.09 0.06 

Ankle Max DF Moment 2633.92 ± 295.99 2609.36 ± 370.42 0.67 0.19 0.07 
Ankle Max PF Moment -337.27 ± 123.70 -257.17 ± 136.93 0.02* 7.00 0.71 
Ankle Max Inversion 
Moment 

138.39 ± 120.72 135.18 ± 119.45 0.89 0.02 0.05 

Ankle Max Eversion 
Moment 

-167.00 ± 89.24 -187.98 ± 109.90 0.08 3.49 0.43 

Ankle Time Max 
Eversion Moment 

29.24 ± 17.81 31.65 ± 16.82 0.60 0.29 0.08 

Absolute Free Moment 0.0062 ±  0.0026  0.0078 ± 0.0025 0.00* 31.402 1.00 
Knee Position @ Heel 
Strike 

16.27 ± 4.48 16.00 ± 5.13 0.76 0.10 0.06 

Knee Max Flexion 42.96 ± 4.40 44.09 ± 4.94 0.21 1.66 0.23 
Knee Time Max 
Flexion 

33.36 ± 3.80 31.01 ± 3.62 0.03* 5.91 0.63 

Knee Max Flexion 
Velocity 

605.72 ± 101.98 714.30 ± 165.59 0.01* 10.10 0.85 

Knee Flexion 
Excursion 

28.72 ± 3.68 27.34 ± 3.50 0.03* 5.837 0.63 

Knee Flexion Position 
@ Push Off 

8.12 ± 4.58 7.04 ± 5.31 0.07 3.66 0.45 

Knee Valgus/Varus 
Position @ Heel Strike 

2.87 ± 4.55 4.25 ± 3.60 0.04* 4.637 0.54 

Knee Max Varus 7.04 ± 5.57 7.92 ± 5.11 0.32 1.03 0.16 



70 
Knee Time Max Varus 40.13 ± 24.64 34.84 ± 22.29 0.23 1.55 0.22 
Knee Varus Excursion 4.17 ± 2.89 3.80 ± 4.03 0.54 0.40 0.09 
Knee Valgus/Varus 
Position @ Push Off 

1.63 ± 3.48 1.61 ± 2.53 0.97 0.00 0.05 

Knee Max Varus 
Velocity 

179.45 ± 99.71 232.81 ± 124.46 0.01* 8.59 0.80 

Knee Time of Max 
Varus Velocity 

28.46 ± 20.30 30.40 ± 17.49 0.60 0.28 0.08 

Knee Mean Varus 
Velocity 

63.61 ± 38.31 69.97 ± 50.44 0.47 0.54 0.11 

Knee IR/ER Position 
@ Heel Strike 

2.54 ± 6.53 1.55 ± 7.16 0.40 0.73 0.13 

Knee Max IR 22.10 ± 7.07 23.51 ± 7.95 0.24 1.46 0.21 
Knee Time Max IR 45.05 ± 4.75 42.54 ± 7.41 0.12 2.66 0.34 
Knee Flexion Moment 
Loading 

793.15 ± 828.05 319.40 ± 168.94 0.02* 6.77 0.70 

Knee Flexion Moment 
Push Off 

2864.54 ± 475.13 2902.77 ± 423.64 0.59 0.30 0.08 

Knee Extension 
Moment 

-530.61 ± 154.68 -543.29 ± 160.37 0.62 0.26 0.08 

Knee Max Adduction 
Moment 

1866.45 ± 572.32 1919.50 ± 494.04 0.33 0.99 0.16 

Knee Max Abduction 
Moment 

-201.78 ± 123.22 -187.77 ± 100.67 0.64 0.22 0.07 

Knee Max IR Moment 259.30 ± 119.75 280.62 ± 129.93 0.18 1.96 0.27 
Knee Max IR ER 
Velocity 

435.28 ± 156.47 687.03 ± 240.00 0.00* 25.75 1.00 

Max Knee Stiffness 3.74 ± 3.54 2.56 ± 1.59 0.12 2.69 0.35 
Hip Flexion/Extension 
Position @ Heel Strike 

45.29 ± 6.44 44.50 ± 7.00 0.42 0.69 0.13 

Hip Max Flexion 46.36 ± 6.31 44.84 ± 7.29 0.16 2.18 0.30 
Hip Time Max Flexion 46.36 ± 6.31 44.84 ± 7.29 0.16 2.18 0.29 
Hip Max Extension -9.98 ± 4.98 -10.32 ± 6.15 0.53 0.41 0.09 
Hip Flexion/Extension 
Position @ Push off 

