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INTRODUCTION

Due to the enormity of the tibial stress fracture (TSF) problem in the military it is vitally important to
develop a better understanding of how the conditions experienced by military personnel affect their risk
for TSF. The overall purpose of this study was to determine how the factors of fatigue, load carriage,
and history of physical activity affect the mechanical loading of the tibia and subsequent risk of tibial
stress fracture. The research project had been conducted in two phases.

The first phase of this research focused on the effects of load carriage and fatigue on mechanical
variables associated with increased risk of tibial stress fractures. Motion capture, ground reaction force,
electromyographic, and computed tomography data were used to create participant specific
musculoskeletal and finite element models. These models were used to determine the tibial strains and
strain rates during both loaded and fatigued walking conditions. The immediate significance of this
research is the determination of how different tasks and conditions affect the tibial strains produced
during militarily relevant conditions. It is this mechanical loading and the strains it causes in the bone
that ultimately leads to TSF. The results of this study can be used to evaluate the relative increases in
bone strain and potential risk of TSF due to carrying additional loads, fatigue, and the combination of
fatigue and load carriage. By understanding how load and fatigue influence tibial strains, the appropriate
measures can be taken in the future to minimize the risks to recruits. This could be in form of altering
load carriage, training programs, or a combination of the two.

The second phase of this research focused on the effects of previous physical activity history on the
mechanical variables associated with increased risk of tibial stress fractures. Two groups of participants
were recruited. Group 1 consisted of participants who had participated regularly in a minimum of 2
years of recreational basketball. Group 2 consisted of participants who had participated regularly in a
minimum of 2 years of recreational running. Motion capture, ground reaction force, electromyographic,
and computed tomography data were used to create participant specific musculoskeletal and finite
element models. These models were used to determine the tibial strains and strain rates during 1)
running, landing, and cutting maneuvers and 2) progressively loaded walking trials. The significance of
this research was that it would provide information regarding how physical activity history affects tibial
strains in conditions similar to those encountered in basic training. The results from this phase of the
research can be used to determine if there are any benefits to engaging in multi-directional, irregular
impact activities (such as those encountered in basketball) compared to running. This is relevant because
one of the major issues yet to be resolved in stress fracture prevention is the determination of the type
and frequency of exercise that is vigorous enough to stimulate bone growth and adaptation yet not
severe enough as to lead to overuse injuries. This research will lead to advances in our understanding of
how participation in different types of physical activity relates to the incidence of TSF. These data may
then be used to develop more effective training programs and to better identify individuals who are at
higher risk of sustaining stress fractures due to their history of physical activity.

The comprehensive scope of the proposed research will contribute significantly to the scarcity of
published literature on in-vivo tibial strains and strain rates during activities consistent with what are
required for military personnel. These data are needed in order to develop a better understanding of the
dose-response relationship between loading conditions and bone health.



BODY
PHASE 1 PROJECT

There is evidence that load carriage and fatigue affect basic kinematic and kinetic gait parameters in a
way that is consistent with increased mechanical demands on the tibia. However, the specific effects of
load carriage and fatigue on tibial loading, specifically strain and strain rates, are not known. In order to
determine these effects, a combination of load carriage and fatiguing protocols are examined using
traditional gait analysis techniques in conjunction with new musculoskeletal modeling and finite element
analysis (FEA) protocols.

The purpose of the first phase of this research is to determine the effects of load carriage and fatigue on
mechanical variables associated with increased risk of tibial stress fractures. Currently, there is no clear
consensus on how conditions such as carrying additional loads or fatigue influence the strains in the
tibia.

Summary of Methods

In order to determine the effects of load carriage and fatigue on mechanical variables associated with
increased risk of tibial stress fracture, traditional kinematic and kinetic analyses derived from motion
capture and force plate data have been combined with a participant-specific finite element model of the
tibia utilizing customized musculoskeletal modeling software and FEA (Figure 1).
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Figure 1. Diagram of project workflow
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In order to test the Phase 1 hypotheses that 1) an increase in load carried will result in changes in gait
mechanics and increased strains and strain rates in the tibia, and 2) fatigue will result in changes in gait
mechanics and increased strains and strain rates in the tibia, the following protocols and procedures have
been implemented.

Participants

In order to control for the confounding factors of hormonal status, body size, and strength, the study was
conducted using a convenience sample of 20 male participants. Participants were recruited from the Ball
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State University student population. Upon signing the written informed consent approved by the
university’s institutional review board for human subject participation in research and the HRPO of the
U.S. Army Medical Research and Materiel Command, participants were scheduled and tested.

The participants completed three data collection sessions; 1) assessment of aerobic and muscular
strength, 2) gait analysis during loaded/fatigued walking conditions, and 3) computed tomography (CT)
imaging of their tibias.

Fitness Assessments

The participants completed an aerobic and muscular fitness assessment session which lasted
approximately two hours.

First, an assessment of maximal oxygen consumption, or VO, peak, was made. Expired gases were
collected with a ParvoMedics metabolic cart (ParvoMedics, Sandy, UT), which was calibrated prior to
each testing session with standard gasses and a 3L syringe. A modified ramped version of the Bruce
treadmill protocol was used [1]. The participants began the testing by walking at 1.7 mph on a 10%
incline. Speed and grade were gradually increased until the subject voluntarily terminated the test due to
fatigue. Resting heart rate and blood pressure were measured and monitored at regular intervals
throughout the testing session. Next, the participants were given a 30 minute rest.

Following the rest period, the participants’ lower body muscular strength was measured using a 1RM
effort leg press similar to that described by Hoffman et al [2]. The participants self-selected an initial
starting weight with which they could perform approximately 10 repetitions. After this initial set of 10
repetitions, the researcher in charge of the data collection increased the weight by 2.5 to 20kg, as
described in the ACSM’s Guidelines for Exercise Testing and Prescription [3]. Two minutes of rest was
given between trials. The assessment was continued until the participants could no longer successfully
complete a repetition. The weight of the last successful attempt was recorded as the participants’ IRM.

Load Carriage and Fatigue Protocol

The participants completed a set of walking trials under different loading and fatigue conditions during
which standard motion capture data were collected.

Fifteen VICON M-series cameras (120 Hz) and VICON NEXUS 1.4 software (VICON Inc. Denver,
CO) were used to collect three dimensional coordinates of reflective markers, ground reaction forces,
and EMG of leg muscles. A modified standard plug-in gait marker set with cluster plates was used. A
tandem forceplate instrumented treadmill (AMTI Inc., Watertown, MA) was used to set the walking
speed at 1.67 m/s and allowed ground reaction forces to be collected at 2400 Hz. A 16-channel Delsys
EMG system (Delsys Inc., Boston, MA) (2400 Hz) with bipolar single differential surface electrodes (41
mm x 20 mm electrode area, inter-electrode distance 1 cm) was used to monitor muscular activity of
selected leg muscles.

Prior to data collection, basic participant anthropometric measurements were performed. These
measurements included: height, weight, leg length, ankle width, knee width, and ASIS width.

Following the basic measurements and application of markers and electrodes, the participants warmed
up in preparation for assessment of their maximal vertical jump height. The participants warmed up by

walking at a self-selected pace on the treadmill for 5 minutes, followed by five practice jumps. The
6



participants’ maximal vertical jump height was assessed using a Vertec, they performed three maximal
vertical jumps and the highest of the three was recorded.

Following the baseline vertical jump test, the participants began the walking protocol as outlined below:

Walk for 5 minutes with no backpack

Walk for 5 minutes carrying a 32kg backpack*
Completion of Fatigue Protocol

Walk for 5 minutes fatigued carrying a 32kg backpack*
Walk for 5 minutes fatigued with no backpack

A e

*This 32kg load is similar to the Army’s suggested approach or marching load [4].

During each of these stages, the participants walked on a treadmill (0° incline) at a pace of 1.67m/s. The
participants wore standard military boots (Altama™™ Mil-Spec Desert 3 Layer boot), shorts, and t-shirt
during the experiment. During the testing session, motion capture, ground reaction force, and EMG data
were recorded for the last minute of each stage of the protocol.

The fatiguing protocol took place between the second and fourth stages of the walking protocols. Due to
the potentially different effects of whole body fatigue vs. local muscle fatigue on factors relevant to
tibial stress fracture [5, 6], a combination of activities were used.

The participants completed a circuit which included loaded stepping and heel raises. The stepping
protocol was based on a Queens College Step Test procedure [7]. The participants performed the test
while wearing a 16kg backpack. The step height remained at the standard 16 inches and the participants
stepped up and down at a rate of 24 cycles per minute. One cycle was defined as step up with first leg,
step up with contra-lateral leg, step down first leg, and step down with contra-lateral leg. A metronome
was set at 4 times the cycle rate to correspond to leg movements, in this case 96 beats per minute.
Participants performed this stepping sequence until they could no longer match the cadence of the
metronome. At this time the participants completed 20 heel raises standing at the edge of a box.
Following the heel raises the participants removed the backpack and completed a maximal effort vertical
jump measured using the Vertec. This sequence was repeated until the participants’ maximal vertical
jump fell to or below 80% of its original value. Members of the research team provided verbal
encouragement throughout the testing in order to elicit a maximal effort from the participants.

CT Imaging Protocol

The participants visited Ball Memorial Hospital (Muncie, IN) accompanied by a member of the research
team. During this visit bilateral tibial CTs were recorded. This process took approximately one hour.

Axial plane scans were obtained using the following parameters: slice thickness 0.625mm, 15¢cm x 15cm
field of view (FOV), kVp and mAs determined by machine algorithm (auto) based upon participant
anthropometrics, each leg scanned separately from the distal femur through the calcaneous. Images
were reconstructed in a 512x512 matrix using bone parameters derived from the literature. In addition to
using the tibial CTs for modeling purposes, the images were used to calculate the tibial size and cross
sectional area at the narrowest portion of the tibia, for consideration in subsequent analyses.



Modeling Methods

Bone geometries were obtained using computed tomography (CT). CT images were segmented and 3D
geometry files generated in Materialise MIMICS 13.0 (Materialise, Leuven, Belgium).

The 3D surface geometries were used in MD MARC 2008 (MSC Software, Santa Anna, CA) to build
hexmesh finite element (FE) models with generic linear isotropic material properties of elastic modulus
17GPa, density 1.9g/cm’, and Poisson’s ratio of 0.3. Tibia models were then imported into a scaled
LifeMOD model.

Once positioned, spatial coordinates of muscle model markers representing origins, insertions, and joint
positions relative to the tibia were incorporated into the FE tibia. Boundary conditions were assigned as
rotational and translational degrees of freedom of nodes representing ankle and knee joint centers and
flexible bodies (modal neutral files) were generated for LifeMOD.

For a full description of LifeMOD modeling methods and use of flexible bodies, see Al Nazer [8]. Key
differences between this study and that of Al Nazer et al included more muscle actuators on the leg with
the flexible tibia, participant specific segment scaling based on joint center calculations, ground reaction
forces, and participant specific tibial geometries generated from CT scans.

A lower body model was built using participant sex, mass, and height as scaling inputs in the GeBOD
database [9]. Segments, joint locations, and orientations were scaled using joint center data from Visual
3D. Experimental kinematic data were used to perform an inverse kinematic analysis. Results of this
analysis were used to “train” the muscle (right leg) and joint (left leg) PID controllers used to actuate the
model in a forward dynamics (FD) analysis. These controllers were “trained” by using the kinematics of
the inverse kinematics run as the targets for the forces produced by the actuators. If these targets were
not met, force production was modulated to better produce the kinematics. Flexible tibias were then
imported into LifeMOD. A FD analysis was performed with the addition of ground reaction forces
applied to the feet and motion capture kinematics disabled. Maximum principal, minimum principal, and
maximum shear strain values were then calculated using the Durability plug-in for MD ADAMS/View
for the nodes of the geometric middle third of the tibial shaft (MSC Software, Santa Ana, CA).

Statistical Analyses

The statistical analysis was divided into two parts, one focusing on traditional gait mechanics and the
other on the tibial strain profiles. While these analyses both address the general research question
regarding the impact of load and fatigue on risk factors associated with tibial stress fracture, the
differences in the research designs used to gather the data require the use of somewhat different
statistical modeling.

Traditional Gait and Loading Mechanics

In order to test whether load, fatigue or the combination of these factors results in changes in gait
mechanics; the following dependent (outcome) variables were calculated and analyzed:

e Peak vertical ground reaction forces
e Vertical ground reaction force loading rate
e Stride frequency



e Double support time

The target independent variables were loading condition and fatigue, which were completely crossed. In
addition to these primary independent variables, a number of other variables (referred to collectively as
covariates) were included in the analysis in order to control statistically for factors that had previously
been shown to be associated with the risk of tibial stress fracture. These covariates included body mass,
leg length, tibial size (cross sectional area (CSA) at the narrowest portion of the tibia) and fitness level
as measured by 1RM leg press and VO, peak.

In order to assess the impact of fatigue and loading condition on the outcome variables, a repeated-
measures Analysis of Covariance (ANCOVA) was used. ANCOVA was appropriate for this statistical
analysis because it accounted for the continuous independent variables that were collected from each
individual and used to control for variables known to be related to tibial stress fractures. Because the
participants were measured under two different load conditions, and two levels of fatigue, the repeated
measures aspect of the analysis allowed for a direct comparison of dependent variable means across load
conditions and fatigue levels, and allowed for an assessment of the interaction of these two variables.

Tibial Strain Profile

In order to determine whether load, fatigue or the combination of these factors results in changes of the
tibial strain profile, the following dependent (outcome) variables were calculated and analyzed:

e Peak strain in the middle third of the tibia

e Peak strain rate in the middle third of the tibia

The independent variables and covariates of interest for this analysis were the same as for traditional gait
mechanics, with the primary focus being on fatigue and loading condition and their interaction. The
actual modeling of the dependent variables was done using a repeated-measures ANCOVA, as described
above. As with the traditional gait mechanics, this analysis provided significance tests for the primary
independent variables while controlling for the covariates and the repeated measurements on the same
individuals.

Combining the results from these two analyses enabled the researchers to determine whether or not the
data collected in this phase of the study support in full or in part the hypotheses that 1) an increase in
load carried will result in changes in gait mechanics and increased strains and strain rates in the tibia and
2) fatigue will result in changes in gait mechanics and increased strains and strain rates in the tibia.

PHASE 2 PROJECT

There is evidence that an individual’s past physical activity influences his or her risk of sustaining a
tibial stress fracture. This evidence is based primarily on epidemiologic research on the rates of injury in
different sub-populations. The mechanisms that may explain these results have not been adequately
examined. In order to assess the effect of previous physical activity, two groups of individuals,
basketball players, and runners completed a loaded walking protocol along with a series of other high
impact activities such as running, drop-jumping, and cutting. These tasks were analyzed using traditional
gait analysis techniques in conjunction with subject-specific musculoskeletal modeling and FEA
protocols in order to determine if differences in tibial strains and strain rates exist between the two
groups.



The purpose of the second phase of this research was to determine the effects of physical activity history
on mechanical variables associated with increased risk of tibial stress fractures.

Summary of Methods

In order to determine the effects of physical activity history on mechanical variables associated with
increased risk of tibial stress fracture, traditional mechanical analyses derived from motion capture and
force plate data had been combined with a subject-specific finite element model of the tibia utilizing
customized musculoskeletal modeling software and FEA (Figure 1).

In order to test the following hypotheses: 1) regular participation in sports that involve irregular, high
impact cutting and landing maneuvers for minimum of 2 years results in bone adaptations that lead to
lower strains in the tibia during loaded walking tasks. 2) high impact, irregular sporting maneuvers such
as cutting and landing that are performed during playing basketball, produce different tibial strains and
strain rate patterns than those produced during running. The following protocols and procedures have
been implemented.

Participants

In order to control for the confounding factors of hormonal status, body size, and strength, the study was
conducted using a convenience sample of two groups of 20 male participants each, for a total of 40
participants. Participants were recruited from the Ball State University student population. Group 1
consisted of participants who had participated regularly in a minimum of 2 years of recreational
basketball. Group 2 consisted of participants who had participated regularly in a minimum of 2 years of
recreational running. Upon signing the written informed consent approved by the university’s
institutional review board for human subject participation in research and the HRPO of the U.S. Army
Medical Research and Materiel Command, the participants were scheduled and tested.

The participants completed three data collection sessions; 1) assessment of aerobic and muscular
strength, 2) motion capture, force plate, and electromyographic (EMQ) data collection while performing
drop-jumping, cutting, running, and loaded walking tasks, and 3) computed tomography imaging of their
tibias.

Fitness Assessments

The participants completed an aerobic and muscular fitness assessment session which lasted about two
hours. The fitness assessment protocol was the same as Phase 1 research and was described in phase 1
research protocol.

Motion Capture Protocol

Fourteen VICON M-series and F-series cameras (240 Hz) and VICON Workstation 5.0 software
(VICON Inc. Denver, CO) were used to collect three dimensional coordinates of reflective markers,
ground reaction forces, and EMG of leg muscles. A modified standard plug-in gait marker set with
cluster plates was used. A tandem forceplate instrumented treadmill (AMTI Inc., Watertown, MA) was
used to set the walking speed at 6 km/h and running speed at 12 km/h and allowed ground reaction
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forces to be collected at 2400 Hz. A 16-channel Delsys EMG system (Delsys Inc., Boston, MA) (2400
Hz) with bipolar single differential surface electrodes (41 mm x 20 mm electrode area, inter-electrode
distance 1 cm) was used to monitor muscular activity of selected leg muscles.

Prior to data collection, basic participant anthropometric measurements were performed. These
measurements included: height, weight, leg length, ankle width, knee width, and ASIS width.

Following the basic measurements and application of markers and electrodes, the participants warmed
up in preparation for assessment of their maximal vertical jump height. The participants warmed up by
walking at a self-selected pace on the treadmill for 5 minutes, followed by five practice jumps. The
participants’ maximal vertical jump height was assessed using a Vertec, they performed three maximal
vertical jumps and the highest of the three was recorded.

Following the baseline vertical jump test, the participants performed the following movement tasks
while motion capture, force plate, and EMG data were collected:

Drop-jump: participants performed a short series of drop-jumps to mimic jump and landing task
consistent with those performed in basketball. The jump height was based on 80% of the participant’s
max vertical jump height. Participants performed 10 drop-jumps onto two force plates (one foot landing
on each plate). Thirty seconds rest was given between jumps.

Cutting Maneuver: participants performed a cutting maneuver described by Sigward et al. [10].
Participants were instructed to run for Sm and then performed 45-degree cutting maneuvers to the left
for five trials and to the right for five trials. A one-minute rest was given between cuttings.

Unloaded Running: participants performed unloaded running at 12 km/h on a force instrumented
treadmill (AMTI, Watertown, MA). The participants started out walking at 6 km/h for 2 minutes, and
then increased speed 1 km/h each minute until the target speed of 12 km/h was reached. The participants
maintained the speed for 5 minutes. Three 10 second trials were collected for analysis.

Loaded Walking: participants walked at 6km/h on an instrumented treadmill (AMTI, Watertown, MA)
with the following loads carried: Okg, 15kg, 25kg, and 35kg. Participants walked for 5 minutes during
each loaded walking condition. Three 10 second trials were collected during each walking task. A five-
minute rest was given between walking conditions.

CT Imaging Protocol

The participants visited Ball Memorial Hospital (Muncie, IN) accompanied by a member of the research
team. During this visit bilateral tibial CTs were recorded. This process took approximately one hour.
The CT imaging protocol was the same as Phase 1 research and was described in phase 1 research
protocol.

Modeling Methods

Tibia geometries were obtained using computed tomography (CT). A custom build calibration phantom
was used to establish a relationship between the CT Hounsfield units and tibial bone density. A
relationship between bone density and Young’s modulus was established based on the literature [11].
CT images were segmented and 3D geometry files were generated in MIMICS 14.0 (Materialise,
Leuven, Belgium).
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The 3D surface geometries of tibias were used in MARC 2012 (MSC Software, Santa Anna, CA) to
build hexmesh finite element (FE) models. Material properties including bone density, Young’s
modulus, and Poisson’s ratio were assigned to each of the individual elements of the tibial FE model.
The FE tibia models were then imported into the subject-specific musculo-skeletal models in LifeMOD.

Once positioned, spatial coordinates of muscle model markers representing origins, insertions, and joint
positions relative to the tibia were incorporated into the FE tibia. Boundary conditions were assigned as
rotational and translational degrees of freedom of nodes representing ankle and knee joint centers and
flexible bodies (modal neutral files) were generated in MARC 2012 for LifeMOD simulation.