-9.72 ± 4.79 -10.05 ± 5.93 0.54 0.40 0.09 

Hip Ab/Adduction 
Position @ Heel Strike 

5.39 ± 3.37 5.77 ± 3.21 0.39 0.78 0.13 

Hip Max Adduction 12.01 ± 3.17 12.15 ± 3.63 0.73 0.12 0.06 
Hip Max Abduction -7.66 ± 3.59 -8.15 ± 3.78 0.29 1.20 0.18 
Hip AB/ADduction 
Position @ Push Off 

-7.02 ± 3.89 -7.65 ± 4.09 0.16 2.16 0.29 

Hip Max Adduction 
Velocity 

137.48 ± 45.73 147.06 ± 67.72 0.34 0.96 0.15 

Hip Mean 
Flexion/Extension 
Velocity 

-56.70 ± 26.52 -62.58 ± 21.09 0.06 4.04 0.48 

Hip Max Extension 
Moment  

-2888.58 ± 623.63 -3202.55 ± 486.53 0.00* 12.76 0.92 

Hip Max Flexion 
Moment 

1611.05 ± 550.71 2053.22 ± 851.17 0.00* 10.47 0.87 

Hip Max Adduction 
Moment 

1534.04 ± 361.37 1682.76 ± 420.16 0.05* 4.49 0.52 

Hip Max Abduction 
Moment 

-526.90 ± 250.07 -575.07 ± 196.23 0.28 1.25 0.19 

Hip Excursion HS to -55.27 ± 6.05 -54.18 ± 6.17 0.14 2.34 0.31 
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Max Extension 
Hip Excursion HS to 
Max Abduction 

-13.05 ± 4.85 -13.92 ± 4.79 0.14 2.36 0.31 

Hip Excursion HS to IR 7.29 ± 5.26 5.59 ± 6.78 0.08 3.52 0.43 
Hip Excursion Max IR 
to ER 

-15.43 ± 7.45 -16.43 ± 8.42 0.30 1.16 0.18 

Max GRFz 24.12 ± 1.42 24.30 ± 1.90 0.50 0.47 0.10 
Timing Max GRFz 47.90 ± 2.53 46.95 ± 2.59 0.02* 6.44 0.67 
Loading Rate 15628.58 ± 

3309.07 
16035.56 ± 
3277.85 

0.27 1.30 0.19 

GRFz Impulse 236.74 ± 41.34 234.77 ± 44.07 0.15 2.27 0.30 
GRFz Impulse 
Normalized 

0.34 ± 0.02 0.33 ± 0.02 0.07 3.61 0.44 

Max Braking Force -2.89 ± 0.43 -2.76 ± 0.34 0.12 2.72 0.35 
Time Max Braking 
Force 

30.70 ± 1.23 30.13 ± 1.46 0.05* 4.36 0.51 

Max Propulsion Force 3.51 ± 0.50 3.48 ± 0.48 0.62 0.26 0.08 
Time Max Propulsion 
Force 

77.50 ± 1.94 76.96 ± 1.79 0.01* 9.85 0.84 

Kvert  51.33 ± 6.60 55.53 ± 8.49 0.00* 25.51 1.00 
Stride Length 1.42 ± 0.10 1.43 ± 0.11 0.61 0.28 0.08 
Stance Time 0.25 ± 0.02 0.24 ± 0.02 0.01* 9.52 0.84 
 
 
Statistical Output More Stiff Limb 

 Baseline ± SD Exhaustive ± SD p-value F statistic Power 
Ankle Position @ Heel 
Strike 

8.13 ± 4.07 5.59 ± 6.49 0.04* 4.78 0.55 

Ankle Max DF 32.50 ± 4.65 31.88 ± 4.16 0.21 1.69 0.24 
Ankle Timing Max DF 49.64 ± 2.62 48.37 ± 3.46 0.01* 7.49 0.74 
Ankle Max PF -28.43 ± 5.15 -27.48 ± 4.76 0.06 1.34 0.20 
Ankle Timing Max PF 99.77 ± 0.69 99.60 ± 0.66 0.24 1.45 0.21 
Ankle DF Excursion 
Early Stance 

24.24 ± 4.64 26.29 ± 6.36 0.06 3.93 0.47 

Ankle Position @ Push 
Off 

-28.45 ± 5.32 -27.87 ± 4.67 0.46 0.56 0.11 

Ankle Position @ Heel 
Strike y 

-3.95 ± 12.54 -2.82 ± 10.47 0.63 0.24 0.08 

Ankle Max Eversion 20.47 ± 12.33 20.11 ± 10.69 0.87 0.03 0.05 
Ankle Timing Max 
Eversion 