A lower body model was built using participant sex, mass, and height as scaling inputs in the GeBOD
database [9]. Segments, joint locations, and orientations were scaled using joint center data from
Visual3D. Experimental kinematic data were used to perform an inverse kinematic analysis. Results of
this analysis were used to “train” the muscles of both legs, which were used to actuate the model in a
forward dynamics (FD) analysis. These muscles were “trained” by using the kinematics of the inverse
kinematics run as the targets for the forces produced by the actuators. If these targets were not met,
force production would be modulated to better produce the kinematics. Flexible tibias were then
imported into LifeMOD. A FD analysis was performed with the addition of ground reaction forces
applied to the feet and motion capture kinematics disabled. Maximum principal, minimum principal, and
maximum shear strain values were calculated using the Durability plug-in for ADAMS/View 2012 for
the surface nodes of the tibial shaft (MSC Software, Santa Ana, CA).

Statistical Analyses

The statistical analyses for phase 2 project were carried out using two separate models. The first of these
analyses focused on the impact of increasing load carried and type of athletic training on the strain
profiles across the tibia, while the second part focused on the magnitude and location of peak strain and
strain rates across the tibia as a function of type of athletic activity. Following is a description of each
statistical analysis used in phase 2 project.

Tibial Strain and Strain Rate by Loading Condition and Previous Physical Activity

In order to test the hypothesis that regular participation in basketball for a minimum of 2 years results in
bone adaptation that lead to lower strains in the tibia during loaded walking tasks, the following
approach was used.

The dependent variables of interest were peak strain and strain rate in each third of the tibial shaft. The
independent variables were loading condition (walking with 0, 15, 25, 35 kg loads), and physical
activity history (basketball or running). In addition, location on the tibia (proximal third, middle third, or
distal third) was included in the analysis.

In order to ascertain the impact of load and physical activity history on peak strain and strain rate,
repeated-measures ANOVAs were performed. There were two within-subject factors, load condition and
location on the tibia, and one between-subject factor, type of previous physical activity. This analysis
included tests of the three main effects, thus allowing for an assessment of whether there were
significant differences in peak strains and strain rates across loadings, type of physical activity history
and location on the tibia.
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Peak Tibial Strain and Strain Rate by Type of Athletic Activity

In order to test the hypothesis that high impact, irregular sporting maneuvers such as cutting and
landing, which were consistent with those performed in basketball, produce different tibial strain and
strain rate patterns than those produced during running, repeated-measures ANOVA tests were
performed.

The dependent variables were peak strains and strain rates. The independent variables were type of
athletic activity, physical activity history, and location on the tibia. The repeated-measures ANOVAs
had two within-subject factors (type of athletic activity and location on the tibia) and one between-
subject factor (previous physical activity). This ANOVA test provided hypothesis tests for the equality
of mean values across type of athletic activity, type of physical activity history and location on the tibia
for each dependent variable.
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KEY RESEARCH ACCOMPLISHMENTS

The abstract titled “An integrated modeling method for tibia strain analysis” was presented at the
Northwest American Society of Biomechanics Symposium in May 2010 (Appendix A)

The abstract titled “Muscular fatigue increases ground reaction loading rate during walking ” was
presented at the 57" Annual Meeting of American College of Sports Medicine in June 2010. The
abstract was published in Medicine & Science in Sports & Exercise. V. 42, No. 5 Supplement, S192
(Appendix B)

The abstract titled “Load carriage increases mechanical loading rates during walking” was
presented at the 34™ Annual Meeting of American Society of Biomechanics in August 2010
(Appendix C)

The abstract titled “An integrated modeling method for bone strain analysis” was presented at the
34™ Annual Meeting of American Society of Biomechanics in August 2010 (Appendix D)

The abstract titled “Effects of load carriage and muscular fatigue on ground reaction loading rate
during walking” was presented at the 58™ Annual Meeting of American College of Sports Medicine
in June 2011. The abstract was published in Medicine & Science in Sports & Exercise. V. 43, No. 5
Supplement, S21-22 (Appendix E)

The abstract titled “The effect of height on tibial strain while performing drop landings” was
submitted and accepted for presentation at the 5 8™ Annual Meeting of American College of Sports
Medicine in June 2011. The abstract was published in Medicine & Science in Sports & Exercise. V.
43, No. 5 Supplement, S639 (Appendix F)

The abstract titled “Influences of load carriage and fatigue on lower-extremity kinetics during
walking” was presented at the 35™ Annual Meeting of American Society of Biomechanics in August
2011 (Appendix G)

The abstract titled “A time-efficient method for analyzing bone strain with large subject pools” was
presented at the 35" Annual Meeting of American Society of Biomechanics in August 2011
(Appendix H)

The manuscript titled “Influence of fatigue and load carriage on mechanical loading during
walking” was published in the Journal of Military Medicine in January 2012 (Appendix I)

The abstract titled “Influence of physical activity history on ground reaction force during walking”
was presented at the 59 Annual Meeting of American College of Sports Medicine in May 2012.
The abstract was published in Medicine & Science in Sports & Exercise. V. 44, No. 5 Supplement,
S282-283 (Appendix J)

The abstract titled “The effects of load carriage and fatigue on frontal plane knee mechanics during
walking” was presented at the 36™ Annual Meeting of American Society of Biomechanics in August
2012 (Appendix K)
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The abstract titled “the influence of physical activity history on ground reaction force during
running” was presented at the 60™ Annual Meeting of American College of Sports Medicine in May
2013. The abstract was published in Medicine & Science in Sports & Exercise. V. 45, No. 5
Supplement, S502 (Appendix L)

The manuscript titled “The effects of load carriage and muscle fatigue on lower extremity joint
mechanics” was published in the Research Quarterly of Exercise and Sport in September 2013
(Appendix M)

The abstract titled “the effects of the type of activity on tibial strain characteristics” was presented at
the 37" Annual Meeting of American Society of Biomechanics in September 2013. (Appendix N)
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REPORTABLE OUTCOMES for THE PHASE ONE PROJECT
The following sections outline the results from the first phase of this project. These data along with
subsequent analyses will form the basis for forthcoming presentations and manuscripts documenting this

research.

Participant Characteristics:

Twenty college-age male participants were recruited to participate in the first phase of this study.
Technical difficulties were encountered with data from two of the participants, whose data were
excluded from the analyses. Therefore the final data analysis was performed on 18 participants; their
characteristics are presented in Table 1.

Table 1. Subject demographic information

Mean (SD)
Age (yrs) 20.8 (1.8)
Height (cm) 180.8 (4.5)
Mass (kg) 77.6 (9.6)
Minimum Tibia CSA (mm?) 364 (49)
Leg Press 1RM (lbs) 529 (169)
VO, Peak (mL/kg/min) 51 (5)

Gait Kinematics and Kinetics:

Gait kinematics and kinetics of the four walking tasks performed are presented in table 2 and table 3.
Table 2 shows the means and standard deviations (SDs) of stride frequency, stride length, and double
support time. Table 3 shows the means and SDs of the peak vertical and braking ground reaction forces
and loading rates during weight acceptance of walking. Two-way repeated-measures ANOVAs were
used to determine the effects of load carriage and muscle fatigue on the selected gait kinematics and
kinetics variables.

Table 2. Means (SDs) of spatio-temporal parameters during walking

Variables\Conditions uu UF LU LF
Stride Frequency (strides/min) 58.6 (2.7) 59.7 (4.0) 60.5 (2.4) 63.4 (5.1)
Stride Length (m) 1.71 (0.07) 1.68 (0.11) 1.66 (0.06) 1.59 (0.12)
Double Support (% gait cycle) 22.1(1.4) 23.0(1.5) 27.9 (2.1) 29.5(2.9)

Conditions: UU = unloaded unfatigued, UF = unloaded fatigued, LU = loaded unfatigued, LF = loaded fatigued.
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Table 3. Means (SDs) of the peak GRF and loading rates during walking

Variables\Conditions Uu UF LU LF
Peak VGRF (BW) 1.27 (0.06) 1.35(0.11) 1.92 (0.18) 1.99 (0.19)
Peak BGRF (BW) 0.23 (0.03) 0.24 (0.03) 0.35 (0.06) 0.34 (0.06)

Peak VGRLR

(BW/s) 16.81 (3.40) 21.75(7.92) 35.29 (12.07) 37.58 (11.92)
Peak BGRLR

(BW/s) 7.98 (1.61) 9.78 (2.06) 14.81 (5.89) 15.44 (4.36)

Conditions: UU = unloaded unfatigued, UF = unloaded fatigued, LU = loaded unfatigued, LF = loaded fatigued.
VGREF = vertical ground reaction force, BGRF = braking ground reaction force, VGRLR = vertical ground
reaction loading rate, BGRLR = braking ground reaction loading rate.

There was no interaction between the load carriage and fatigued conditions for all the gait kinematics
and kinetics (p > 0.05). Load carriage had a significant effect on gait spatial-temporal parameters (p <
0.01) and kinetics (p < 0.001). Muscle fatigue also had a significant effect on gait spatial-temporal
parameters (p < 0.001) and kinetics (p < 0.001).

Specifically, load carriage led to significant increases of stride frequency (p = 0.007) and double support
time (p = 0.004) and a significant decrease of stride length (p = 0.006). Muscle fatigue resulted in
significant increases of stride frequency (p = 0.001) and double support time (p < 0.001) and a
significant decrease of stride length (p = 0.001).

Both load carriage and muscle fatigue resulted in alterations of ground reaction force variables. The load
carriage led to significant increases of peak vertical and braking ground reaction forces (p < 0.001).
Muscle fatigue led to a significant increase of peak vertical ground reaction force (p < 0.001).
Furthermore, the load carriage led to significant increases of the peak vertical and braking ground
reaction loading rates (p < 0.001). With a significant effect on peak vertical ground reaction loading rate
(p = 0.003) and a near significant effect on peak braking ground reaction loading rate (p = 0.084), the
muscle fatigue resulted in pronounced increases of ground reaction loading rates.

Lower-extremity joint kinematics and kinetics

Lower-extremity joint kinematics and kinetics at weight acceptance of the four walking tasks are
presented in Table 4 and Table 5. Table 4 shows the means and SDs of the pelvis, hip, knee, and ankle
angles at heel contact and stance of walking. Table 5 shows the means and SDs of the hip, knee, and
ankle joint moment and power during weight acceptance of walking. Two-way repeated-measures
ANOVAs were used to determine the effects of load carriage and muscle fatigue on the selected joint
kinematic and kinetics during walking.
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Table 4. Means (SDs) of the lower-extremity kinematics during walking

Variables\Conditions uu UF LU LF
Pelvis tilt at heel 8.8 (5.9) 11.0 (3.6) 20.1(5.0) 22.9(3.6)
contact (deg)
Hip flexion at heel 32.1 (4.3) 282(104) 454 (5.2) 40.6 (10.9)

contact (deg)

Knee flexion at heel -2.5@3.1) -1.1 (4.5) 3.9(.2) 4.7 (4.9)
contact (deg)

Maximum knee 19.0 (2.8) 20.7 (4.4) 24.6 (4.5) 25.0(5.3)
flexion at stance (deg)

Ankle dorsi-flexion at 7.7(1.9) 5.3(4.9) 7.3 (2.7) 5.6 (3.6)
heel contact (deg)

Conditions UU = unloaded unfatigued, UF = unloaded fatigued, LU = loaded unfatigued, LF = loaded fatigued.

Table 5. Means (SDs) of the lower-extremity joint moments during walking

Variables\Conditions Uu UF LU LF
mfr;ﬂff &n;(/)ig) 154 (0.41) 1.85 (0.48) 2,26 (0.42) 2.38 (0.42)
ml(fgfeerlf)élt\?ﬁf/iig) 0.88 (0.20) 0.90 (0.25) 1.61 (0.37) 1.63 (0.42)

Amnl;flfrftr(sli\}gxgn 044(0.12)  -0.37(0.10) -0.45 (0.11) -0.43 (0.11)
o k) 1L03(036)  147(049)  1.69(061) 197 (0.64)
izsgt?éf(pvﬁ,‘;g) [134(037)  -1.39(0.54) -2.65 (1.40) -2.76 (1.06)
Ankle joint power -1.04 (0.27) -0.82 (0.32) -1.12 (0.30) -1.01 (0.35)

absorption (W/kg)

Conditions UU = unloaded unfatigued, UF = unloaded fatigued, LU = loaded unfatigued, LF = loaded fatigued.

There was no interaction between the effects of load carriage and muscle fatigue for lower-extremity
joint kinematics and kinetics (p > 0.05). Load carriage had a significant effect on lower-extremity joint
kinematics and kinetics (p < 0.001). Muscle fatigue had a significant effect on lower-extremity joint
kinematics and kinetics (p < 0.05).

Both load carriage and muscle fatigue led to pronounced alteration of lower-extremity joint kinematics.
Load carriage resulted in significant increases of pelvis anterior tilt (p < 0.001), hip flexion (p < 0.001)
and knee flexion (p < 0.001) at heel contact, and maximum knee flexion (p < 0.001) during stance.
Muscle fatigue led to significant decrease of ankle-dorsi flexion at heel contact (p = 0.028).
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Both load carriage and muscle fatigue led to pronounced alterations of lower-extremity joint kinetics.
Load carriage led to significant increases of hip and knee extensor moments (p < 0.001) and a near
significant increase of ankle dorsi-flexor moment (p = 0.08) during weight acceptance. Also, greater hip
joint power production (p < 0.001), and knee and ankle joint power absorption (p < 0.001) were
observed at weight acceptance of loaded walking. Muscle fatigue led to a significant increase of hip
extensor moment (p = 0.001) and a significant decrease of ankle dorsi-flexor moment at weight
acceptance. In addition, greater hip joint power production (p = 0.001) and lesser ankle joint power
absorption (p = 0.007) at weight acceptance were observed during fatigued walking.

Strain and Strain Rate:

The peak strain and strain rates from the bone shaft of the tibia during unloaded unfatigued walking in
the present study are presented along with in-vivo and simulated strains that have been reported by other
researchers (table 6). The strains and strain rates are in reasonable agreement with the previously
reported values. Differences in values between the current study and the previous studies may be due to
the locations on tibia where the strain data were collected. Strain data reported in previous studies were
from the antero-medial aspect of the tibia shaft [8, 12-15], while the current study uses average strains of
the tibia shaft.

Table 6. Tibial strains and strain rates reported in previous studies and current study

Strain Magnitude (Microstrain) Strain Rate (Microstrain/s)
Pr?r/llc;ai);)al Pril:l/lcig)al Max Shear Prli\r/llji);al Pril\ri[cig)al Max Shear
Lanyon et al. [12] 395 -434 829 Not reported -4000 Not reported
Burr et al. [13] 437 -544 871 11006 -7183 16162
Milgrom et al. [14] 840 -454 1183 3955 -3306 10303
Milgrom el al. [15] 394 -672 Not reported 4683 -3820 Not reported
Al Nazer et al.[8] 305 -645 948 4000 -7000 10000
Present Simulation 277 -409 655 4072 -5571 8986

(Bone Shaft)

A mixed model ANCOVA was used to determine if there were any differences in strains and strain rates
between conditions. Significance was set at oo = 0.05. Height, body mass, age, minimum tibia cross
sectional area (CSA), leg press 1RM, VO, peak were used as covariates.
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Strain

Table 7. Means (SEs) of tibial strains during walking
Variables\Conditions UU UF LU LF

Max Principal Strain (us) ~ 277.37 (90.81)  257.26 (90.81)  626.06 (90.81) 340.38 (90.81)
Min Principal Strain (us) ~ -409.26 (222.54)  -386.94 (222.54)  -1220.31 (222.54)  -519.29 (222.54)

Max Shear Strain (is) 654.95 (312.91)  612.58 (312.91)  1809.08 (312.91) 824.48 (312.91)

Conditions UU = unloaded unfatigued, UF = unloaded fatigued, LU = loaded unfatigued, LF = loaded fatigued.

Table 7 shows the means and standard errors (SEs) of the maximum and minimum principal strains and
shear strains of the tibia for the four walking conditions. Load carriage had a significant effect on
maximum principal strain (p < 0.0001), minimum principal strain (p < 0.0001), and maximum shear
strain (p < 0.0001). Specifically, load carriage led to significant increases of maximum principal strain,
minimum principal strain, and maximum shear strain during walking (p < 0.0001).

Muscle fatigue had a significant effect on maximum principal strain (p < 0.0001), minimum principal
strain (p < 0.0001), and maximum shear strain (p < 0.0001). Specifically, muscle fatigue led to
significant decreases of maximum principal strain, minimum principal strain, and maximum shear strain
during walking (p < 0.0001).

None of the participant characteristics used as covariates (height, mass, age, leg press max, VO2peak, or
minimum tibial CSA) were significantly related to strain variables (p > 0.05).

Strain Rate

Table 8. Means (SEs) of tibial strain rates during walking
Variables\Conditions uu UF LU LF

Max Principal Strain Rate (us/s)  4071.62 (382.14)  3726.17 (382.14)  4455.86 (382.14)  3914.38 (382.14)
Min Principal Strain Rate (us/s)  -5570.64 (719.70)  -5208.27 (719.70)  -7179.86 (719.70)  -5793.44 (719.70)

Max Shear Strain Rate (us/s) ~ 8985.66 (1057.61)  8248.04 (1057.61) 10859 (1057.61)  8943.08 (1057.61)

Conditions UU = unloaded unfatigued, UF = unloaded fatigued, LU = loaded unfatigued, LF = loaded fatigued.

Table 8 shows the means (SEs) of the maximum and minimum principal strain rates and shear strain
rates of the tibia for the four walking conditions. Load carriage had a significant effect on maximum
principal strain rate (p < 0.0001), minimum principal strain rate (p < 0.0001), and maximum shear strain
rate (p < 0.0001). Specifically, load carriage led to significant increases of maximum principal strain
rate, minimum principal strain rate, and maximum shear strain rate during walking (p < 0.0001).
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Muscle fatigue had a significant effect on maximum principal strain rate (p < 0.0001), minimum
principal strain rate (p < 0.0001), and maximum shear strain rate (p < 0.0001). Specifically, muscle
fatigue led to significant decreases of maximum principal strain rate, minimum principal strain rate, and
maximum shear strain rate during walking (p < 0.0001).

None of the participant characteristics used as covariates (height, mass, age, leg press max, VO2 peak,
or minimum tibial CSA) were significantly related to strain rates (p > 0.05).

SUMMARY and DISCUSSION:

We had hypothesized that load carriage and muscle fatigue would alter basic gait spatial-temporal
parameters and kinetics. Results from this research support this hypothesis. Specifically, load carriage
and muscle fatigue result in significant increases of stride frequency and double support time and a
significant decrease of stride length. Furthermore, both load carriage and muscle fatigue lead to
significant increases of the vertical ground reaction force and loading rate.

It was also hypothesized that load carriage and muscle fatigue would alter lower-extremity joint
mechanics. This hypothesis was supported. Specifically, load carriage leads to significant increases of
pelvis tilt, hip and knee flexion at heel contact and maximum knee flexion during stance. Muscle fatigue
leads to a significant decrease of ankle dorsi-flexion at heel contact. Furthermore, load carriage leads to
significant increases of hip and knee joint moment and hip, knee, and ankle joint powers. Muscle fatigue
also leads to significant increases of hip joint moment and power and significant decreases of ankle joint
moment and power.

Thus, when walking with load carried, lower-extremities experience significant increases of external
impact forces (ground reaction forces) and loading rates at every foot strike. Moreover, the pronounced
increases of lower-extremity joint moments and powers at weight acceptance reflect large increases of
leg muscle forces. Therefore, lower-extremity skeletal structures (e.g. tibias) are loaded with both
increased ground impact forces and increased leg muscles forces at stance of walking. In addition, the
increased stride frequency and double support time associated with load carriage lead to increases of
number of loading cycle and loading duration during walking.

Similarly, when walking in a fatigued state, lower-extremities experience significant increases of
external impact force (vertical ground reaction force) and loading rate at each foot strike. The large
increases of hip joint moment and power reflect increased effort of hip extensors to stabilize the pelvis.
The significant decreases of ankle joint moment and power indicate reduced ability of the ankle dorsi-
flexor to control the ankle joint at weight acceptance. Thus, lower legs experience increased ground
impact force and loading rate and altered leg muscle loads at stance in a fatigued state. In addition, the
increased stride frequency and double support time associated with muscle fatigue expose the lower-
extremities to increased number of loading cycle and loading duration.

The combined effect of muscle fatigue and load carriage further exposes the lower-extremity skeletal
structures to significant increases of external impact loading and loading rate and pronounced alterations
of leg muscle loads. This pronounced alteration in mechanical loading pattern is coupled with increased
number of loading cycle and loading duration during walking.
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Furthermore, it was hypothesized that the changes in gait mechanics due to load carriage would result in
increases in strains and strain rates in the tibia. Results from this study support this hypothesis. We
found that the load carriage results in larger tibial strains and strain rates than walking with no loads.
Repetitive high bone strains and strain rates were considered to be the etiology of stress fracture [13,
16]. Thus, results from this study provide evidence that load carriage could increase the risk of
developing tibial stress fracture.

We also hypothesized that the muscle fatigue would result in increases in strains and strain rates in the
tibia. This hypothesis was not supported. We found the muscle fatigue led to pronounced reductions in
tibial strains and strain rates during walking. Results from this study were different from a previous in
vivo study performed by Milgrom et al [15], which reported that fatigue resulted in pronounced
increases of tensile strain, tensile and compressive strain rates during walking. However, the
compressive strain was found to be significantly reduced during fatigued walk [15]. The discrepancies
between the current study and Milgrom’s study may be due to the following factors. Firstly, in
Milgrom’s study, the vertical ground reaction force (GRF) was found to be lower during fatigued walk
than during normal walk. However, the current study found that the muscle fatigue leads to a significant
increase in the vertical GRF. Secondly, in Milgrom’s study, the walking speed was not controlled and
not reported for the pre and post fatigue tests. In the current study, the walking speed was controlled at
1.67m/s for all the walking conditions. Thirdly, Milgorm’s study did not present gait kinematic data. It is
not known whether subjects participated in Milgrom’s study walked differently from subjects recruited
in this study. Thus, the possible differences in gait kinematics and ground reaction forces observed in the
current study and Milgrom’s study may contribute to the different findings in strains and strain rates.

In conclusion, load carriage and muscle fatigue result in alterations in gait mechanics signified by
increases in stride frequency, double support time, vertical ground reaction force and loading rate. Load
carriage leads to pronounced increases in tibial strains and strain rates. Muscle fatigue leads to
pronounced decreases in tibial strains and strain rates.
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REPORTABLE OUTCOMES for THE PHASE TWO PROJECT
The following sections outline the results from the second phase of this project. These data along with
subsequent analyses will form the basis for forthcoming presentations and manuscripts documenting this

research.

Participant Characteristics:

Forty college-age male participants were recruited in this study. Participants were divided into two
experimental groups (runners and basketball players). The runner group consisted of twenty recreational
runners with a minimum of two years of regular running experience. The basketball group consisted of
twenty recreational basketball players with a minimum of two years of regular basketball playing
experience. Participants’ characteristics are presented in Table 9.

Table 9. Subject demographic information

Runners Basketball Players
Age (yrs) 20.7(2.4) 20.6(1.7)
Height (cm) 180.1(6.3) 180.8(8.3)
Mass (kg) 75.7(9.6) 80.1(11.5)
Minimum Tibia CSA (mm?) 352(49) 369(49)
Leg Press 1RM (Ibs) 492(62) 550(127)
VO, Peak (mL/kg/min) 58(7) 50(5)

Mean (+/- standard deviation) for basic participant demographics and results from fitness
assessments.

Kinematics and Kinetics of Loaded Walking Tasks:

Selected gait spatio-temporal parameters and kinetics of the four loaded walking tasks are presented in
table 10, which shows the means and SDs of stride frequency, stride length, peak vertical ground
reaction force and loading rate. Two-way repeated-measures ANOVAs were used to determine the
effects of physical activity history and levels of loaded walking on the selected gait kinematics and
kinetics variables.
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Table 10. Means (SDs) of spatio-temporal parameters during loaded walking

Variables\Conditions WK00 WK15 WK25 WK35
Runners
Stride length (m) 1.70 (0.06) 1.69 (0.06) 1.67 (0.07) 1.63 (0.08)
Stride frequency (strides/min) 59 (2) 59 (2) 60 (2) 62 (3)
Peak VGRF (BW) 1.29 (0.07) 1.58 (0.10) 1.78 (0.15) 2.01(0.19)
Peak VGRLR (BW/s) 18.19 (3.73) 21.45 (4.64) 26.53 (7.73) 32.30 (8.24)
Basketball Players
Stride length (m) 1.69 (0.08) 1.68 (0.08) 1.66 (0.09) 1.62 (0.08)
Stride frequency (strides/min) 59 (3) 60 (3) 61 (3) 62 (3)
Peak VGRF (BW) 130 (0.05) 1,57 (0.12) 176 (0.28) 1.97 (0.20)
Peak VGRLR (BW/s) 17.65 (3.80) 22.51 (5.44) 27.48 (9.07) 31.56 (7.18)

Conditions: WKO00 = unloaded walking, WK 15 = 15kg loaded walking, WK25 = 25kg loaded walking, WK35 = 35kg loaded
walking. VGRF = vertical ground reaction force. VGRLR = vertical ground reaction loading rate.

No interaction was found between the effects of the subject group and incremented load carriage for the
selected gait spatio-temporal parameters and kinetics (p > 0.05). In addition, there were no significant
differences in gait spatio-temporal parameters and kinetics between the runners and basketball players
tested (p > 0.05). However, the incremented load carriage had a significant effect on gait spatial-
temporal parameters and kinetics (p < 0.001).

The incremented load carriage led to a significant increase of stride frequency (p < 0.001) and a
significant decrease of stride length (p < 0.001). Specifically, carrying 35kg load resulted in shorter
stride length and faster stride rate than carrying 15kg load and no load conditions (p < 0.001).
Furthermore, the increasing load carried resulted in significant increases of peak vertical ground reaction
force (p < 0.001) and peak vertical ground reaction loading rate (p < 0.001). As the amount of load
carried was increased from Okg to 35kg, there were linear increases of the peak vertical ground reaction
force and peak vertical ground reaction loading rate.

Kinematics and Kinetics of Running Task:

Selected spatio-temporal parameters and ground reaction force variables during running are presented in
Table 11. One-way ANOVAs were performed to determine the differences in these variables between
the two groups.
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Table 11. Means (SDs) spatio-temporal parameters and ground reaction forces during running

Variables\Conditions Runners Ball Players
Stride length (m) 2.45(0.10) 2.46 (0.10)
Stride frequency (strides/min) 82 (3) 82 (3)
Impact peak VGRF (BW) 1.65 (0.05)* 1.81 (0.05)*
Active peak VGRF (BW) 2.43 (0.20)* 2.57 (0.16)*
Peak VGRLR (BW/s) 81.62(22.11)* 95.91(16.12)*

Note: * indicates a significant difference (P < 0.05).
VGREF = vertical ground reaction force. VGRLR = vertical ground reaction loading rate.

Both groups exhibited similar stride length (p = 0.859) and stride frequency (p = 0.744) during running.
However, the runner group showed lower ground reaction force variables than those of the basketball
group. Specifically, the runner group demonstrated less impact peak VGRF (p = 0.045), active peak
VGRF (p =0.025), and VGREF loading rate (p = 0.025) than those of the basketball group.

Peak Strain and Strain Rate during Loaded Walking Tasks

Strain during walking with load carriages

The following dependent variables were examined: peak tensile strain (peak maximal principle strain),
peak compressive strain (peak minimal principle strain), and peak shear strain (peak maximal shear
strain) during the stance of walking. For each of the dependent variables, a 2x3x4 repeated-measures
ANOVA test was run with the subject group (two levels: runners and ball players), tibial section (three
levels: proximal third, middle third, and distal third), and incremented load carriage (four levels: Okg,
15kg, 25kg, and 35kg) serving as independent factors. For all the dependent variables examined,
significant interactions were found between the subject group and incremented load carriage (p =
0.0001) and between the tibial section and incremented load carriage (p = 0.0001). Therefore, separate
ANOVA tests were run to determine the simple effects from the physical activity history, tibial section,
and incremented load carriage on tibial strain variables.
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Table 12: Means (SEs) of tibial bone strain during loaded walking tasks

Variables\Conditions WKO00 WK15 WK25 WK35
Runners
Compressive strain (s) 658.11 (1.61) 84041 (1.96)* 92449 (223)*  1011.15 2.71)*
Tensile strain (us) 45833 (145)  562.11 (1.81)*  669.82 (2.05)*  733.40 (2.52)*
Shear strain (1is) 100329 (2.02)  1229.74 (2.40)*  1444.68 2.72)*  1586.67 (3.48)*

Basketball Players

Compressive strain (us)

Tensile strain (us)

Shear strain (ps)

634.30 (1.56)
440.04 (1.41)

972.28 (1.96)

746.87 (1.90)*
518.86 (1.75)*

1155.32 (2.32)*

842.18 (2.16)*
597.63 (1.99)*

1309.96 (2.64)*

958.24 (2.63)*
700.15 (2.47)*

1519.01 (3.37)*

Note: data were extracted from the middle third of the tibia shaft. WK00, WK15, WK25 and WK35 represent walking tasks
with a load carriage of Okg, 15kg, 25kg, and 35kg, respectively. * indicates a significant difference (p = 0.0001) from the

previous level of the loaded walking condition.

One way repeated-measures ANOVAs with the incremented load carriage being the independent factor
were run for the runner group and the ball player group, respectively. For both of the groups, significant
differences in compressive strain (p=0.0001), tensile strain (p=0.0001), and shear strain (p=0.0001) were
found among loaded walking tasks for each of the three tibial sections. Specifically, a dose-response
relationship between the incremented load carriage and tibial strain exists. As the load carriage increased
in consistent increments, tibial compressive, tensile, and shear strains increase. Table 12 presents the
means (SEs) of the compressive, tensile, and shear strains from the middle third of the tibia during

walking with incremented load carriages.

Comressive Strain (microstrain)

1200

=
o
(=]
o

[0¢]
o
o

o

*P=0.0001

15kg

*P=0.0001

25kg

*P=0.0001

35kg

Loaded Walking Conditions

B Runners

M Ball Players

Figure 2: Compressive strain of the middle third of the tibia during loaded walking tasks. The runner
group (blue) and the ball player group (red) were compared.
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Figure 3: Tensile strains of the middle third of the tibia during loaded walking tasks. The runner group
(blue) and the ball player group (red) were compared.
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Figure 4: Shear strain of the middle third of the tibia during loaded walking tasks. The runner group
(blue) and the ball player group (red) were compared.

One way ANOVA tests with the subject group being the independent factor were run for each of the
loaded walking tasks and for each of the tibial sections. Significant differences in compressive strain
(p=0.0001), tensile strain (p=0.0001), and shear strain (p=0.0001) were found between the runner group
and the ball player group. For all the loaded walking tasks from the 15kg load carriage to 35kg load
carriage, the runner group consistently exhibited greater compressive, tensile, and shear strains than the
ball player group (p=0.0001). The figures 2, 3, and 4 illustrate the group differences in compressive
strain, tensile strain, and shear strain during loaded walking tasks, respectively.
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Figure 5: Compressive strain of the proximal, middle, and distal thirds of the tibia during walking with
incremented loads.
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Figure 6: Tensile strain of the proximal, middle, and distal thirds of the tibia during walking with
incremented loads.
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Figure 7: Shear strain of the proximal, middle, and distal thirds of the tibia during walking with
incremented loads.

One way ANOVA tests with the tibial section being the independent factor were run for each of the
groups and for each of the loaded walking tasks. Significant differences in tibial compressive strain
(p=0.0001), tensile strain (p=0.0001), and shear strain (p=0.0001) were found among the three tibia
sections. Specifically, for both groups, the distal third of the tibia exhibited greater compressive strain
than both of the middle and proximal thirds of the tibia (p=0.0001); the middle third of the tibia
exhibited greater tensile strain than both of the distal and proximal thirds of the tibia (p=0.0001).
Furthermore, the ball player group consistently experienced greater shear strain in the distal third of the
tibia than in the proximal third of the tibia (during all the loaded walking tasks, p=0.0001) and in the
middle third of the tibia (during all the loaded walking tasks (p=0.0001) except the 35kg condition
(p=0.616)). The runner group demonstrated greater shear strain in the distal third of the tibia than the
other two tibial sections during Okg and 15kg load carriages (p=0.0001). During 25kg load carriage, the
runner group experienced similar shear strain in the middle and distal thirds of the tibia (p=0.602).
During 35kg load carriage, the runner group experienced greater shear strain in the middle third of the
tibia than the other two tibial sections (p=0.0001). Finally, for both groups, the proximal third of the
tibia always experienced the least amount of shear strain within the three tibial sections during loaded
walking (p=0.0001). Figures 5, 6, 7 illustrate the profiles of the compressive strain, tensile strain, and
shear strain of the three tibial sections during various loaded walking tasks, respectively.

Strain during high-impact activities

The following dependent variables were examined: peak tensile strain, peak compressive strain, and
peak shear strain during the stance of high-impact activities. For each of the dependent variables, a
2x3x3 repeated-measure ANOVA test was run with the subject group (two levels: runners and ball
players), tibial section (three levels: distal, middle, and proximal thirds of the tibial shaft), and type of
activity (three levels: drop-jumping, running, and cutting maneuver) serving as independent factors. For
all the dependent variables examined, significant interactions were found between the subject group and
type of activity (p = 0.0001) and between the tibial section and type of activity (p=0.0001). Therefore,
separate ANOVA tests were run to determine the simple effects from the physical activity history, tibial
section, and high-impact activity on tibial strain variables.
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Table 13: Means and SEs of the tibial bone strain during high-impact activities

Variables\Conditions Running Jumping Cutting
Runners
Compressive strain (s) 970.08 (3.56)*$  1201.59 (5.27)*# 1655.07 (4.37)$ #
Tensile strain (us) 766.23 (2.49)*$ 105838 (3.74)*#  1341.02 (3.34)$ #
Shear strain (pus) 1627.89 (3.93)*$  2233.05 (5.64)*#  2906.62 (5.48)$ #
Basketball Players
Compressive strain (us) 978.96 (3.83)*$  1316.65(5.95)*# 1687.21 (4.85)$ #
Tensile strain (us) 736.63 (2.34)*$  1143.48 (4.06)*# 1351.49 (3.33)$ #
Shear strain (ps) 1628.26 (4.34)*§ 243492 (6.54)*# 2971.46 (6.04)$ #

Note: data were extracted from the middle third of the tibia shaft. * indicates a significant difference (p = 0.0001) between
running and jumping activities; $ indicates a significant difference (p =0.0001) between running and cutting activities; #
indicates a significant difference (p = 0.0001) between jumping and cutting activities.

One way repeated-measures ANOVA tests with the high-impact activity being the independent factor
were run for each of the group and for each of the tibial sections. Significant differences in compressive
strain (p=0.0001), tensile strain (p=0.0001), and shear strain (p=0.0001) were found between the three
activities. For both of the subject groups, the cutting maneuver elicited the largest compressive strain
(p=0.0001), tensile strain (p=0.0001), and shear strain (p=0.0001) among the three activities across the
three tibial sections. The jumping activity produced greater tensile strain (p=0.0001) than the running
activity for all the tibial sections. Also, the jumping activity produced greater compressive strain
(p=0.0001) and shear strain (p=0.0001) at the middle and proximal thirds of the tibia than the running
activity. The running activity only exhibited greater compressive train (p=0.0001) and shear strain
(p=0.0001) than the jumping activity at the distal third of the tibia shaft. Table 13 presents the tibial
strains at the middle third of the tibial shaft during the three high-impact activities.

Strain Rate during walking with load carriages:

The following dependent variables were examined: peak tensile strain rate (peak maximal principle
strain rate), peak compressive strain rate (peak minimal principle strain rate), and peak shear strain rate
(peak maximal shear strain rate) during the stance of walking. For each of the dependent variables, a
2x3x4 repeated-measure ANOVA test was run with the subject group (two levels: runners and ball
players), tibial section (three levels: proximal third, middle third, and distal third), and incremented load
carriage (four levels: Okg, 15kg, 25kg, and 35kg) serving as independent factors. For all the dependent
variables examined, significant interactions were found between the subject group and incremented load
carriage (p = 0.0001) and between the tibial section and incremented load carriage (p = 0.0001).
Therefore, separate ANOVA tests were run to determine the simple effects from the physical activity
history, tibial section, and incremented load carriage on tibial strain rate variables.
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Table 14: Means (SEs) of tibial bone strain rate during loaded walking tasks

Variables\Conditions

WKO00

WK15

WK25

WK35

Runners

Compressive strain rate (us/s)
Tensile strain rate (ps/s)

Shear strain rate (us/s)

Basketball Players

Compressive strain rate (us/s)
Tensile strain rate (ps/s)

Shear strain rate (us/s)

7955.99 (24.08)
6647.40 (20.07)

6668.60 (13.30)

7882.92 (23.34)
6557.76 (19.46)

6540.35 (12.90)

9477.93 (27.04)*
7901.71 (23.27)*

7828.50 (15.27)*

9034.16 (26.22)*
743232 (22.57)*

7488.80 (14.80)*

11562.32 (33.26)*

9551.94 (28.28)*

9594.68 (20.05)*

10293.25 (32.23)*

8632.39 (27.42)*

8609.44 (19.44)*

11583.09 (37.50)
9617.21 (33.14)$

9662.64 (24.26)$

11661.34 (36.36)*
10012.88 (32.13)*

9976.34 (23.53)*

Note: data were extracted from the middle third of the tibia shaft. WKO00, WK15, WK25 and WK35 represent walking tasks
with a load carriage of Okg, 15kg, 25kg, and 35kg, respectively. Significant differences between the current load carriage
condition and previous load carriage condition were indicated (* indicates p= 0.0001; $ indicates p<0.05).

One way repeated-measures ANOVAs with the incremented load carriage being the independent factor
were run for the runner group and the ball player group, respectively. For both of the groups, significant
differences in compressive strain rate (p=0.0001), tensile strain rate (p=0.0001), and shear strain rate
(p=0.0001) were found among loaded walking tasks for each of the three tibial sections. Table 14
presents the means (SEs) of the compressive, tensile, and shear strains rate from the middle third of the
tibia during walking with incremented load carriages.

Compressive strain rate was evaluated for both of the subject groups and for each of the tibial sections.
For the runner group, the distal third of the tibia exhibited pronounced increases of the compressive
strain rate as the load carriage increased from Okg to 15kg (p=0.0001), from 15kg to 25kg (p=0.0001),
and from 25kg to 35kg (p=0.06); the middle third of the tibia exhibited significant increases of the
compressive strain rate as the load carriage increased from Okg to 15kg (p=0.0001) and from 15kg to
25kg (p=0.0001); meanwhile, the proximal third of the tibia exhibited significant increases in the
compressive strain rate as the load carriage increased from Okg to 15kg (p=0.0001), from 15kg to 25kg
(p=0.0001) and from 25kg to 35kg (p=0.0001). For the ball player group, all the three tibial sections
exhibited significant increases of compressive strain rate as the load carriage increased from Okg to 15kg
(p=0.0001), from 15kg to 25kg (p=0.0001), and from 25kg to 35kg (p=0.0001).

Tensile strain rate was evaluated for both of the subject groups and for each of the tibial sections. For the
runner group, the distal third of the tibia exhibited significant increases of the tensile strain rate as the
load carriage increased from Okg to 15kg (p=0.0001) and from 15kg to 25kg (p=0.0001); the middle
third of the tibia exhibited significant increases of the tensile strain rate as the load carriage increased
from Okg to 15kg (p=0.0001), from 15kg to 25kg (p=0.0001), and from 25kg to 35kg (p=0.033); the
proximal third of the tibia also exhibited significant increases of the tensile strain rate when the load
carriage increased from Okg to 15kg (p=0.0001), from 15kg to 25kg (p=0.0001), and from 25kg to 35kg
(p=0.0001). For the ball player group, all the three tibial sections exhibited significant increases of the
tensile strain rate as the load carriage increased from Okg to 15kg (p=0.0001), from 15kg to 25kg
(p=0.0001), and from 25kg to 35kg (p=0.0001).
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Shear strain rate was evaluated for both of the subject groups and for each of the tibial sections. For the
runner group, the distal third of the tibia exhibited significant increases of the shear strain rate as the
load carriage increased from Okg to 15kg (p=0.0001) and from 15kg to 25kg (p=0.0001); the middle
third of the tibia demonstrated significant increases of the shear strain rate as the load carriage increased
from Okg to 15kg (p=0.0001), from 15kg to 25kg (p=0.0001), and from 25kg to 35kg (p=0.01);
meanwhile, the proximal third of the tibia demonstrated significant increases of the shear strain rate as
the load carriage increased from Okg to 15kg (p=0.0001), from 15kg to 25kg (p=0.0001), and from 25kg
to 35kg (p=0.0001). For the ball player group, all the three tibial sections exhibited significant increases
of the shear strain rate as the load carriage increased from Okg to 15kg (p=0.0001), from 15kg to 25kg
(p=0.0001), and from 25kg to 35kg (p=0.0001).
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Figure 8: Compressive strain rate of the middle third of the tibia during loaded walking tasks. The
runner group (blue) and the ball player group (red) were compared.
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Figure 9: Tensile strain rate of the middle third of the tibia during loaded walking tasks. The runner
group (blue) and the ball player group (red) were compared.
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Figure 10: Shear strain rate of the middle third of the tibia during loaded walking tasks. The runner
group (blue) and the ball player group (red) were compared.

One way ANOVA tests with the subject group being the independent factor were run for each of the
loaded walking tasks and for each of the tibial sections. Significant differences in compressive strain rate
(p=0.0001), tensile strain rate (p=0.0001), and shear strain rate (p=0.0001) were found between the
runner group and the ball player group. Figures 8, 9, and 10 illustrate the group differences in
compressive strain rate, tensile strain rate, and shear strain rate during loaded walking tasks,
respectively.