44.72 ± 13.78 41.28 ± 6.60 0.29 1.20 0.18 

Ankle Max Inversion -9.21 ± 11.13 -8.33 ± 8.94 0.69 0.16 0.07 
Ankle Timing Max 
Inversion 

70.14 ± 36.00 70.29 ± 35.80 0.97 0.00 0.05 

Ankle Eversion 
Excursion 

29.68 ± 8.13 28.44 ± 7.99 0.23 1.56 0.22 

Ankle Position @ Push 
off 

-5.21 ± 10.10 -4.66 ± 9.08 0.80 0.07 0.06 

Ankle Max Eversion 
Velocity 

425.54 ± 125.15 460.42 ± 154.64 0.11 2.73 0.35 

Ankle Timing Max 
Eversion Velocity 

13.96 ± 7.19 12.15 ± 8.08 0.34 0.96 0.15 

Ankle Mean Eversion 
Velocity 

-0.09 ± 40.76 -1.38 ± 40.09 0.77 0.09 0.06 

Ankle Kinetics      
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Ankle Max DF Moment 2744.11 ± 302.85 2716.76 ± 384.95 0.55 0.37 0.09 
Ankle Max PF Moment -277.19 ± 129.65 -230.03 ± 118.00 0.01* 9.74 0.84 
Ankle Max Inversion 
Moment 

146.04 ± 209.75 153.63 ± 262.58 
 

0.67 0.18 0.07 

Ankle Max Eversion 
Moment 

-235.67 ± 243.32 -287.38 ± 264.63 0.14 2.39 0.31 

Ankle Time Max 
Eversion Moment 

32.23 ± 16.67 31.57 ± 16.78 0.80 0.07 0.06 

Absolute Free Moment 0.0067 ± 0.0023 0.0081 ± 0.0027 0.00* 14.99 0.96 
Knee Kinematics      
Knee Position @ Heel 
Strike 

17.11 ± 4.15 18.07 ± 4.57 0.19 1.82 0.25 

Knee Max Flexion 45.83 ± 4.20 45.70 ± 4.54 0.86 0.03 0.05 
Knee Time Max Flexion 35.40 ± 4.46 33.59 ± 4.58 0.02* 6.52 0.68 
Knee Max Flexion 
Velocity 

610.56 ± 90.87 659.72 ± 114.91 0.04* 4.63 0.54 

Knee Flexion Excursion 26.69 ± 3.70 28.09 ± 3.92 0.13 2.47 0.32 
Knee Flexion Position 
@ Push Off 

7.84 ± 4.42 6.04 ± 4.11 0.03* 5.76 0.62 

Knee Valgus/Varus 
Position @ Heel Strike 

4.55 ± 3.97 4.73 ± 5.41 0.77 0.08 0.06 

Knee Max Varus 9.25 ± 4.93 10.36 ± 5.35 0.23 1.58 0.22 
Knee Time Max Varus 32.62 ± 16.31 35.08 ± 22.15 0.56 0.36 0.09 
Knee Varus Excursion 4.59 ± 3.51 4.26 ± 3.36 0.72 0.13 0.06 
Knee Valgus/Varus 
Position @ Push Off 

1.71 ± 2.37 1.60 ± 2.86 0.83 0.05 0.06 

Knee Max Varus 
Velocity 

210.09 ± 132.21 302.24 ± 154.91 0.00* 13.06 0.93 

Knee Time of Max 
Varus Velocity 

22.14 ± 17.39 31.48 ± 17.97 0.01* 9.315 0.82 

Knee Mean Varus 
Velocity 

76.61 ± 46.47 84.64 ± 62.41 0.53 0.41 0.09 

Knee IR/ER Position @ 
Heel Strike 

2.71 ± 8.19 -0.48 ± 12.11 0.14 2.42 0.31 

Knee Max IR 29.79 ± 10.57 32.20 ± 12.54 0.24 1.51 0.21 
Knee Time Max IR 43.75 ± 4.99 42.30 ± 6.23 0.06 3.89 0.46 
Knee Max IR ER 
Velocity 