The compressive strain rate was evaluated for each of the loaded walking tasks and for each of the tibial
sections. During the 15kg and 25kg load carriages, the runner group demonstrated greater strain rate
than the ball player group (p=0.0001) across all tibial sections. During the 35kg load carriage, compared
to the ball player group, the runner group exhibited less strain rate (p=0.005) at the distal third of the
tibia, more strain rate (p=0.0001) at the proximal third of the tibia, and no difference (p=0.134) in strain
rate at the middle third of the tibia.

The tensile strain rate was evaluated for each of the loaded walking tasks and for each of the tibial
sections. During the 15kg and 25kg load carriages, the runner group demonstrated greater strain rate
than the ball player group (p=0.0001) across all tibial sections. During the 35kg load carriage, compared
to the ball player group, the runner group exhibited less tensile strain rate (p=0.0001) at the distal third
and middle third of the tibia and more strain rate (p=0.0001) at the proximal third of the tibia.

The shear strain rate was evaluated for each of the loaded walking tasks and for each of the tibial
sections. During the 15kg and 25kg load carriages, the runner group demonstrated greater strain rate
than the ball player group (p=0.0001) across all tibial sections. During the 35kg load carriage, compared
to the ball player group, the runner group exhibited less shear strain rate (p=0.0001) at the distal third
and middle third of the tibia and more strain rate (p=0.0001) at the proximal third of the tibia.
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Figure 11: Compressive strain rate of the proximal, middle, and distal thirds of the tibia during walking
with incremented loads.
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Figure 12: Tensile strain rate of the proximal, middle, and distal thirds of the tibia during walking with
incremented loads.
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Figure 13: Compressive strain rate of the proximal, middle, and distal thirds of the tibia during walking
with incremented loads.

One way ANOVA tests with the tibial section being the independent factor were run for each of the
groups and for each of the loaded walking tasks. Significant differences in tibial compressive strain rate
(p=0.0001), tensile strain rate (p=0.0001), and shear strain rate (p=0.0001) were found among the three
tibia sections. Specifically, for both groups, the middle third of the tibia exhibited the greatest
compressive strain rate (p=0.0001), tensile strain rate (p=0.0001), and shear strain rate (p=0.0001)
among the three tibial sections across all load carriages. In addition, the proximal third of the tibia
exhibited the least amount of strain rates in compression (p=0.0001), tension (p=0.0001), and shear
(p=0.0001) among the three tibial sections across all load carriages. Figures 11, 12, 13 illustrate the
profiles of the compressive strain rate, tensile strain rate, and shear strain rate of the three tibial sections
during various loaded walking tasks, respectively.

Strain rate during high-impact activities

The following dependent variables were examined: peak tensile strain rate, peak compressive strain rate,
and peak shear strain rate during the stance of high-impact activities. For each of the dependent
variables, a 2x3x3 repeated-measure ANOVA test was run with the subject group (two levels: runners
and ball players), tibial section (three levels: distal, middle, and proximal thirds of the tibial shaft), and
type of activity (three levels: drop-jumping, running, and cutting maneuver) serving as independent
factors. For all the dependent variables examined, significant interactions were found between the
subject group and type of activity (p = 0.0001) and between the tibial section and activity (p=0.0001).
Therefore, separate ANOVA tests were run to determine the simple effects from the physical activity
history, tibial section, and high-impact activity on tibial strain rate variables.
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Table 15: Means and SEs of the tibial bone strain rate during high-impact activities

Variables\Conditions Running Jumping Cutting

Runners

Compressive strain rate (us/s)  17593.96 (69.08)* §  18021.50 (92.58)* #  28779.64 (87.93)$ #
Tensile strain rate (us/s) 14954.92 (59.08)* $  16705.46 (73.54)* #  23193.99 (68.85)$ #

Shear strain rate (us/s) 1531435 (42.10)*$  17029.96 (56.36)* #  24016.01 (49.17)$ #

Basketball Players

Compressive strain rate (us/s)  17246.25 (69.08)* §  19367.54 (102.68)* #  27750.49 (90.16)$ #
Tensile strain rate (us/s) 14023.33 (58.65)* $  18040.32 (80.97)* #  22490.60 (65.28)$ #

Shear strain rate (ps/s) 14709.81 (44.30)* $  18435.83 (64.55)*#  23682.54 (52.53)$ #

Note: data were extracted from the middle third of the tibia shaft. * indicates a significant difference (p = 0.0001) between
running and jumping activities; $ indicates a significant difference (p =0.0001) between running and cutting activities; #
indicates a significant difference (p = 0.0001) between jumping and cutting activities.

One way repeated-measures ANOVA tests with the high-impact activity being the independent factor
were run for each of the group and for each of the tibial sections. Significant differences in compressive
strain rate (p=0.0001), tensile strain rate (p=0.0001), and shear strain rate (p=0.0001) were found
between the three activities. For both of the subject groups, the cutting maneuver elicited the largest
compressive strain rate (p=0.0001), tensile strain rate (p=0.0001), and shear strain rate (p=0.0001)
among the three activities across the three tibial sections; the jumping activity produced greater
compressive strain rate (p=0.0001), tensile strain rate (p=0.0001), and shear strain rate (p=0.0001) than
the running activity at the middle and proximal thirds of the tibia; the running activity only led to greater
compressive strain rate (p=0.0001) and shear strain rate (p=0.0001) at the distal third of the tibia than the
jumping activity. Finally, running activity performed by the runner group exhibited greater tensile strain
rate (p=0.0001) at the distal third of the tibia than the jumping activity, while the running activity
performed by the ball player group exhibited less tensile strain rate (p=0.0001) at the distal third of the
tibia than the jumping activity. Table 15 presents the tibial strain rates at the middle third of the tibial
shaft during the three high-impact activities.

SUMMARY and DISCUSSION:

Load carriage leads to significant alterations of gait spatio-temporal parameters and kinetics. The
increases of the vertical ground reaction force and loading rate are proportional to the increments of load
carried. Although runners and basketball players recruited in this study had distinct physical activity
histories, they exhibited no differences in ground reaction forces and loading rates during loaded
walking tasks. The results imply that when participating in unaccustomed activities (e.g. loaded
walking), both the runner and basketball groups could experience similar mechanical loadings.

When performing running movement, habitual runners recruited in this study demonstrated an ability to
lower the ground reaction forces. Running with reduced ground impact forces could result in decreased
risks of impact related overuse injuries. As the runners have adapted to the running environment by
lowering impact forces, runners’ tibia bones may also have adapted to the same loading environment.
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On one hand, adaptation to a loading environment with reduced impact forces could mean the tibia bone
may have remodeled itself for the reduced imposed mechanical loadings via decreasing bone density at
some parts of the bone for metabolic efficiency purposes. On the other hand, when the loading
environment is changed to an unaccustomed situation (e.g. loaded walking), the tibia bone may need to
accelerate the remodeling process to become capable of resisting the novel loadings.

We had hypothesized that the incremented load carriages would lead to increases of tibia bone strain.
This hypothesis was supported. It was found that the tibial compressive, tensile, and shear strains
increased significantly as the load carriage increased from Okg to 15kg, from 15kg to 25kg and from
25kg to 35kg. The current finding of this significant dose-response relationship between the load
carriage and tibial strain indicates that the tibia bone deformation during loaded walking is positively
related to the amount of load carried. Thus, it is possible that increasing the load carriage during military
training could lead to increased risk of tibia bone damage due to the increase of bone deformation.

We had hypothesized that the past physical-training history could influence the tibial bone strain during
loaded walking. This hypothesis was supported. We found the runner group demonstrated larger tibial
compressive, tensile, and shear strain than the ball player group during walking with incremented load
carriages. Participating in running for minimum of two years, the runner group may have remodeled
their tibial bones to accommodate the uni-axial cyclic loading encountered during running. On the
contrary, minimum of two years of experiencing the irregular multi-axial loading during basketball may
shape the tibias of the ball player group to better resist unaccustomed loadings. In this study, the tibias of
the ball player group demonstrated less bone deformation during loaded walking than those of the
runner group. Thus, it is evident that the tibias of the ball player group are more resilient to the
unaccustomed loading from load carriages than those of the runner group.

The strains of the proximal, middle, and distal thirds of the tibia were examined during load carriages. It
was found that the middle third of the tibia always experienced the largest tensile strain and the distal
third of the tibia always experienced the largest compressive strain among the three tibial thirds. The
proximal third of the tibia was found to experience the least amount of the strains among the three tibial
thirds during load carriages. Previous studies examined in vivo tibial bone strain at the anterior-medial
aspect of the middle bone shaft and considered this site was a common location of tibial stress fracture
[13, 14, 17]. Findings from this study provide evidence to the assumption taken by those studies [13, 14,
17]. As bone is generally weak to tensile stress, sustaining pronounced tensile strain at the middle third
of the tibia during loaded walking could result in increased risk of stress fractures.

We had hypothesized that high impact, irregular sporting maneuvers such as cutting and drop-jumping,
which were consistent with those performed in basketball, produce different tibial strain patterns than
those produced during running. This hypothesis was supported. The cutting maneuver elicited largest
amount of compressive, tensile, and shear strains among the three high-impact activities tested. The
drop-jumping activity produced greater strains at the middle third of the tibia than the running activity.
The running activity only resulted in larger compressive strain than drop-jumping at the distal third of
the tibia. Thus, it is evident that participating in high-impact irregular maneuvers consisting cutting and
drop-jumping could lead to strengthening tibial bone in general; in particular, the bone quality of the
middle third of the tibia can be improved to become more resilient to tensile loads. As the middle third
of the tibia is a vulnerable site sustaining stress fracture during military training [13, 14, 17], a pre-
conditioning program consisting high-impact irregular activities such as cutting and drop-jumping may
be beneficial to military recruits who are entering basic training and facing high risk of tibial stress
fractures.
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We had hypothesized that incremented load carriages would result in increases of tibial bone strain rates.
This hypothesis was supported in general. We found the ball player group exhibited pronounced
increases of compressive, tensile, and shear strain rates at all the three tibial sections as the load carriage
increased from Okg to 15kg, from 15kg to 25kg, and from 25kg to 35kg, respectively. The runner group
also experienced similar strain rate patterns when the load carriage increased from Okg to 15kg and from
15kg to 25kg. In addition, the runner group experienced the following strain rate patterns: increased
compressive strain rate at the distal third of the tibia with the load carriage increasing from 25kg to
35kg; increased tensile strain rate and shear strain rate at the middle third of the tibia with the load
carriage increasing from 25kg to 35kg. Interestingly, the compressive strain rate at the middle third of
the tibia, the tensile strain rate and shear strain rate at the distal third of the tibia stay unchanged with the
load carriage increasing from 25kg to 35kg. As load carriage is accompanied with alterations of gait
patterns [4, 18], it is possible that the adjustments of gait signified by reducing stride length and
increasing lower-extremity flexion angles could have an effect on strain rate. Reducing the strain rate at
the 25kg level of load carriage may be a response from the runner group to prevent bone damage due to
cyclic loading during load carriage. On the contrary, the ball player group did not exhibit a threshold
effect on bone strain rate before the 35kg load. This reflects that the tibias of the ball player group may
be strong enough to sustain higher level loads than the 35kg load.

We had hypothesized that the past physical-training history could influence the tibial bone strain rate
during loaded walking. This hypothesis was supported. The runner group consistently demonstrated
larger tibial strain rates than those of the ball player group when carrying 15kg and 25kg loads.
Interestingly, when the load carriage increased to a 35kg load, the runner group started showing lower
strain rates than the ball player group. It is possible that a strain rate threshold exists during loaded
walking. This strain rate threshold may be dependent on the tibial bone quality. If the tibial bone is not
accustomed to a loading environment such as incremented load carriages in this study, protective
strategies signified by alternating gait kinematics may result in a reduction of bone strain rates.
Therefore, as the runner group experienced unchanged strain rates after the 25kg load carriage and lower
strain rates at 35kg load carriage than the ball player group, it is likely that the tibias of the runner group
may be less resilient to load carriages than the tibias of the ball player group.

When examining the strain rates at the proximal, middle, and distal thirds of the tibia during load
carriages, we found the middle third of the tibia sustained the highest strain rate within the three tibial
sections. The middle third of the tibia has long been considered a vulnerable site sustaining stress
fracture during military training [13, 14, 17]. Findings from this study provide evidence to support this
consensus. During military basic training, it is possible that load carriage could lead to a pronounced
increase of strain rates at the middle third of the tibia. Bone remodeling may be accelerated, which could
temporarily weaken the bone structure. If the load carriage training continues, the risk of developing
stress fracture at the middle third of the tibia could be increased.

We had hypothesized that high impact, irregular sporting maneuvers such as cutting and drop-jumping,
which were consistent with those performed in basketball, produce different tibial strain rate patterns
than those produced during running. This hypothesis was supported. We found that the cutting maneuver
generated the highest strain rates than the drop-jumping and running activities and the drop-jumping
resulted in greater strain rates at the middle third of the tibia than running. Thus, it is evident that
participating in sports comprising high impact multi-directional loadings such as cutting and drop-
jumping could be beneficial to strengthen tibial bones, which could become resilient to load carriages.
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CONCLUSION

Load carriages result in increases in tibial strains and strain rates. A dose-response relationship exists
between incremented load carriages and bone strains. A threshold in strain rate may exist during walking
with incremented load carriages. This threshold may serve as a protective mechanism to limit the
increase of strain rates. Past training history has an influence on tibial strains and strain rates. For any
given load carriage, basketball players experienced smaller increases of bone strains than runners.
During load carriages, the middle third of the tibia experienced the highest strain rates and tensile strain
among the three tibial sections. Cutting and drop-jumping maneuvers demonstrated greater strain and
strain rates at the middle third of the tibia than running. For military recruits entering the basic training,
a pre-conditioning program comprised with high impact, irregular sporting maneuvers such as basketball
may be beneficial for strengthening tibial bones to resist unaccustomed loadings from load carriage

training.
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*Daniel Leib, 'He Wang, “Eric L. Dugan
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INTRODUCTION

Stress fracture is a common overuse injury experienced
during activities involving repetitive loading (running and
loaded walking). A common location for these fractures is
the tibia [1]. The cause of tibial stress fracture remains
elusive despite considerable research [2]. A reason for
ambiguity may be the use of surrogate variables instead of
the mechanical causes of bone microdamage (deformation).
Gathering bone strain data in vive has inherent limitations,
so it is useful to explore musculo-skeletal modeling
techniques that can assess changes in bone strain response
across individuals. The goal of this project was to develop
methods to generate strain data for large cohorts of subjects.

METHODS

Seventeen college-aged male subjects participated. Walking
kinematic and kinetic data were collected for unloaded
walking at 1.67 m/s on an AMTI force instrumented
treadmill (AMTI, Watertown, MA). Bone geometries were
obtained using computed tomography (CT). CT images
were segmented and 3D geometry files generated in
Materialise MIMICS 13.0 (Materialise, Leuven, Belgium).

The 3D surface geometries were used in MD MARC 2008
(MSC.Software, Santa Anna, CA) to build hexmesh finite
element (FE) models with generic linear isotropic material
properties of elastic modulus 17GPa, density 1.9g/cm’, and
Poisson’s ratio of 0.3. Tibia models were then imported into
a scaled LifeMOD model. Once positioned, spatial
coordinates of muscle model markers representing origins,
insertions, and joint positions relative to the tibia and
incorporated into the FE tibia. Boundary conditions were
assigned as rotational and translational degrees of freedom
of nodes representing ankle and knee joint centers. Flexible
bodies (modal neutral files) were generated for LifeMOD.
For a full description of LifeMOD modeling methods and
use of flexible bodies, see Al Nazer [3]. Key differences
between the this study and that of Al Nazer et al include a
more muscle actuators on the leg that includes the flexible
tibia, subject specific segment scaling based on joint center
calculations, ground reaction forces, and subject specific
tibial geometries generated from CT scans.

A lower body model was built using subject sex, mass, and
height as scaling inputs in the GeBOD [4] database.

Segments, joint locations, and orientations were scaled

Table 1: Averaged Strains and Strain Rate Comparisons

using joint center data from Visual3D. Kinematic data were
used to perform an inverse kinematic analysis. Results of
this analysis were used to “train” the muscle (right leg) and
joint (left leg) PID controllers used to actuate the model in a
forward dynamics (FD) analysis. Flexible tibias were then
imported into LifeMOD. A FD analysis was performed with
the addition of ground reaction forces applied to the feet and
motion capture kinematics disabled. Maximum principle,
minimum principle, and maximum shear strain values were
then calculated using the Durability plug-in for MD
ADAMS/View for the nodes of the geometric middle third
of the tibial shaft [3,5] (MSC. Software, Santa Ana, CA).

RESULTS AND DISCUSSION

Results are in Table 1. Maximum principle and minimum
principle strains and strain rates appear to be consistent with
previously reported values, though maximum shear strain
and strain rate values are lower. Further analysis is needed
to determine if these differences are due to modeling
methods or to differences in experimental protocols,
specifically treadmill versus over-ground walking.

Methods used in this study provide a promising means of
investigating tibial strain and strain rate across individuals
and conditions. Since these methods do not require bone
staples, more diverse populations can be studied in the
future.
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Military personnel are commonly afflicted by overuse injuries such as tibia stress fracture during basic physical
training. Muscular fatigue is thought to reduce the leg muscles' ability to attenuate dynamic load on human
musculoskeletal system during locomotion (Voloshin, et al. 1998). However, it is not clear if or how muscular
fatigue influences mechanical loading of the lower extremities and increases the risk of developing tibia stress
fracture.

PURPOSE: Compare peak ground impact forces and loading rates during a fatigued and unfatigued walking task.

METHODS: Fourteen healthy male subjects (age: 21£2 yr.; body mass: 81.5+11.3 kg; body height: 182+4 cm)
participated in the study. Subjects participated in a fatiguing protocol which involved a series of metered step-ups
and heel raises while wearing a 16 kg rucksack. The presence of fatigue was determined by a decline in
performance of a vertical jump test (< 80% of vertical jump max) Prior to and immediately after the fatiguing
protocol, subjects performed level walking at 1.67 m/s on a force instrumented treadmill (AMT]I). The following
variables were analyzed: Peak vertical and antero-posterior ground reaction forces and peak instantaneous vertical
and braking loading rates during first half of the stance. A one way repeated measures MANOVA was used to
determine differences in these variables between unfatigued and fatigued conditions. a = 0.05.

RESULTS: Compared to unfatigued condition, during the fatigued condition the subjects exhibited greater
vertical ground reaction forces (1.36 = 0.11 vs. 1.30 = 0.07 BW, respectively) (p = 0.000), greater instantaneous
vertical loading rates (24.46 + 9.92 vs. 18.28 = 4.51 BW/s, respectively.) (p = 0.000), and greater instantaneous
braking loading rates (-10.48 £+ 3.02 vs.-8.61 £ 1.99 BW/s, respectively.) (p =0.001).

CONCLUSION: Increased vertical loading rate has been linked to higher risk of tibia stress fracture for distance
runners (Milner et al. 2006). In this study, muscular fatigue seems to lead to increases of vertical ground impact
and instantaneous loading rates during walking at the given speed. It is possible that military personnel under the
influence of muscular fatigue may face increased risk of tibia stress fracture when participating in intensive
physical training programs. DoD#W81XWH-08-1-0587

©2010The American College of Sports Medicine
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INTRODUCTION

Stress fracture is an overuse bone injury. If is a
result of excessively repetitive loads acting on the
bone over time which leads to fatigue induced bone
microdamage [1.2]. Mechanical loading and loading
rate are two major factors related to stress fracture
development.

Military personnel are commonly afflicted by stress
fractures during basic traming. The mjury rate of
stress  fractures  during basic  training  is
approximately 6% in the US ARMY [3]. During
basic ftraining. new recruits have to take on
strenuous training protocols including loaded long-
distance walking. The lower extremities are
therefore exposed to increased and repetitive ground
reaction impact forces during basic training. It was
found that the most common site of stress fracture
in military recruits is the tibia [3]. which accounts
for more than 40% of total stress fractures in the
military [4.5].

Load carriage has been found to alter gait
kinematics, and increase ground reaction force
proportionally [6.7]. However., the effect of load
carriage on the risk of musculo-skeletal injuries
such as tibial stress fracture is not fully understood.
Specifically, the effect of load carriage on
mechanical loading rate has not been investigated. It
is not clear. if and how load carriage affects the
ground reaction loading rates during walking. The
purpose of the study was to investigate the effect of
load carriage on ground reaction loading rates
during walking. It was hypothesized that ground
reaction forces and ground reaction loading rates
would inerease during loaded walking.

METHODS

Eighteen healthy male subjects (age: 21 = 2 wyr.
body mass: 79 = 11 kg: body height: 181 = 4 em)
participated in the study. Subjects wore military
boots and performed unloaded walking and loaded
walking with a 32 kg rucksack at 1.67 m/s on a

force instrumented treadmill (AMTI). Ground
reaction forces were collected at 2400 Hz. The
following wvariables were analyzed: peak wvertical
and antero-posterior (braking) ground reaction
forces, peak instantaneous and average vertical and
braking loading rates during weight acceptance of
walking. A one-way repeated measures MANOVA
was used to determine differences in these variables
between normal and loaded walking conditions. a =
0.05.

RESULTS AND DISCUSSION

Compared to unloaded walking, the loaded walking
exhibited a 49% increase of peak vertical GRF. a
48% increase of peak braking GRF. a 96% increase
of vertical ground reaction loading rate. and a 72%
increase of braking ground reaction loading rate
during weight acceptance (p<0.000) (Table 1).

As we expected. carrying a 32 Kg load led to
significant increases of ground reaction forces. As
high-magnitude mechanical loads are associated
with tibial stress fracture [1. 3. 8]. the large
increases of ground reaction forces during loaded
walking may lead to an inerease of tibial bone strain
and possibly inerease the chance of developing
tibial stress fracture.

We also found that there were significant increases
of ground reaction loading rates when walking with
load. As repeated loading at higher loading rates is
more damaging to the bone than at lower loading
rates [9]. it is possible that the great increase of
vertical and braking ground reaction loading rates
could expose the tibial bones to inereased risk of
stress fracture. Surprisingly. the increases of ground
reaction loading rates outpace the increases of
ground reaction forces during loaded walking. It is
possible that it may be the great increase of the
ground reaction loading rates leading to great
increased risk of tibial stress fracture.
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Walking with loads that could be as high as 60% of
body weight is an inevitable part of the military
basic training. During a twelve-week basic training,
the combined running and walking distance could
exceed 200 miles [1]. The increased ground reaction
forces and ground reaction loading rates associate
with every step during loaded walking could expose
the military recruits to increased risk of tibial stress
fracture. Future study should focus on in-vivo
measurement of tibial bone deformation to confirm
that load carriage would lead to increases of strain
and strain rate during walking.

CONCLUSIONS
Load carriage results in greater increases of ground
reaction force loading rates during walking.
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Table 1: Peak vertical and braking GRFs and instantaneous vertical and braking ground reaction loading rates

during weight acceptance of walking.

Variables Unloaded Loaded walking
walking
Peak vertical GRF (BW)* 1.28 +£0.07 1.90+0.17
Peak braking GRF (BW)* 0.23 £0.03 0.34+£0.04
Instantaneous vertical ground-reaction  17.58 £3.96 3448 £10.73
loading rate (BW/s)*
Instantaneous braking ground-reaction 8.34+1.73 14.39+5.12

loading rate (BW/s)*

Note. * indicates p < 0.000
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AN INTEGRATED MODELING METHOD FORE BONE STRAIN ANATYSIS

*Daniel Leib, 'He Wang, “Eric L. Dugan

'Ball State University, Muncie, IN, USA

“Boise State University, Boise, ID. USA
email: danleib@boisestate edu

INTRODUCTION

Stress fracture 15 a common overuse injury
experienced by participants of activities mvolving
repetitive loading such as running and loaded
walking. One population especially susceptible to
this type of mjury 15 US ARMY recruits. The
mcidence of stress fracture during basic training 1s
about 6% in recruits [1] with the most common
site of fracture being the tibia; these tibial stress
fractures account for more than 40% of total stress
fractures in the mmlitary [2.3].

The precise cause of tibial stress fracture remains
elusive despite considerable research on the
subject [4]. One cause of this ambiguity may be
the use of surrogate variables mstead of the root
mechamical causes of bone nucrodamage such as
deformation.  Since gathering bone strain data in
vive in large populations has mherent limitations,
it 15 useful to explore musculo-skeletal modeling
techniques that can be used to investigate changes
m bone stran response across different
individuals. The goal of this project was to
develop a set of methods capable of generating
strain data for large cohorts of subjects.

METHODS

Five subjects (demographics) were used from a
larger cohort of subyects whose data were
collected for a concurrent project. Walking data
were collected for unloaded walking at 1.67 m's
on an AMTI force instrumented treadmull with
kinematics collected usmng 12 Vicon F-series
cameras at 120Hz and ground reaction forces
collected at 2400Hz (AMTL Watertown, MA,
Vicon, Oxford, UK). Bone geometries were
obtained using computed tomography (CT). These
images were segmented and 3D geometry files
were generated i Matenalise MIMICS 13.0
(Matenialise. Leuven, Belgmum).

These 3D surface geometries were used in MD
MARC 2008 (MSC Software, Santa Anna CA) to
build hexmesh fimte element (FE) models with
generic linear isotropic material properties of
elastic modulus 17GPa. density 1.9g/cm’. and
Poisson’s ratio of 0.3, These tibia models were
then imported mto a scaled LifeMOD musculo-
skeletal model.

Once positioned, spatial coordinates of muscle
model markers representing origins and msertions
as well as jomnt positions relative to the tibia were
exported. The exported position data were used to
build new FE tibias incorporating massless rigid
body links between muscle and joint attachment
points using a custom Python script (version 3.0).
Boundary conditions were assigned as rotational
and translational degrees of freedom of the nodes
representing the ankle and knee joint centers and
flexible bodies (modal neutral files) were
generated for use i LifeMOD.

For a full description of LifehOD modeling
methods and the use of flexible bodies, see Al
Nazer [5]. Key differences between the current
study and that of Al Nazer et al include a larger
mumber of muscle actuators on the leg that
includes the flexable tibia |, subject specific
segment scaling based on jomt center calculations,
ground reaction forces, and subject specific tibial
geometries generated from CT scans.

In order to build a muscle and joint actuated
subject specific model. a static lower body model
was first built using subject sex. mass, and height
as scaling mputs into the GeBOD [6] database
incorporated into LifeMOD. Segments and joint
locations and orientations were then scaled using
joint center data calculated m Visual3iD. Once a
scaled model was built. expenimental kKinematic
data were then used to perform an inverse
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kinematic (IK) analysis. The resulis of thus
analysis were used to “train” the muscle (right
leg) and jomt (left leg) PID controllers used to
actuate the model in a forward dynamucs (FD)
analysis. Flexible tibias were then imported into
LifeMOD.

A FD analysis was then performed with the
addition of ground reaction forces applied to both
feet and motion capture kinematics disabled.
Maximum principle, munimum  principle, and
maximum shear strain values were then calculated
using the Durability plug-m  for MD
ADAMSView for the nodes most closely
representing the location of the stramn staples used
i in vive studies [5,7.8.9] (MSC. Software, Santa
Ana. CA).

RESULTS AND DISCUSSION

The averaged results for a preliminary analysis of
5 subyects are presented in Table 1. Maximum
principle and nunimum principle strains and strain
rates appear to be comsistent with previously
reported values, though maximum shear strain and
strain rate values for these 5 subjects are markedly
lower. Further analysis 15 needed to deternune 1f
these differences are due to modeling methods or
to differences i experimental protocols,
specifically treadmull versus over-ground walking.

In summary, the methods used m this study
provide a pronusing means of imvestigating tibaal
strain and strain rate across individuals and

conditions. Since these methods do not requare the
use of invasive bone staples, more diverse
populations and conditions can be studied mn the
future.
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Military personnel are often afflicted by tibia stress fracture (TSF) during basic training. Load carriage and
muscle fatigue may be factors related to the high incidence of TSF. Load carriage increases ground reaction force
during walking. Muscle fatigue reduces muscles' ability to attenuate dynamic load on musculoskeletal system
during locomotion. However, it is yet to be determined what effects load and fatigue may elicit in mechanical
loading rate during walking.

PURPOSE: To determine the effects of load carriage and fatigue on peak vertical ground reaction force and
loading rate during walking.

METHODS: Eighteen healthy males (age: 21 £ 2 yrs, body mass: 77.6 + 9.6 kg, body height: 181 + 4 cm)
performed tasks in the following order: unloaded and unfatigued walking (UU), loaded and unfatigued walking
with a 32 kg rucksack (LU), a fatiguing protocol consisting of stepping and heel-raising with a 16 kg rucksack,
loaded and fatigued walking with a 32 kg rucksack (LF), and unloaded fatigued walking (UF). Each walking task
was performed for 5 min on a force instrumented treadmill (AMTI) at 1.67 m/s. Peak vertical ground reaction
force and loading rate at weight acceptance were normalized to body weight. One way repeated measures
ANOVAs and pair-wise comparisons with Bonferroni correction were performed. a = 0.05.

RESULTS: The peak vertical ground reaction forces of the UF (1.35+0.11 BW), LU (1.92 £ 0.18 BW), and LF
(1.99 £ 0.19 BW) were all greater than that of the UU (1.27 = 0.06 BW) (p < 0.05). The peak vertical ground
reaction loading rates of the UF (21.75 £ 7.92 BW/s), LU (35.29 + 12.07 BW/s), and LF (37.58 + 11.92 BW/s)
were all greater than that of the UU (16.81 &+ 3.40 BW/s) (p < 0.05).

CONCLUSION: Fatigue, load carriage, and the combination of load carriage and fatigue all lead to significant
increases of mechanical loading and loading rate on the lower extremities during walking. As great magnitudes of
mechanical loading and loading rate are identified risk factors of TSF, the effects of load carriage and muscle
fatigue could expose military personnel to increased risk of TSF during basic training. Interestingly, the increases
of mechanical loading rate are more pronounce than that of the mechanical loading. Mechanical loading rate may
have greater effect on the development of TSF than the loading magnitude. DOD#W81XWH-08-1-0587

©2011The American College of Sports Medicine
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During landing, the human body is required to absorb impact forces throughout its tissues. Muscle and connective
tissue dissipate much of this force. A portion of the impact is delivered to the bones. Repetitive forces acting on
the tibia during landing can cause microfractures which may lead to stress fracture. It is difficult to quantify bone
strain through invasive measure such as bone staple.

PURPOSE: To calculate changes in bone strain during landing using a noninvasive approach by integrating a
finite element tibia in a musculoskeletal model.

METHODS: A musculoskeletal model representing a healthy male subject (22 years, 78.6 kg, 1.85 m) was
created. A flexible tibia, created from a CT scan of the subject's right tibia, was included in the model. Motion
capture data were collected while the subject performed drop landings from three separate heights (26, 39, and 52
cm) and served as inputs to perform dynamic simulations. Surface electromyography and joint angle data were
compared to their simulation using a cross correlation. Maximum magnitudes of principal and maximum shear
strain were computed.

RESULTS: Strong cross-correlation coefficients (CCC > 0.87) were found between recorded and simulated
lower extremity joint angles. Recorded activity in the vastus lateralis, vastus medialis, and the tibialis anterior
agreed strongly with the model (CCC > 0.75). Weaker relationships existed in the gastrocnemius, hamstring, and
soleus, which may be due to co-contraction. Maximum principal strain increased with height in 26cm (595 &+ 136
pstrain), 39cm (879 + 134 pstrain), and 52cm (1077 + 108 pstrain). Minimum principal strain negatively
increased with height in 26¢cm (-593 £ 86 pstrain), 39cm (-645 £ 35 pstrain), and 52cm (-769 + 33 pstrain)
landings. Maximum shear strain followed the same increasing trend in 26cm (592 + 111 pstrain), 39cm (760 + 83
ustrain), and 52cm (899 = 98 ustrain) landings.

CONCLUSION: The simulated results showed reasonable agreement with the recorded lower extremity joint
angles and muscle activities. The calculated tibial strains were in reasonable agreement with the literature. This
study demonstrates a valid non-invasive method of simulating landing movement and computing tibial strain
produced during landing movements.

Supported by DoD #W81XWH-08-1-0587 and BSU 2009 ASPIRE.
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INFLUENCES OF LOAD CARRIAGE AND FATIGUE ON LOWER EXTEEMITY EINETICS
DURING WALKING
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‘Ball State Umniversity, “Boise State University
email: hwang? @bsn edu

INTRODUCTION

Mhbitary personnel are commonly affhicted by lower
extremity ovemse injunes such as knee pam and
stress fractures [1, 2]. Walkmg with beavy loads 15
an mevitable part of the mulitary teming and dunng
the twelve-weseks of basic traimmg, the combined
runming and walkmg distance could exceed 200
miles [1]. Therefore, mhitary personnel commonly
face phy=ical challenges comprized of load camage
and muscle fahizue.

Load camiage has been found to alter gait
kimemanes [3]. Specifically, there are increases of
peliic antencr tlt, hip flexion, and knee flexion
angles at heel smke [3, 4]. Ground reaction forces
and ground rezchon loading rates are also mmcreased
dunng loaded walking [3, 5]. Muscle fatigue has
also been found to alter ruoning kinemates with
mereases of hip and knee angles at heel stuke [6, 7]
Durng fahgued walking, vertcal ground reachon
force and loading rate are found to increase [B]
Further, fatigned muscles’ abihity to attenuate
mpact loading 15 decreased [9].

Thus, under the influences of load camage and
muscle fanigue, the lower extremmities are exposed to
mereased ground reachon impact forces with
mereased loadmg rate dunng walkmg The nsk of
lowrer extremity injury may be increased. However,
it 1= vet to be determined if the lower extrematy joint
kinetics are altered az z result of load camage and
muscle fatgue Analvzing lower extrematy jomnt
kinetics duning loaded and fatpuwed walkmg wnll
broaden ouwr knowlsdge on the potennal causes for
development of lower hmb impunes dunng mibtary
traiming.

The pwpose of the studv was fto mmwveshgate the
lower extremuty joint kineties dunng loaded and
fatigued walking As the verfical ground reachon
force and loadmp rate are increazed dunng weight

acceptance, it 1= expected that the lower extremity
joint kinetics will be altered to accommodate the
increased external impact loading.

METHODS

Eighteen healthy male =subjects (age: 21 = 2 vyr;
body mass: 79 = 11 kg; body beight: 181 = 4 cm)
participated 1 the studv. Subjects wore military
boots and participated 1in a fatiuung protocol which
involved a senes of metered step-ups and heel raises
while weanng a 16 kg mcksack. Subjects
performed the following tazks mn sequence: 5-mm
unloaded walking; 5-mm loaded walking with a 32
kg mck:zack; Fabhgung protocol; 5-mm loaded
walking with a 32 kg meksack under fatigue; 5-mm
unloaded walkmg under fatizue. All walking tasks
were performed at 167 m's on a force mstrumented
treadmal] (AMTT). A 15-camera system (VICON)
was used to track reflectve markers placed on the
buman body at 120 Hz. Ground reachon forces
were collected at 2400 Hz. Visual 3D (C-Motion)
was used to calculate lower extremuty joint kinefics.
The following variables were analvzed: peak knee
and hap extensor moments and peak knee and hip
joint powers durmg weight acceptance of walking.
Two-way repeated measwres ANOVA: were
performed. Load camage and fatgue were the
independent factors. o= (.03,

RESTULTS AND DISCTUSSION

Mo interactions were found between load camage
and fangus (F > 0.03). Load camiage led to
sigmificant mereazes of knes and hip extensor
moments, knee and hip joint powers (F = 0.001)
(Table 1}. Fatgue did not lead to changes mn knee
extensor moment and knee jomt power (P = 0.03)
but resulted 1n sigmificant increases of hip extensor
moment and hip joent power (P = 0.01) (Table 1).
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In this study, we found the knee extensor moment
mereases as a parbal mechamsm fo absorb the
mereased ground impact forces durmg loaded
walking. Therefore, dunng long-distance loaded
walkmg, 1t 15 poszible that the mereased knee power
absorption along with uiph magnitudes of mmpact
forces could expose the mubitary recruts to
mereases of overuse knee mmunes. We also found
the hup joint exhibited mereased extensor moment
and jomnt power magminde dunng weight
acceptance. As mereased pelvic amtenor tilt 1s
aszociated with load camage [4], the mereazed hup
extensor moment mzay be used to decelerate the
mereased pelvic anfemor tilt at heel smke.

Dhnng fanguned walking, the hip extensor moment
and power ncrease dunng weight acceptance. The
mereased op extensor moment may be used to
stabihze the pelviz and elevate the center of mass.
Alzo, the mereased lip extensor moment can help
stabihize the femur and prevent knee flexion dunng
welght acceptance. Interestinglv, Fatigue does not
lead to alteration of knee extensor moment and koee
power zbsorption durmg weight acceptance. Thus,
the increased vertical ground reaction force dunng
fahgued walking may be attenuated by lower leg
bone structures such as the fibaa.

In summary, during weight acceptance, load
cammage leads to alterations of knee and hip jount

kinetics; Fatigue leads to alterations of hup kinetics.
The altered lower extremmity jommt kimetics associated
with load camage and fatizue may be related to the
high meidence of lower extremuty overnze mjuriss
in the mlitary.
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Table 1: Means and 5Ds of Peak knee and hop extensor moments and peak knee and hip joint powers dunng

weight acceptance of walkmg.

Variables TUnloaded and Loaded and Loaded and TUnloadead and
Unfatigued Unfatgned Fanigued Fatguned
Enee extensor moment (MNm/kg)* 088 {0.20) 161 {037 1.63 (0.42) 0.90 (0.25)
Hip extensor moment (Mm'kg)¥ & 1.54 (0.41) 2.26 (040 238 (041 1.85 (0.48)
Enee joint power (Wikg)* -1.34(0.37) 265 (1.4 -2.76 (1.06) -1.39 (0.54)
Hip jomt power (Wikz)* # 1.03 (0.38) 1.62 (0.61) 1.97 (0.64) 1.47 {0.4%

Hote. * mdicates sigmificant difference between loaded and unloaded walking conditions (P = 0.00); # mdicates
sigmificant difference between fatipued and unfatigued walking conditions (F = 0.01}.
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Appendix H

Abstract presented at the 35" Annual Meeting of American Society of Biomechanics (ASB) in Long
Beach, CA, August 10- August 14, 2011

Title: A Time-efficient Method for Analyzing Bone Strain with Large Subject Pools
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ATIME-EFFICIENT METHOD FOR ANALYZING BONE $TRAIN WITH LARGE SUBJECT
POOLS

!Daniel Letb, ‘Eric Duzan and “Hemry Wang

"‘Boise State University, Boise. ID, USA
*Ball State University, Muncie, IN, USA
email: danletbiii bolsestate. edu web: hitp://'coen bolzestate edu/COBRES

INTEODUCTION

Bone stram 15 a useful measwement when
mvesfigating ovemse mmunes such as siress fachue
[1]. In-vivo data for bone strain 15 difficult to obtain
dus to the mvasivensss of surmeal procedures and
even when such studies can be conducted,
mterpretation of data from 1mplanted stram staples
and gauges 13 non-tvaal [2].

Dre to the difficulties m measuring in-vive strain
there has been some momentum m whlizng
numerical modelmz methods to mmveshgate stram.
Fimite element modeling (FEM) has been used i
past investigations in conjunciion with mechanieal
testing of cadaver specimens to nwvestigate certain
aspects of bone stress and strain. This methodology
15 quite tme conswmng computatonzally, however,
and can be difficult to use m conuncton with
subject-specific kmematic and kinetie data, thus
hputing its applicatton m investgatons requinng
large subject pools.

Fecent work has been done to overcome the
computational tme and de-coupling of FEM mputs
by Al Nazer and Klodowski nsing a flexible body in
conjunchon with a subject-specific muzculozkelatal
model [3]. The data and methods presented in these
papers still suffer from lmatons of small sample
size and wsing simulaton-generated ground reacton
forces, however, and do not present methods to
manage large sets of data.

It 15 the purpose of this paper to present a time-
efficient methodology of caleulatnz bone strain
ubhzing subject-specific tb1al geometry and
material properties demved from computed
tomography (CT) scans and musculoskeletal models
diven by expenmental kinematic and kinetic
mputs. Data and computational tomes from a smngle

subject and gait tial wall be presented as an
example of kow this methodology can be used with
implications for automation across large cohorts.

METHODS

A representatrve subject from a larger study oo
tibial stress fracture was used to desembe thas
process.  All  experimental procedures were
approved by the Unrversity's Institutional Review
Board and the subject signed an informed consent
form. The subject was a 21 vear old male.

CT scans were collected for the entire length of the
fibia usmmg a2 GE Light Speed VCT (General
Electnne, USA). Images were segmented m Mimics
12,1 (Materialize, Belgmm), a swface mesh
automazahcally  generated, and a Imm®  sohd
hexzhedral mesh generated from that swface mesh
using MDD MARC 2008 (MSC Softerare, Santa Ana
CA). An automated customy MATLAR routme was
used to assign material density and elastic modulus
to each indridual element of the mesh based on the
average Hounsfield wnit valme of the pixels
contamed within each element; this process was
automated across the full cohort for the larger study
as well. S hundred matenal properhes were nzed
in this assignment with 300 sach being considered
cortical bone [4] and 300 cancellous [3].

Mohon capture data were collected using a cluster-
based marker set at 120Hz while the subject walked
at 1.6Tm's on an m-lime AMTI force mstrumented
treadmill collecting analog data at 2400Hz.