641.48 ± 290.02 817.87 ± 366.85 0.00* 18.12 0.98 

Knee Kinetics      
Knee Flexion Moment 
Loading 

862.22 ± 883.49 563.68 ± 856.34 0.08 3.39 0.41 

Knee Flexion Moment 
Push Off 

2340.98 ± 437.33 2317.69 ± 559.38 0.74 0.11 0.06 

Knee Extension 
Moment 

-607.24 ± 184.98 -641.19 ± 212.04 0.39 0.77 0.13 

Knee Max Adduction 
Moment 

2244.18 ± 638.83 2278.56 ± 632.54 0.64 0.23 0.07 

Knee Max Abduction 
Moment 

-169.74 ± 81.94 -184.12 ± 79.87 0.31 1.11 0.17 

Knee Max IR Moment 295.94 ± 122.03 334.62 ± 144.34 0.02* 6.04 0.64 
      
Max Knee Stiffness 3.83 ± 2.73 3.31 ± 2.40 0.32 1.04 .016 
Hip Flexion/Extension 
Position @ Heel Strike 

42.82 ± 5.54 42.82 ± 6.82 1.00 0.00 0.05 

Hip Max Flexion 43.46 ± 5.75 43.36 ± 6.62 0.90 0.02 0.05 
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Hip Time Max Flexion 8.41 ± 7.66 9.31 ± 8.57 0.67 0.19 0.07 
Hip Max Extension -9.73 ± 4.91 -10.46 ± 5.02 0.16 2.10 0.28 
Hip Flexion/Extension 
Position @ Push off 

-9.58 ± 4.83 -10.30 ± 4.96 0.17 2.01 0.28 

Hip Ab/Adduction 
Position @ Heel Strike 

4.72 ± 5.20 5.08 ± 3.96 0.54 0.39 0.09 

Hip Max Adduction 11.29 ± 5.12 11.69 ± 4.37 0.40 0.74 0.13 
Hip Max Abduction -7.44 ± 3.32 -7.97 ± 3.53 0.25 1.44 0.21 
Hip AB/ADduction 
Position @ Push Off 

-6.92 ± 3.51 -7.55 ± 3.60 0.16 2.17 0.29 

Hip Max Adduction 
Velocity 

142.53 ± 64.36 152.52 ± 63.97 0.35 0.94 0.15 

Hip Mean 
Flexion/Extension 
Velocity 

-55.86 ± 20.58 -59.51 ± 18.12 0.25 1.45 0.21 

Hip Max Extension 
Moment  

-3032.68 ± 595.96 -3360.04 ± 677.64 0.02* 6.57 0.68 

Hip Max Flexion 
Moment 

1750.23 ± 587.09 2367.52 ± 1172.67 0.02* 6.33 0.66 

Hip Max Adduction 
Moment 

1697.40 ± 485.30 1848.07 ± 441.46 0.03* 5.43 0.60 

Hip Max Abduction 
Moment 

-449.89 ± 151.76 -524.09 ± 199.56 0.07 3.67 0.44 

Hip Excursion HS to 
Max Extension 

-52.55 ± 4.82 -52.94 ± 4.91 0.45 0.59 0.11 

Hip Excursion HS to 
Max Abduction 

-12.16 ± 4.28 -13.05 ± 3.69 0.19 1.89 0.26 

Hip Excursion HS to 
Max IR 

7.26 ± 6.30 6.58 ± 5.93 0.68 0.18 0.07 

Hip Excursion Max IR 
to ER 

-19.69 ± 10.26 -23.80 ± 12.58 0.06 4.07 0.48 

Max GRFz 23.97 ± 1.57 24.50 ± 2.02 0.12 2.71 0.35 
Timing Max GRFz 59.86 ± 2.13 48.55 ± 2.52 0.00* 11.11 0.89 
Loading Rate 14241.57 ± 

2881.01 
15545.21 ± 
3617.86 

0.01* 9.48 0.83 

GRFz Impulse 241.33 ± 44.81 235.22 ± 43.71 0.01* 7.46 0.74 
GRFz Impulse 
Normalized 

0.35 ± 0.02 0.34 ± 0.02 0.01* 8.79 0.81 

Max Braking Force -2.84 ± 0.47 -2.82 ± 0.47 0.72 0.13 0.06 
Time Max Braking 
Force 

30.68 ± 1.46 30.41 ± 2.06 0.53 0.41 0.09 

Max Propulsion Force 3.62 ± 0.37 3.59 ± 0.48 0.74 0.11 0.06 
Time Max Propulsion 
Force 

77.62 ± 1.63 77.32 ± 1.45 0.13 2.56 0.33 

Kvert  58.95 ± 9.95 58.61 ± 10.13 0.81 0.06 0.06 
Stride Length 1.44 ± 0.11 1.44 ± 0.11 0.97 0.00 0.05 
Stance Time 0.24 ± 0.02 0.24 ± 0.02 0.38 0.81 0.14 
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