A zealed lower-body model was bmlt usmg
LifalMOD 2008 2805 (Lifemodeler, San Clamente,
A based on the subject charactenshics [6]. Twenty
three muscles were then added to the nght leg [7].
The obia constructed 1 MARC was then exported
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and manually zlipned 1n the mmsculoskelstal modal
using dimitized landmarks. Relative locanons of
relevant attachment sites were then exported amd
applied to the FEM fibia i MARC using an
automated Python seript and a Craig-Bampton
modal analyzis performed with & degress of
freedom applied to each “joint™ node. This process
was automated uwsing the MD ADAMS command
lanpuaze and references to text files conftaiming
subject charactensties and tibia node numbers.

An mverse-kmematic (IK) fmal was performed
using expenmentzl trajectory data te set kinematic
goals for musele and joint controllers and then the
modal neutral file mmported to align with three
known pownts mm the musculozkeletzl mode]l The
rationale for using an MNF 15 descrnibed more fully
m [3]. A forward dynamec simulafion was then
performed using iwverse-kinematic resulis as targets
and experimental ground reachon forces applisd
Strains were then caleulated uwsing the Dhuorability
pluz-in for MD ADAMSView (MSC Software,
Sanfa Ana. CA). This IE through strain caleulation
process was awtomated umng the MD ADAMS
command language and awtomated across the larger
cobort using MATLAB and the Windows command
hne.

RESULTS AND DISCUSSION

Strain and sfram rate data generated by the model
fall well within expected wvalues for gait Am
example stride of stram datz 15 shown m Figure 1
and results summanzed i Table 1.
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Figure 1: A representative stance phase of stram
data.
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Table 1: Summary of stramn resuliz compared to
previous studies

The methods uthzed m this study are ime efficient
and lhghly automatable. User mteraction 15 required
through sofiware only to zegment CT 1mages
{though this 1= largely automated), select nodes for
which to compute strain data, and to onent the tibia
model within the musculoskeletal model These
tazks collectively take less than one hour per subject
for an expenenced operator. Smmulation tmes for
thiz method were easily manageable for large
groups, taking only 3.5 minwfes per 3 seconds of
gart. Caleulation of strains in Durability took only
0.5 seconds per node for a 5 second zamt tnal. With
well-planned sofferare automaton utilizing senpting
capabibties of MARC LifeMOD, and MATLAB,
large volumes of data can be handled reasonably for
strain studies requinng large sample sizes.
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Influence of Fatigue and Load Carriage on Mechanical
Loading During Walking

He Wang, PhD"; Jeff Frame, MS*; Elicia Ozimek, MS*; Daniel Leib, MSt; Eric L. Dugan, PhDt

ABSTRACT Load carriage and muscular fatigue are two major stressors experienced by military recruits during
basic training. The purpose of this study was to assess the influences of load carriage and muscular fatigue on ground
reaction forces and ground reaction loading rates during walking. Eighteen healthy males performed the following tasks
in order: unloaded and unfatigued walking, loaded and unfatigued walking, fatiguing exercise, loaded and fatigued
walking, and unloaded and fatigued walking. The fatiguing exercise consisted of a series of metered step-ups and heel
raises with a 16-kg rucksack, Loaded walking tasks were performed with a 32-kg rucksack. Two-way repeated measures
analysis of variances were used to determine the effects of fatigue and load carriage on ground reaction forces and
loading rates. Muscular fatigue has a significant influence on peak vertical ground reaction force and loading rate
{(p < 0.01). Load carriage has a significant influence on peak ground reaction forces and loading rates (p < 0.001). As
both muscular fatigue and load carriage lead to large increases of ground reaction forces and loading rates, the high
incidence of lower extremity overuse injuries in the military may be associated with muscular fatigue and load carriage.

INTRODUCTION
Military personnel are commonly afflicted by lower extrem-
ity overuse injurif:s.""i Major overuse injuries such as stress
fracture could result in significant medical cost and loss
of training days to the military organizations.” The high inci-
dence of lower extremity overuse injuries in the military is
associated with high volume and high intensity of physical
training.'™ Loaded long-distance running and walking are a
major part of the strenuous training protocol during basic
training. The combined mileage of walking and running
during a 12-week basic training could exceed 200 miles.'
Mechanical impact loadings from the ground such as the
ground reaction force and the loading rate are introduced
during heel strikes of walking/running. The high volume of
repetitive ground impact forces experienced by military per-
sonnel may contribute to increased risk of lower extremity
overuse injuries. In fact, it was reported that high magnitude
ground reaction forces and loading rates could lead to
increased risk of lower extremity overuse injuries.'”~
Commeon overuse injuries occurring during basic training
include knee pain, back pain, and stress fracture.” Stress frac-
tures are among the severe lower extremity musculoskeletal
injuries demanding extended periods of recovery.™ The
injury rate of stress fractures during basic training is approx-
imately 6% in the U.S. Army” and could be as high as 31% in
the Israeli Army.” Stress fracture is a result of excessively
repetitive loads acting on the bone, leading to fatigue-
induced bone microdamage.”" Tt has been proposed that
when loading accumulates at a faster rate than the bone's
remodeling process, microdamage accumulates and micro-

“Biomechanics Laboratory, School of Physical Education, Sport, and Exer
cise Science, Ball State University, 2000 W, University Avenue, Muncie,
M 47306,

fDepartment of Kinesiology, Boise State University, 1910 University
Drive, Boise, 1D 83725,
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scopic cracks are formed and propagated in the bone.” Bone
strength is weakened during this stage, and a stress fracture
may eventually occur.' Loading rate is an important mechan-
ical factor related to stress fracture development."*!!
Increased-ground reaction loading rate has been linked to
tibial stress fracture in female runners,'® High-magnitude
loads are also found to be associated with stress fracture,'
and runners with a history of stress fracture tend to exhibit
greater ground reaction forces.” Thus, ground reaction force
and ground reaction loading rate may be two important
mechanical factors related to tibial stress fracture.

Skeletal muscles play an important role in the attenuation
of loads applied to the skeletal system. During weight accep-
tance in activities such as running and drop landing, leg
muscles contract eccentrically to attenuate ground reaction
impact forces.'”” Muscular fatigue decreases muscle force
generation and can reduce muscle’s ability to attenuate
ground reaction impact forces.'*'¢ Although it is possible
that muscular fatigue may expose lower extremity to larger
mechanical loads during impact-related activities, few stud-
ies have been conducted to support this hypothesis. Informa-
tion in the literature is limited and often times contradictory.
For example, it was reported that muscular fatigue resulted
in an increased vertical ground reaction force and ground
reaction loading rate during landing'’ and running.'® How-
ever, it was also found that muscular fatigue could lead to a
decreased vertical ground reaction force and loading rate
during running.'® Therefore, it is necessary to continue to
investigate if and how muscular fatigue affects ground reac-
tion forces during activities involving repetitive ground
impact loading such as walking.

Walking with load carriage has been investigated in the
past*"** Load carriage results in alterations of gait kine-
matics such as reduced stride length, increased cadence, and
increased pelvic tilt and hip flexion.®™** Tt was also found
that walking with additional load accompanies with an
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increased vertical ground reaction force.”* The increase of

vertical ground reaction force was proportional to the amount
of load carried.®' ™ Although it is clear that heavy load
carriage results in increased ground reaction forces, the influ-
ence of load carriage on ground reaction loading rates has yet
to be determined.

Further, the combined effect of fatigue and load carriage
on ground reaction forces needs to be examined, 1t is not
known if there is an interaction between these two factors,
Determining the characteristics of ground reaction forces
when both effects of fatigue and load carriage are presented
will expand our understanding on mechanisms of lower
extremity overuse injuries.

During basic training, the strenuous training protocol
exposes military recruits to significant physical fatigue.®® In
addition, walking with heavy load is always an important part
of the training.”” Prolonged walking with load carriage could
lead to significant neuromuscular impairment.®® Thus, fatigue
and load carriage are two major stressors experienced by
military recruits. Given the high incidence of overuse injuries
during basic training and the injury mechanisms are far from
understanding, it 15 warranted to investigate the effects of
fatigue and load carriage on ground reaction forces. It is
possible that the fatigue and load carriage may have negative
effects on ground reaction forces during walking.

Therefore, the purpose of this study was 10 investigare the
influences of fatigue and load carriage on ground reaction
forces and ground reaction loading rates during walking.
We hypothesized that there would be an increased vertical
ground reaction force and increased ground reaction loading
rates during walking in a fatigued state. Also, there would be
increased ground reaction forces and ground reaction loading
rates during walking with load carriage.

METHODS

This study is a part of a larger, ongoing research project
investigating the effects of fatigue and load carriage on walk-
ing biomechanics. Eighteen healthy college male participants
were recruited to the study. The means and standard devia-
tions (SDs) of age, body mass, body height, and VO, max of
participants were 21(2) years, 77.6(9.6) kg, 181(4) cm, and
51.4(5.3) mL kg" min~", respectively. Participants were
recreationally active, classified as low risk for cardiovascular
diseases according to American College of Sports Medicine
guidelines,*® and free from known musculoskeletal injury.
All participants met the military enlistment standards in
terms of physical conditions.”® In addition, the age, body
mass, body height, and fitness level (VOa max) of our partic-
ipants were comparable to those military recruits entering the
U.S. Army basic rraining.’ Tnstitutional Research Board
approval was obtained before commencing the study,

A tandem force instrumented treadmill (AMTIT Advanced
Mechanical Technology, Waiertown, Massachusetts) with two
force platforms installed under the tandem belts was used
to control the walking speed at 1.67 my/s, while allowing the
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ground reaction forces to be detected. Reflective markers
were attached on both sides of the body in the following
locations to track the walking movement: acromion, sternum,
anterior superior iliac spine, posterior superior iliac spine, lat-
eral knee, lateral ankle, heel, base of the fifth metatarsal, and
base of the second toe. In addition, two cluster marker sets
were attached on the thigh and shank, respectively. Fifteen
VICON MX and F-20s series cameras (VICON, Denver,
Colorado) were used to track the reflective markers in the
space. VICON Nexus (V 1.4,116) was used to collect kine-
matic data at 120 Hz and ground reaction forces at 2,400 Hz.

Participants wore compression shorts, a compression shirt,
and military boots (Altama Mil Spec Desert 3 Layer boot)
during the experiment, Participants walked at a self-selected
pace on the force-instrumented treadmill for 5 minutes to
warm up. After the warm-up, participants” maximal vertical
Jjump heights were assessed by using a Vertec (Sports Imports,
Columbus, Ohio). Three attempts were made and the highest
of the three was used to determine the 80% of the jump
height. The general experimental protocol consisted of tasks
in the following order: (a) 5-minute normal walking in an
unloaded and unfatigued state (UU); (b} 5-minute walking in
4 loaded and unfatigued (LU) state with a 32-kg rucksack
(Modular Lightweight Load-Carrying Equipment; Specialty
Defense System, Dunmore, Pennsylvania); (¢) fatiguing pro-
tocol; (d) 5-minute walking in a loaded and farigued state
(LF) with a 32-kg rucksack; (e) 5-minute walking in an
unloaded and fatigued state (UF). The 32-kg load carriage
used in this study represented a typical approach/marching
load experienced by the military personnel.” The fatiguing
protocol was carried out after the completion of the loaded
walking task and immediately followed by the LF walking
task. No rest time was given between the tasks. The treadmill
speed was set at 1.67 my/s for all participants in all conditions.
Ten trials were collected during the 5-minute interval of each
walking condition.

The goal of the fatiguing protocol was to induce a signifi-
cant level of muscular fatigue in the lower extremities, defined
as a decline of muscle force output in response to voluntary
effort.” Therefore, participants completed circuits that included
loaded stepping and heel raises. The stepping protocol was
based on a modified Queens College Step Test procedure;”
specifically, the participant performed the 1est while wearing
a 16-kg rucksack (Modular Lightweight Load-Carrying
Equipment, Specialty Defense System), the step height was
set at 16 inches, and the participant stepped up and down at a
rate of 24 cycles per minute. One cycle was defined as step
up with first leg, step up with second leg, step down with first
leg, and step down with second leg. The first leg was alter-
nated to ensure even loads across both legs. The participant
performed this stepping sequence until he could no longer
match the cadence of the metronome. At this time, the partic-
ipant completed 20 heel raises standing at the edge of a box.

Following the heel raises, the participant removed the
rucksack and completed a maximal effort vertical jump using
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the Vertec to quantify the level of fatigue. This sequence was
repeated until the participant’s maximal vertical jump fell
below 80% of the maximal jump height. Researchers pro-
vided verbal encouragement throughout the protocol in an
effort to elicit maximal effort from the participant.

Experimental data were processed in Visual 3Dv4.0
{C-Motion, Germantown, Maryland}, The following depen-
dent variables were analyzed: peak vertical ground reac-
tion force, peak anteroposterior (braking) ground reaction
force, peak vertical ground reaction loading rates, and peak
anteroposierior (braking) ground reaction loading rates during
weight acceptance of the stance. Ground reaction forces were
filtered using a zero-lag Butterworth filter with a cutoff fre-
quency of 40 Hz. Ground reaction loading rates were calcu-
lated between 209 and 80% of the period between heel strike
and peak ground reaction forces (vertical and anteroposterior)
during weight acceptance of walking.® Peak ground reaction
loading rate was the peak loading rate occurring during the
period. In addition, the ground reaction forces and ground
reaction loading rates were normalized to body weight.

SPSS v16 (SPSS, Chicago, [llinois) was used to perform
statistical analysis. Two-way repeated measures analysis
of variance was used to determine the effects of fatigue and
load carriage. Bonferoni correction was used to perform the
pairwise comparisons for dependent variables. Significance
level was set at 0.03.

RESULTS
No interaction was found between the effects of load car-
riage and fatigue for peak vertical ground reaction force
{p = 0.589), peak braking ground reaction force (p = 0.239),
peak vertical ground reaction loading rate (p = (.240), and
peak braking ground reaction loading rate (p = 0.307). The
fatigue had a significant effect on peak vertical ground reac-
tion force {(p < 0.001).The load carriage had a significant
effect on both peak vertical and braking ground reaction
forces (p < 0.001). Furthermore, the fatigue had a significant
effect on peak vertical ground reaction loading rate (p = (.003)
and a near significant effect on peak braking ground reaction
loading rate {p = 0,08B4). The load carriage had a significant
effect on both the peak vertical and braking ground reaction
loading rates (p < .001).

The means and SDs of the mechanical loading variables at
weight acceptance during the four walking conditions are

TABLEl. Means and SDs of Peak Vertical and Braking Ground

presented in Table 1. The UF, LU, and LF conditions showed
large increase of peak vertical ground reaction force (6%, 51%,
and 57%, respectively) than the UU condition (p = 0002,
p < 0001, p < 0.001, respectively). Both the LU and LF
conditions showed large increase of peak braking ground
reaction force (52% and 48%, respectively) than the UU con-
dition (p < 0.001). Furthermore, the peak vertical ground
reaction loading rates of the UF, LU, and LF conditions were
209, (p = 0.045), 110% (p < 0.001), and 124% (p < 0.001),
which is greater than that of the UU condition, respectively.
The peak braking ground reaction loading rates of the UF, LU,
and LF conditions were 23% (p = 0.007), 86% (p < 0.001),
and 93% (p < 0.001), which is greater than that of the UU
condition, respectively.

DISCUSSION

The purpose of the study was to assess the effects of muscu-
lar fatigue and load carriage on ground reaction forces and
ground reaction loading rates during walking. In this study,
muscular fatigue was introduced through a fatiguing protocol
consisting of a series of stepping exercise and heel raise

exercise. A 32-kg rucksack was added to the body to repre-

sent the load carried. Participants performed the following
four walking tasks: UU walking, LU walking, LF walking,
and UF walking. The influences of the muscular fatigue and
load carriage on ground reaction forces and loading rates
were then assessed.

During the fatiguing exercise, participants reached a
fatigued state if they were not able to jump to 80% of their
maximal prefatigue jump heights. It is known that mus-
cular fatigue decreases muscle force genmeration and can
reduce muscle’s ability to attenuate ground reaction impact
forces.'*™"® Thus, we hypothesized that there would be an
increase of peak vertical ground reaction force during weight
acceplance of walking in a fatigued state. Our hypothesis was
supported, In this study, we found that leg muscle fatigue had
a significant effect on peak vertical ground reaction force.
The effect of muscle fatigue on walking movement was
not documented well in the past. However, studies investi-
gating running and drop-landing types of activities have
reported that muscle fatigue led to increase of ground impact
forces.'”'® Our findings are in agreement with these studies
and confirmed that walking in a fatigued state is accompa-
nied by increased vertical ground reaction force. Specifically,

Reaction Forces and Peak Vertical and Braking Ground Reaction

Loading Rates of the UU, UF, LU, and LF Conditions During Weight Acceptance of Walking

Uu UF Lu LF
Peak Vertical Ground Reaction Force (BW) 1.27 (0.06) 135001 192 (0. 18y 1.99 (019"
Peak Braking Ground Reaction Force (BW) 0.23(0.03) 0,24 (0L03) (.35 (0.06)" 0.3 (06"
Peak Vertical Ground Reaction Loading Rate {BW/s) 16.81 (3.40) 2175 (7907 3529 (1207 37.58 (11.92)°
Peak Braking Ground Reaction Loading Rate (BW/s) 798 (1.61) 978 (2.06)7 14.81 (5.89)7 15.44 {4.360)7

“Indicates significant difference from the UL condition {p < 0L05),
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there was a 6% increase of peak vertical ground reaction
force at weight acceptance during UF walking.

We further hypothesized that the leg muscle fatigue influ-
ences the peak ground reaction loading rates. This hypothesis
was supported. We found that leg muscle fatigue had a signif-
icant effect on the peak vertical ground reaction loading rate.
in addition, leg muscle fatigue showed a tendency to affect
the peak braking ground reaction loading rate (p = 0.084). In
particular, compared to UU walking, during the UF walking,
there were 29% and 23% increase in peak vertical and brak-
ing ground reaction loading rates, respectively. QOur results
are in agreement with previous studies,'”"® which reported
that fatigue led to increase of vertical ground reaction loading
rate during running and drop-landing activities.

Although there have not been many studies investigating
the fatigue effect on ground reaction forces and loading rates
during impact-related activities, the majority of the studies
reported increase of ground impact forces and loading rates
during activities such as running and drop landing ®'®

However, contradictory results have also been repnned_“'m.

In the study conducted by Gerlach et al,'"” decreased ground
impact force and loading rates were shown. The changes in
ground impact forces were thought to be the results of altered
running cadence, step length, and lower extremity joint kine-
matics.'? Tt is worth noting that runners recruited in Gerlach’s
study were experienced runners.'® It is possible that experi-
enced runners know how to adjust their running kinematics to
reduce the chance of increasing ground impact forces associ-
ated with muscle fatigue. In our study, we recruited a group
of college students who had no experience of military basic
training as well as no experience of walking under the influ-
ence of fatigue. Thus, findings from our study imply that when
participating in unfamiliar training programs consisting of
fatigued walking, minimally conditioned trainees may experi-
ence increased vertical ground reaction force and loading rate.

In this study, we also assessed the effect of load carriage
on ground reaction forces. We hypothesized that walking
with a 32-kg rucksack would result in the increase of ground
reaction forces. Our hypothesis was supported. We found
that load carriage had a significant effect on ground reaction
forces. Specifically, there were 50% increase of the peak ver-
tical and braking ground reaction forces at weight acceptance
during the LU walking when compared to the UL walking.
Results from this study are also consistent with the findings
from previous studies.™**

Although the characteristics of ground reaction loading
rates during loaded walking have not been analyzed in the
past, we did expect that the load carriage would lead to
increased ground reaction loading rates at weight acceptance
of walking. Not surprisingly, we found that load carriage led
to significant increase of peak ground reaction loading rates
during walking. In particular, when compared to UU walk-
ing, the LU walking exhibited a 110% increase of peak verti-
cal ground reaction loading rate and an 86% increase of peak
braking ground reaction loading rate,

MILITARY MEDICINE, Vol. 177, February 2012

In this study, there was no interaction between the fatigue
and load carriage effects for the ground reaction forces and
loading rates. Similar to the effects of fatigue and load car-
riage, the combined effect of fatigue and load carriage led to
significant increase of ground reaction forces and loading
rates, Compared to UU walking, there were 57% and 48%
increase of vertical ground reaction force and braking ground
reaction force associated with the LF walking, respectively,
The increase of ground reaction loading rates were even mare
pronounced with the loading rate more than doubled (124%)
in the vertical direction and almost doubled (93%) in the
anteroposterior direction. Therefore, lower extremities were
exposed to great mechanical loads at fast rates during the
LF walking.

High vertical ground reaction force and loading rate are
biomechanical risk factors for lower exiremiry overuse inju-
ries."*” Thus, training under the influences of fatigue and
load carriage could increase the risk of developing overuse
injuries. Among the common overuse injuries experienced
by military recruits, siress fracture has been identified as
severe and leads to significant loss of training days."” Tibial
stress fracture contributes 1o a majority of the stress fracture
reported in the past®*** As increased mechanical load and
loading rate lead to Increase of bone strain and strain
rate, ' heavy load carriage and muscle fatigue resulting in
increased ground reaction forces and loading rates may be
associated with the high incidence of tibial stress fracture
in the military. Interestingly, the percentage increase of the
ground reaction loading rates were more pronounced than
the increase of the ground reaction forces during the loaded
and/or fatigued walking. With increased loading rates, there
may be a reduction of the ground impact energy absorbed
by leg muscles through their eccentric contractions, The lower
extremity skeleton may have to absorb an increased portion
of the ground impact energy. Thus, the risk of developing
stress fracture may be increased. In fact, high vertical ground
reaction loading rate was linked to tibial stress fractures in
runners.® Future research should address the possibility that it
may be the increase in the mechanical loading rate rather
than the load magnitude that contributes to an increased risk
of tibial stress fractures.

A limitation of the study must be addressed here as the
participants had no experience of walking with load carriage;
the results from this study are only applicable to less-conditioned
military recruits entering the Army basic training. It is possi-
ble that experienced load carriers may demonstrate different
ground reaction force patterns that may not increase the like-
lihood of lower extremity injury during training. Future stud-
ies could focus on examining experienced load carrier’s
walking biomechanics and develop optimal training programs
based on individuals experience and conditions,

In conclusion, under the influences of load carriage
and muscle fatigue, participants demonstrated increased
ground reaction forces and ground reaction loading rates
during walking.
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(No relationships reported)
Military recruits are commonly afflicted by lower-extremity overuse injuries such as tibial stress fracture (TSF). In particular, recruits with low levels of fitness are at a higher risk. Thus, it is
advisable 1o precondition recruils before basic training. Runming and basketball are commen exereises to improve physical condition. However, patterns of ground impact loading are different
between running and playing basketball. Multi-directional loading in basketball may kead o bone adaptation and reduce the risk of TSF. As loaded walking, a major task in basic training
exposes recruils to high ground impact forces leading to increased risk of injury, it is important to examine if and how physical activity history (PAH) of running or basketball influences
oround impact forces during loaded walking.
PURPOSE: To determine differences in vertical ground reaction force (VGREF) and loading rate (VLR) during loaded walking between runners and baskethall players.
METHODS: Forty recreational runners (n=20, 2122 yr.) and basketball players (n=20, 21£2 yr.) participated in this study. Participants completed four walking tasks in the following order:
walking with Okg (W00, 15kg (W15), 23kg (W25), and 35kg (W35) loads. Each task was performed for 5 min on a foree instrumented treadmill (AMTI) at 1.67 mvs. Peak VGRF and VLR at
weight aceeptance were normalized to body weight (BW). Two-way repeated measures ANOVAs were performed. o= 0.05.
RESULTS: No statistical differences in VGRF and VLR were found between the two groups (P»0.03). Increasing load carried had a significant effect on VGRF and VLR (P<0.001). As load

camried increased, linear increases of VGRE (1.29+0.06, 1.5740.11, 1.7740.22, and 1.9940.19 BW for W00, W15, W25, and W33, respectively) and VLR (17.9243.72, 22.3145.02, 27.0148.33,
and 31,3647, 18 BW/s for WOO, W15, W23, and W35, respectively) wem observed (P<0.001).

CONCLUSION: The significant increases of mechanical loading and loading rate are proportional to the inerement of load camried. Despite differences in activity loading patierns between
runners and baskethall players, there were no differences in mechanical loading. Future studies should examing aspects of how PAH influences mechanical responses of tibia during loaded
walking to improve the understanding of TSE. US ARMY#WBIXWH-08-1-0387
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THE EFFECTS OF LOAD CARRIAGE AND FATIGUE ON FRONTAL-PLANE KNEE
MECHANICS DURING WALKING

"He Wang, !Jeff Frame, 'Elicia Ozimek, *Daniel Leib, and *Eric Dugan,
'Ball State University, “Boise State University
email: hwang2@bsu.edu

INTRODUCTION

Military personnel are commonly afflicted by lower
extremity overuse injuries [1, 2]. Overuse knee
conditions are among the most common injuries
during basic training [3]. Walking with heavy loads
is an inevitable part of the military training, and
during the twelve-weeks of basic training, the
loaded running and walking distance could exceed
200 miles [1]. Therefore, military personnel have to
face physical challenges comprised of load carriage
and muscle fatigue.

During walking, the knee joint experiences an
external adduction moment [4]. Large varus knee
loading leads to cartilage degeneration and medial
knee osteoarthritis (OA) [5,6,7]. Thus, the long-
term effect of repetitive high varus knee loading
could lead to medial knee OA; in the short term,
walking with large varus knee loading could result
in knee pain.

Load carriage increases vertical ground reaction
force (GRF) during walking [8,9]. Walking in a
fatigue state also results in increased vertical GRF
[10]. It is possible that under the influences of load
carriage and muscle fatigue, the knee joint may
experience increased internal mechanical loading.
However, it is unclear whether load carriage and
fatigue result in an increase of varus knee loading
during walking.

Analyzing frontal-plane knee mechanics during
loaded and fatigued walking will broaden our
knowledge on the potential causes of developing
lower-extremity overuse injuries such as overuse
knee conditions during military training.

The purpose of the study was to investigate the
frontal-plane knee mechanics during loaded and
fatigued walking. As the vertical GRF is increased
during both the loaded and fatigued walking
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[8,9,10], it was hypothesized that there would be
increased internal knee abductor moments during
loaded and fatigued walking.

METHODS

Eighteen healthy male subjects (age: 21 £ 2 yr.;
body mass: 77.6 + 9.6 kg; body height: 181 £4 cm)
participated in the study. Subjects wore military
boots and participated in a fatiguing protocol which
involved a series of metered step-ups and heel raises
while wearing a 16 kg rucksack. Subjects
performed the following tasks in sequence: 5-min
unloaded walking; 5-min loaded walking with a 32
kg rucksack; Fatiguing protocol; 5-min loaded
walking with a 32 kg rucksack under fatigue; 5-min
unloaded walking under fatigue. All walking tasks
were performed at 1.67 m/s on a force instrumented
treadmill (AMTI). A 15-camera system (VICON)
was used to track reflective markers placed on the
human body at 120 Hz. Ground reaction forces
were collected at 2400 Hz. Visual 3D (C-Motion)
was used to calculate lower extremity joint
mechanics. The following variables were analyzed:
peak hip and knee adduction angles, peak hip and
knee abductor moments during weight acceptance
of walking. Two-way repeated measures ANOVAs
were performed. Load carriage and fatigue were the
independent factors. a = 0.05.

RESULTS AND DISCUSSION

No interactions were found between load carriage
and fatigue for all the dependent variables (P >
0.05). Load carriage led to significant increases of
hip adduction (P < 0.05), hip and knee abductor
moments (P <0.001) (Table 1). Fatigue did not lead
to changes in hip and knee adduction angles and
abductor moments (P > 0.05) (Table 1).

Frontal-plane knee mechanics is altered during
loaded walking. There is a large internal abductor



moment introduced at weight acceptance. The
increased internal abductor moment may be related
to the increased GRF passing through medial side of
the knee. As the internal abductor moment
increases, medial compartment of the knee is under
large compression. Increased stress in medial knee
results in cartilage degeneration and onset of medial
knee OA [5,6,7]. During a 12-week military
training, the accumulated loaded walking/running
distance exceeds 200 miles [1], the repetitive large
medial knee loading may inflict cartilage damage in
medial knee and result in knee pain.

In this study, we also found that the load carriage
results in alterations of frontal-plane hip mechanics.
There is an increase of hip adduction during weight
acceptance of loaded walking. Increasing hip
adduction stretches gluteus medius and enhances
the muscle’s ability to stabilize the pelvis. Indeed,
large hip abductor moment is associated with
loaded walking. However, increasing hip adduction
also stretches tensor fasciae latae on the lateral side
of the hip. As load carriage results in increased knee
flexion at weight acceptance of walking [8], the
friction between the lateral femoral condyle and the
illio-tibial band (ITB) could be elevated. Thus,
during loaded distance walking, it is possible that
increased hip adduction combined with cyclic knee
flexion may lead to ITB syndrome.

Interestingly, the effect of fatigue on frontal-plane
knee mechanics is insignificant. Although it was
reported that there is an increased GRF associated
with fatigued walking [10], the increased GRF may

be positioned close to the center of the knee. Thus,
there is no alteration of the external adduction
moment.

In summary, at weight acceptance, load carriage
leads to alterations of frontal-plane hip and knee
mechanics. The increases of hip adduction and knee
abductor moment could be the causes of overuse
knee conditions, which are common during military
training.
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Table 1: Means and SDs of Peak hip and knee adduction angles and abductor moments during weight

acceptance of walking.

Variables Unloaded and Loaded and Loaded and Unloaded and
Unfatigued Unfatigued Fatigued Fatigued
Hip adduction angle (deg)* 9.3(3.2) 10.3 (3.6) 10.2 (3.1) 9.5(3.2)
Knee adduction angle (deg) -1.4(2.9) -1.1 (2.9) -1.4 (2.6) -1.9 (2.9)
Hip abductor moment (Nm/kg)* 1.60 (0.18) 2.18 (0.38) 2.22 (0.35) 1.66 (0.24)
Knee abductor moment (Nm/kg)* 0.84 (0.18) 1.15(0.32) 1.10 (0.36) 0.83 (0.22)

Note. * indicates significant difference between loaded and unloaded walking conditions (P < 0.05).
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Military recrts are commonly afflicted by overuse mnjunes such as tibial stress
fracture (TSF). Low fitness levels 15 a nsk factor for TSE, thms, 1t 15 advisable to
precondifion recnuts before basic trainmg (BT}, Eunmng and basketball are common
forms of exercize for phy=ical condibhomng. The mmlt-directional loadings
basketball, v=. the umdwrechonal loadings in mmming may promote a different overall
development of bone density and consequently different levels of the tithia’s ability to
resist unaccustomed loadings durng BT. To date, the effect of physical actvity hustory
(PAH) of mmming or basketball on mpact loadings 1= unclear. It 1= vet to be determined
whether habrfual mmners adapt to runming and exhabat lowered mmpact loadings, which
may lmit bone density gains overtime.

PURPOSE: To determine differences in the verbical ground reaction force (WGEF)
and loading rzte (VLE)} during nnming betwesn nmners and basketball players.
METHODS: Forty recreational mmners (n=20, 21=2 vr.} and basketball players
(o=20, 21+2 vr.) participated in thi= study. Participants ran for 5 munutes on a force
mstrumented treadmll at 3.4 m's. The VGEFs and VLE at stance were normalized to
body weight (BW). One-way ANOVAs were performed. a=0.03.

RESTULTS: Sigmificant differences in VGEF and VLE were found betoween groups
(P=-0.05). The runners exhibited a lower impact VGEF (1.65=0.05 BW vs. 1.81£0.05
BW), active VGEF (2.43£0.20 BW vs. 2.57+0.16 BW), and VLR (81.62=22 11 BW/s
vz, 23.91=16.12 BW/s) than those of the ball players.

CONCLUSION: Halwtual rmunners can adapt to the munming environment with
decrezsed mmpact forces, whach could lower nsks of overnse mumes. This mmproved
efficiency however, may result in reduced bone den=ity levels in some areas. Thus,
when 2 novel loading environment (e_g. loaded walkmg) 15 infroduced, mmners™ tibia
bones may need to accelerate the remodeling process to account for the altered loading.
This may result in an increase of stress related bone problems (e z. TSF) dunng BT.
Accustomed to the mult-directional loading environment, ball players may be more
resibent to uneustomary loadings dunng BT and have fewer TSFE than runners. Future
studies should examine the mfluence of PAH on tibia bone strength and density. TS
ARMYEWEIXWH-08-1-0587
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Miliry personne] are commaonly affliced by lower-ex remity ovense injuries. Load carfiage
mnd muscular fatigwe are major stressors during miliary hasic tmining. Porpose: To examine
effects of load carmiage and muscular fatigue on lower-extremity joint mechanics during
walking. Methoed: Eighteen men performed the following tasks: unloadad walking, walking
witha 32-kg load, fatigued walking with a32-kg load, and fatigued walking. After the second
walking task, muscle Fatipue was elicied through a fatguing protocol consisting of meterad
step-ups and heel mises witha 16-ke load. Each walking task was performed at 1 67 mes | far
5 min. Walking movement was wacked by a VIOON modon captune system at 120Hz Ground
reaction forces were collecied by a mndem force instrumented readmill { AMTI) at 2,400 Hz.
Lower-extremity joint mechanics were caloulated in Visual 3D, Results: There was no
interaction between load camiage and fatigue on lower-exmemity joint mechanics ((p = {15).
Both load carriage and fatipwe led o pronounced alterations of lower-extremity joint
mechanics { p << 05). Load carriage resulted in increases of pelvis anterior tilt, hip and knee
flexion at heel contact, and increases of hip, knee, and ankle joint moments and powers during
weight acceptance. Muscle fatipue lad to decreases of mkle domsiflexion at has] contact,
dorsflexor moment, and joint power at weight scceptance. In addidon, muscle fatigwe
increased demand for hip exensor moment and power at weight acceptance. Comnelusion:
Statistically significant changes in lower-extremity joint mechanics during loaded and
fatigwad walking may expose military personnel to inereased sk for ovenise injuries.

Keywords: gait, joint loading, kinstics

Military persomnel are commaonly afflicted by lower-extremity
overuse injuries (Tones el al., 1993; Jones, Harmis, Vinh, &
Foubin, 1989 Knapilk, Reynolds, & Harman, 20041, The high
incidence of lower-exiremily ovemse injunies inthe military is
associaled with high volume andintensity of physical training,
during which the combined mileage of loaded walking and
runming often exceeds 200 miles (330 km: Jones et al., 1989,
As large-magnitude ground reaction fomes and loading raes
have been related 1o lower-exiremity injutes (Grimston,
Engsberg, & Hanley, 1991; Jones etal., 1989; Milner, Ferber,

Subvmamed Jaly 17, 200 2; accepled Decenber 10, 2012,

Comespindence should be addresasd o He Wang, School of Physical
Education, Sport, and Exercise Science, Ball Sste Universaty, 2000 W.
Umversily Avenie, Munce, [N &7306. Bl wang? iFheo eda

Pollard, Hamill, & Davis, 2006), large volumes of repetiti ve
high ground-impact forces encountered during basic tmining
could further increase the risk for lower-exiemity ovemse
injuries in the military,

Common overuse injuries documented during  basic
tmining include knee pain, back pain, and stress fracture
(Enapik et al., 20041 Severe injuries such as stress fractures
demand extended periods of recovery and high medical costs
(Brukner, Bemmell, & Matheson, 19997 Although on the
surface it seems that abnormal external loadings such as
repetitive high-impact forces may contnbote 1o lower-
exlremily overuse injures, injury mechanisms are stll far
from be ng understood. In particular, the influences of radning-
related stessors such as load cordage and fatigue on lower-
extremity joint mechanical loadngs need (o be examined
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During military basic training, the strenvous training
protocol exposes military recruits o significant muscolar
Fatigue ( Blacker, Fallowfield, Bileon, & Willems, 20000 In
addi ion, walking with a heavy load is always an important
part of the training (Wilkinson, Rayson, & Bilson, 2008).
Frolomged walking with load corriape could lead 1o
significant neuromuscular impairment (Blacker et al,
20000, Thus, muscular fatigue and load corriage are twio
major stressors experienced by military recroits, Although
large external ground-impact forces associated with load
carringe and muscle fotigone are linked 1o an increased risk
Fow owveruse injuries (Wang, Frame, Owzimek, Leib, & Dugan,
2002}, alterations of lower-extremity joint mechanics could
result in developing overuse injuries. Therefore, it is
necessary o examine effects of fat gue and load carrisge on
lower-extremity joinl mechanics during walking,

The effect of load corisge on gat mechonics has heen
investignied. B owas reported that load camiage resulls in
alteratioms of il kinematics (Birrell & Haslom, 2008:
Einoshite, 1985). Carrying additional loads leads o reduced
stride: length, increased cadence, and increased pelvic tilt and
hip flexion (Bimell & Haslam, 2009 Kinoshila, 1985), The
effect of load cordage on gait Kinetics was also analyeed with
groumd  reaction fomes as the focus (Bimell, Hooper, &
Haslam, 2007, Hamman, Han, Frykman, & Pandoef, 2000
Kineshite, 1985: Poloynetal, 2002; Tilbury-Davi s & Hooper,
1999 Wang et al,, 2002). Tt was reported that load cardage
results in incmased vertical ground reaction forces (Birrell
et al, 2007; Haman et al., 2000, Poleyn et al, 2002; Wang
etal, 2002), The increase in vedical ground reaction forces is
proportiona 1o the amount of load carried (Poleynetal., 2002;
Tilbury-Davis & Hooper, 19990 In addition, load cardage
leads 1o large increases of ground reaction loading rates; and
the percent increase of loading rates is more pronounced than
the percent increase of ground reaction forces (Wang et al.,
2002 However, information related o the effect of load
carnage on lower-extremity joint kinetics is limited. 1t is vet to
be determined whether lower extremilies incrense power
absorption 1o attenuate the increased gromd-impact forees
during loaded walking.

Skeletal muscles play an impodant mle in attenuation of
extemal loading, During loading response of rumming and drop
landing, leg muscles controct eccentrically o altenuate
groumd-impact forces (Simpson, Clapponi, & Wang, 1999),
Muscular fatigue decreases muscle force genemtion and the
muscle”s ahility toattenuate ground-impact forces { Verhitsky,
MWizrahi, Voloshin, Treiger, & Isokov, 1998 Voloshin,
Mizrahi, Verbitsky, & Isakov, 1998). Allerations of lower-
extmemily joinl Kinematics were observed during impact-
related activities performed in a fatigued state, B owas reported
that there are changes in ruming knematics associsted with
muscle ftigne (Chisting, White, & Gilchnst, 2000 Dernck,
Deren, & Melean, 2002, Mizrahi, Verbisky, Isakov, & Daily,
2000, Specifically, the knee joint becomes sl with less
flexion during weight acceptance (Mizrahi et al., 20000 the
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ankle joint shows less dorsiflesion at heel contact (Christina
el al., 2001 ). Moreover, changes in ground reaction foraes and
lomding mteswens alsochserved during activities performed in
a fatigued state (Christina et al,, 2000; James, Dufek, & Bates,
199 Wang et al, 20020, In particular, muoscular fatiguoe
results in increnses of vertical pround reaction forces and
ground reaction loading rates during landing (James et al.,
199}, runming (Chrsting et al., 2000}, and walking (Wang
el al, 20021 To date, there is very limited information with
regund (o the effect of futigue on lower-extiremity joint kinetics
during walking. It is vl o0 be determined whather there ane
altertioms of lowerextramity joint loading during weight
acceplance of Tal gued walking,

Further, the combined effect of load corriage and
muscular ftigee on lower-extremity joint mechanics needs
1o be examined. It is not clear if there is an inleraction
between these two factors, Determining the combined effect
of fatigue and load corviage on lower-extmmily  joint
mechanics will broaden our understanding of the mechan-
isms of lower-extmmily overmse injuries,

The first purpose of this study was o examine the
influegnce of load carriage on lower-extremity  joint
mechanics during walking. We hypothesized that there
would be allemtions of lowerextremity joint mechanics
during loaded walking., Specifically, we expected there
wiould be changes in joint angle, moment, and power in the
sagittal plane during loading response. The second purpose
of this study was o determine the effect of muscular fab gue
on lowerextremity joinl mechanics during walking, We
hypothesized that there would be allerations in joint
mechunics during  fatigued walking, In particular, we
expected Lo see changes in joint angle, moment, and

povwer in the sagital plane duting loading response,

METHOD

Eighteen healthy college male participants were recruited Lo
the study. The means and standand deviations (805) of age,
bady mass, body height, and maximal oxygen consumption
{(VO:mux) of participants were 21 years (8D = 2), 776 kg
(SD=94), 18lcm ($D=4), and 514 ml-]-c,l_’__:'-min_-!r
(50 = 5.3), respectively. Participants were recreationally
active, classified as low nisk for candiovascular diseases
acearding to the American College of Sports Medicine
(ACSM) puidelines (ACSM's guidelines, 2008), and free
from known muosculoskeletal injury. In addition, the age,
body mass, body height, and fitness level {VOumax) of the
participants were comparable to militay recruaits entering
the basic troining progmm (Sharp et al,, 2002, Instituti onal
review board approval was oblained prior to commencing
the study. Participants signed  an informed  consent
document before testing,

A tandem  force instromented  treadmill (AMTI,
Advanced Mechanical Technology, Inc, Walenown, hMA)



with two fomwe platfomms installed under the tmdem belts
was used 1o control the walking speed at 1.67 ms™ " while
allowing ground reaction forces 10 be collected. Reflective
markers were allached on both sides of the body in the
following  locations to track the walking movement:
acromion, sternum, anterior superior iline spine, posterior
superion iline spine, lateral knee, lateral ankle, heel, base of
the ffth metatarsal, and base of the second 1woe, In addition,
twio cluster marker sets were altached on the thigh and
shank, respectively, Fifteen VICON MX and F-20s series
cameras were wsed 1o track the reflective markers in the
space, VICON MEXUS (V L4.116; VICON, Denver, CO)
wits used 1o collect Knematic data at [20Hz and ground
reaction forces at 2400 Hz.

Participants wore compression shors, a compression shirt,
and military boots (Allama Mil-Spec Desent 3 Layer boot)
during the experiment. Participants walked at a sell-selected
pace on the Torce instrumented treadmill for Smin 10 warm
up. After the warm-up, paticipants” madimal vertical jurmp
heights were nssessed by using o Vertec ( Sports Imports, LLC,
Calumbus, OH). Three attempts were made and the highest of
the three was used 1o detenmine B0% of the jump height. The
general experimental protocol consisted of 1asks in the
Following order: () S4min normal walking inanounl saded and
unfatigued state; (b S-min walking in o loaded and unfatigved
state with o 32-kg mcksack (MOLLE, Specialty Defense
Svatem, Dunmore, PA) (¢} ftiguing protocol; (d) S-amin
walking in a loaded and fatigued state with a 32-kg rocksack;
and (&) S-min walking in an unloaded and ftigued siate, The
32-kg load corriage vsed in this study represented a typical
approachfmarching load experienced by military persomnel
(Harmman et al., 19999, The fatiguing protocol was curied oot
after the completion of the loaded walking task and was
immediately followed by the loaded and fatigued walking
Lisk, Mo st time wis given between the tasks, Ten tials were
collected during enchwalking task. A trial was defined asa 7-5
daia collection.

The goal of the fatiguing pmotocol was o induce a
significant level of muscular fatigue in the lower
extremities, defined as a decline of muscle force outpul in
response 10 voluntary effort (Bigland-Ritchie & Woods,
1984). Therefore, participants completed circuits that
included loaded stepping and heel raises. The stepping
protocol was based on o modi fied Queens College Step Test
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procedure (McArdle, Katch, & Katch, 2007). Specifically,
the participant performed the test while wearing a 16-kg
rucksack (MOLLE, Specialty Defense System, Dunmaore,
P, the step height was set at 16 inches (40064 cm), and the
participant stepped up and down at o mie of 24 cycles per
minue, O cycle was de fined as step-up with frst leg, step-
up with second leg, step-down with first leg, and step-down
with second leg. The first leg was allemated 10 ensure even
loads acmss both legs, The participant performed  this
stepping sequence until he could no longer match the
cudence of the metmmome. AL this time, the participant
completed 20 heel raises standing at the edge of a box,

Following the heel raises, the participan removed the
rucksack and completed a maximal-effort vertical jump
using the Vertes (Sports Imponts, LLC, Colombus, OH) 1o
quantify the level of fatigue, This sequence was repented
until the partici pant”s makimal vertical jump Fell below 80%
of his maximal jump height. Besearchers provided verbal
encourpgement Uroughout the protocal to elicit maximal
effort from the participant.

Experimentaldata were processed in Visual 3D Version 4.0
(C-Motion, Germantown, MDY, Ground reaction forces were
filtered wsing o zero-lag Butlerworth flter with a cutofl
frequency of 40 He, Kinematic variables analyzed wer pelvis
anteriorilt, hip fexion, knee exion, ankledomsiflesd on atheel
strike, and maximuom knee flexion al weight acceplance,
Einetic variables included hip and knes extensor moments,
ankle dorsiflexor moment, hip<joint power production, and
knes and ankle-joint power absorption al weight acceplance,
Jaint moments and powers were normalized 1o body mass,

The Statistical Package for the Social Sciences Version
16 (5P55, Inc., Chicago, IL) was used to perform statistical
analysis, A twoeway repeated-measures analysis of variance
(ANOVA) was conducted 1o determine the effects of fatigue
and load camisge. The sphericity assumption of the
repested-mensures ANOWA 15 met as there are only two
levels associated with the independent factors, Besults were
presented as means (500, A-priod o was sel at == 05,

RESULTS

Means and SDs of lower-exiremily kinematics and kinetics
during stance of walking are presented in Table 1 and

TABLE 1
b\eans and Standard Deviatons (508) of e Lower- Extremity Joint Angles of the Unioaded and Unfatigued (LU, Unioadsd and Fatigued (UF],
Loaded and Unfatigued (LU}, and Loaded and Fatgued (LF) Conditions During Weight Acceptance of Walking

L Ly Lif LF
Pelvis anterior (il & heel contact {degnees ) BR{59) 110 {86) 2001 (5.0 29(8.8)
Hip Mo xion &t hew] contact (degrees ) 32.1{4.3) ZB2(10.4) 4541(52) A 109
Knew Mexion st heel contact (degnees ) 25 (A1) 1.1 (45} 39{332) &7 (4.9)
Ml imam knee llexion & stance (degrees ) 1900 {2.8) X7 (44) 2461(45) 250{5.3)
Arnkle dorsillexion & heel contact {degrees) T7(19) S5A(449) T3(2T) 56{36)

/!



308 H WANGET AL
Table 2, respectively, Table 3 shows the F valuves, p values,
and partial et sguared valves of the lower-extremity joint
angles during weight acceptance of walking. Table 4 shows
the F values, p values, and partial eta squared values of the
lower-extremitly joint moments and powers during weight
acceplance of walking,

There was no intemction between load carriage and
muscle fatigne for all the dependent wvardables tested
(Tuble 3 and Table 4). Load cwrriage hod an effect on
lower-extremity joint kinematics and Kinetics, Einemati-
cally, them were increases of pelvis anterior Gl hip
flexion, and knee Aexion ot heel contact and peak knee
stance {Table 1), Kinetically,
increases of hip and knee extensor moments, increases
of hip-joint power production, and increases of knee and
mkle joint power absorption (Table 2. Muoscle fatigoe
also had an effect on lower-extremily joinl mechanics,
Kinematically, there was a decrease of ankle domiflexion
at heel contact {Table 1), Kinetically, there were increases
of hip extensor moment and joint power production and
decreases of ankle dorsilexor moment and joint power

absorption (Table 2),

flexion  al there  were

DISCUSSION

The purpose of the study was (o assess effects of muscular
fatigue and load carriage on lower-exdtremily  joint
meshanics during walking, In this study, muscalar fati goe
wis introdoced through a ftiguing protocal consisting of a
series of stepping exercises and heel-raise exercises. During
the fatiguing exercise, participants reached a Tatigued state
if they were not ahle to jump 1o B0% of their maximal
prefatigue jurmp heights. & 32-keg rocksack was added (o the
hody to mepresent the load corried. Participants performed
the following four walking tasks: unloaded and unfatigued
walking, loaded and unfotigued walking, loaded and
fati pued walking, and unloaded and fatigued walking. The
influences of muscular fatigue and load cardage on lower
exiremity joint mechanics wemn then pssessed.

In this study, we hypothesized that carrying an additional
load would alter lower-exiremity joint mechanics. As we
expected, panticipants demonstrated increased pelwis il
knee and hip flesdon ot heel sirike, and more knee flexion
during weight acceplance, These findings ane in agreement
with previows research (Harman et al., 2000; Kinoshita,

TABLE 2
Meana and Standard Dewations (508) of fve Sagial-Plane Lower-Exfremity Joint Moments and Powers of fue Unloaded and Uniatigued (UL,
Unioaded and Fatgued (UF), Loaded and Untatgued (LU}, and Loaded and Fatigued (LF) Conditions Duning Weight Acceptance of Walking

L L Lif Lr
Hip extemior moment (Mm'kgh 154 (41} LES {(L&5) 220 (042) 238 ((h42)
Knee exiensor moment (Mmfkg ) LHE (020K (RSP ({25 ) 1681 (037) La3 (042)
Ankle dorsillexion moment (Mmdg) (e (0.12) LUE T ()] A5 (L1 (43 {L11)
Hip-joint poweer prodaction (W Ake) L3 (036 L7 (L&) 1.69 (061 ) 197 ((h4)
Knge-joint power absorpaon (Wkg) 134 (03T L339 (L54) 285 {1.40) 276 (1108
Ankle-joint power ahsompaon (Wikg) Lk (0027 (h52 {(L32) 1.12 {030 LA (035)

TABLE 3
FWalues, p Values, and Partal Eta Sguared Values of Two-Way Repeaied- Measures ANOVA Teats for Sagial-Plane Lower-Extremity Joint
Anglea During Wesght Acceptance of Waldng

Variahles Eiects F Vol i Wl Pardal Fra Squared
Pelvis anterior il a1 heel contact Lovacl Carrizge WLA3R A BT
Fatigue 2340 145 121
Interaction 0.178 678 AN
Hip flexion 2t heel oontac Liva] Cammiage 289700 L] 945
Fatigue 219 113 141
Imeraction 752 398 i e
Enee llexion 2 heel contct Livael Camriage 45 563 AN 128
Fatigue 2185 158 114
Inleraciion .54 <9 a1
Maximum knee HNexon & stance Liva] Cammiage £2 689 L] 715
Fatigue 1294 AH7 162
Imteraction 3078 Q7 153
Ankls dorsillexon 2l heel contact Load Camage (RN R SN}
Fatigue 5738 A28 252
Imleraciion LU 1 .39 T
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TABLE 4
Falues, p Values, and Partal Eta Sguared Values of Two-Way Repeated- Measures ANOWA Tests for Sagial-Plane Lower-Exwemity Joint
boment and Power During Wesght Acceptance of Walking

Warkahles Effects F Valur P Yalue Fardal Era Squared
Hip exiensor moment Liad] Carmiage 132823 i 7
Fasgue 1521 A A77
| il eractiom 42108 A6 J9E
Konew extensor momes Livas] Coarmizpe 95382 L B9
Fasgue 0343 566 120
| meraction s 6 KM
Arnkle dorsillexor mament Lavas] Casrrispe 346 A 169
Fatgue s g Al
| il eractiom N6 a7 JH3
Hip-joani poawer prodaction Laval Casrriape 25245 gL A24
Fatgue 16,190 AN AHE
| il eractiom 1250 219 69
Knee-joint power shsomdon Livas] Coarmizpe 28 a0 L a7
Fatgue AaTE 22 38
I teraction 0075 TRT K
Ankle-joint power shsompton Laval Casrrizpe 7381 N5 33
Fatgue 9395 A7 356
I nleracison 1.7497 J149E Ll AL

1985}, The increased pelvis anterior Gl observed in this
sty could be a resull of the increased trunk foreand lean
{Harman et al., 2000; Poleyn et al., 2002). Increasing trunk
Forward lean and pelvis anteror Gl may serve o vertically
align the load carried with the body's center of mass (CM).
Thus, paticipants can walk with improved sagittal-plane
stability and make smooth weight transfers between legs,
The effect of load carriage on lower<xiremily joint
angles at heel strike and during weight acceplance of
wilking hos not always been straightforward in the
literature, The majority of load-carriage sidies have
shown incmased knee and hip flexion ot heel strike
{Harman et al., 2000; Kinoshita, 1985). However, Tilbury-
Davis and Hooper (19997 reported that sagittal-plane joint
kinematics is not influenced by load caminge, Our study
confirms that load comiage results in increased knee and hip
fexion at heel strike and more knee lexion during weight
acceplance, merensing hip and knee flexion lowers the CM
of the human body so that stability can be improved during
wilking (Harman et al., 20000, In addition, increasing knee
flexion lengthens the guadriceps moment arm for greater
production of knee exlensor moment (Pandy & Shelburne,
1998}, Thus, increasing knee flexion s a compensalory
mechanism (o enhance absorption of grownd-impact fomes,
The inconsistent findings between Tilbury-Davis and
Hooper's study (1999} and others may be due 1o
participants” experience in load corriage. In Tilbury-Davis
and Hooper's study, the recroited military persommel were
experienced load carriers, In the current study and others
{Harman et al., 2000; Kinoshita, [985), participants had less
experence or no experdence with carrying heavy hackpack
loads, Tt is possible that experienced load carders may be
able o camy heavy loads with minimal Kinematic changes
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from their natural walking pattern and possibly lower the
risk for injury. Finally, in this study, it was found that load
camiage did notinflvence the ankle angle atheel stike, This
isin agreement with the literature (Birrell & Haslam, 2008,
Harman et al., 2000,

We also found that lead cartage had o significant effect
on lower-extremity joint moment. Both knee extensor and
hip extensor moments were increased during  weight
acceplance, Also, there was o tremd of increased ankle
dorsiflexor moment (p= 08), Our findings are in
agreement with Harman et al's study (20000, which
reported that load corriage leads o increases of the lower-
exlremily joint moments, In this study, the increases of hip
and knee extensor moments may  cormspond 1o the
incrensed hip amd knee fAexion at heel stike. At the hip-
juint level, incrensing hip fledon prestretches the hip
exlensors and leads o an incresse of hip extensor moment,
AL the knee-joint level, increasing knee flexion at initial
contact ot only serves o prestretch the knee extensors, bul
also lengthens the guadriceps moment arm (Pandy &
Shelburne, 1998), Therefore, the production of knee
exlensor moment is enhanced.

We also found that lead cortage had o significant efTect
on lower-extmemity joint power. Al the hip-joint level, there
wits an increase of power production al weight acceplance,
The increased hip-joint power reflects an effon to return the
anteror-tilted pelvis toits neotral position during stance. At
the knee- and ankle-joint levels, greater power absorption
wis obmerved. As both the knee and ankle joints are
responsible Tor shock absorption during weight acceplance
(Rose & Gamble, 2006), it appears that the lower extremity
increases power absorption Lo allenuate  ground-impact
forces al weight acceplance of loaded walking. However,
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increased power absorption at the knee and ankle joints may
elevate mechanical stresses in the knee extensors and ankle
dorsiflexorns,

Leg muscles play an important mole in attenuating ground
reaction forees (Simpson el al, 19997, When leg muscles are
fatigued, their ability o dissipate ground reaction forces is
reduced { Verbitsky et al., 1998; Vaoloshinetal,, 1998), We had
reporied that leg muscle fatigue leads (o increases of vertical
grond readion forces and loading rates dunng walking
(Wangetal, 20020, From o mechanical point of view, changes
in lower-extremity  joint mechanics necessarily  induce
changes in ground reaction forces, Thus, in this stoady, we
eapected that there would be changes in lowerextemity joint
mechanics during walking in a fatigoed state, Indeed, we
obsarved pronounced alterations of lowerextemily joint
mechanics. Specifically, ot the ankle-joint level, there were
decieases of dorsiflexion at heel sirike, dorsiflexor moment,
and joint power absomption during weight acceplance; at the
hip-joint level, there were increases of e xtensor moment and
Joint power production al weight acceplance,

The ankle joint plays an important role in facilitating
human  walking (Rose & Gamble, 2006). AL weight
acceplance, the ground reaction force vector passes behind
the cenler of the ankle joint and creates an external plantar-
flexion moment, The ankle dorsiflexors contract ecceniri-
cally to counteract this external plantar-llexdon moment and
prevent the ool from slapping on the ground. The current
study showed that under the influence of muscular fatigoe,
the dorsiflexors” ability (o control the ankle-joint motion and
ahsorh ground-impact Forces was compromised. On one
hand, there are increases of vertical ground-impact Torces
and loading rates (Wang et al., 20020 On the other hand,
there is reduced ankle-joint function with decreases of
dorsiflexion, dorsifexor moment, and joint power absorp-
tion. Thus, large-impact loading may be transmitted 1o knee-
joint level,

The knes joint was found (o be the dominant joint wsed for
shock attenvation in runming (Derrick, 2004 Mizrahi et al.,
20000, Increased knee fexion at heel stike of ruming is
associated with increased shock attenuation {Derrick et al,,
20020, In the current study, there was no increase in knee
Mexion al weight acceptance, The knee extensor moment and
Joint poswer absomplion also staved unchanged. Given the fuct
that there are significantincreases of vertical ground-impact
forces and loading rates during fatigued walking (Wang
el al, 20023, lacking an adjustment in knee mechanics
reeflects the inability of the fatigoed knee extensoms Woincrense
irnpact attennation, Without increased contribution of shock
attenuation from the knee extensors, the increased ground-
impact forces may be futher propagated o the upper body
through the skeletal system. In fct, ithas been suggested that
increased shock propagation and decreased shock attenu-
atiom along  the muosculoskeletal system may  lead (o
progression of overuse injuries such os ostecarthiitis and
low back pain (Collins & Whitle, 19897,
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The hip extensors play a role to stabilize the pelvis and
Lift the CK of the body during weight acceptance of walking
(Rose & Gamble, 2006). The hip exdensor moment
counteracts the external hip fedon moment introduced by
the ground reaction force (Rose & Gamble, 20061 In this
study, we found that both hip extensor moment and joint
power production were increased during fatigoed walking,
As muscle fatigue induces increnses of ground reaction
forces (Wang et al., 2002), it appears that the increased
demand for hip extensor moment and power is a resultof the
increased external hip fledon moment from the increased
gronnd reaction force, Consequently, the hip extensors may
experience incrensed mechanical stresses as well as an
increased risk for muscle strain during ftigeed walking.

The combined effect of load camiage and muscle fati gue
om lower-exiremity joint mechanics has not previously been
examined. In this study, we found that there was no
internction between load cariage and muscle ftigee on
lowerextremity joint mechanics. The combined effect of
lond camiage and muscle fatigue resulted in pronounced
changes in joint Knematics and kinetics, Specifically, there
were increases of pelvis Gl knee, and hip flexion and a
decrease of ankle domsiflexion at heel contact. Also, bath
knes and hip joints experienced increases of exlensor
maorment and power, 1t is possible that on one hand, carrying
additional loads increases demand for large lowe -extremity
Juint moments and powers; o the other hand, fatigued leg
muscles experience difficulty in increasing force outpot
(Bigland-Rilchie & Woods, 1984) w0 elevate joint moment
and power. Thus, load carriage coupled with muscle fatigue
could impose large mechanical stresses on the lower
extremily musculoskeletal system. The risk for developing
lower-extramity overuse injuries would then be increased,

Stress fractures and knee pain are typical overuse injuries
reported during military tradming (Jones et al., 1993; Knapik
el al, 20041, In this stody, load coriage was found (o
increase lower-extremily joinl moments, An increase in
Joint moment reflects an inerease of mechanical loadings in
the joint (Anddacchi, Johnson, Horwite, & MNatarajan,
2005), which may inflict joint conditions such as knee pain,
In addition, bones wnder loge mechanical loadings (eg.,
compression and bending) would experience large bone
stradns (Mordin & Frankel, 20020 Thus, it is possible that
during walking with load carriage, the repetitive mechanical
loadings applied to the lower extremity would incrense the
risk Tor stress fractures in the tbia and femuor, Muscle
fatigue was found 1o redoce ankle joint power al weight
acceplance, Reducing power absorption al the ankle implies
that an incressed portion of the kinetic enenzy al impact
must be absorbed by lower-extremity bones and transminted
o procecimal joints, Ground reaction loading rates have been
shown 1o increase during fatigued walking (Wang et al
2002), Thus, alomg with a possible increase in energy
ahsorption, lower-extremity bomes (e.g., tibio) could also
experience st rates of mechonical loadings and increased



struin rates, The risk for developing bone micmo-damage is
then increased. Themiore, the combined effect of load
carringe and muscle fatigue could impose great mechanical
stissses on lower-extremily bones, Repetitively applying
such large mechamical loads at a Cast rate Lo the bones could
elicit tibial andfor femoral stress fmctumes. In fact, Mil grom
et al. (20071 had speculated that the tibial bone strain would
experence larger changes during fatigued runing or
marching when carrving heawy packs, which may resull
in an irereased nsk for dbial stress EFacture, Fulure
studies should examine deformation of  lower-exiremity
bones under mechanical stresses rom  loaded  and
Futigued walking.

In summary, load carviege and muscular fatigue
significantly influence lowerexiremily joint mechanics
during walking. Load corriage results inincrenses of pelvis
anterior Gill, hip and knes fexion ot heel contact, and an
increased demand for lower-extremity joint moments and
powers al weight acceptance. Muscle Tatigue also leads 1o
altemtions of joint mechanics, which include decrenses of
ankle dorsiflexion, dors flexor moment and joint power, and
increises of hip exdensor moment and joint power al weight
acceplance, The significant alterations of lower-extremity
joint mechunics associated with load comiange and fatigue
mity help explain the high incidence of lower-extremity
overise injuries reported during army basic training.

Ag it is evident that load comiage and muoscle fatigue—
the two physical stressors experienced by military personnel
during physical training—could elicit changes in lower-
entremity joint mechanics, which may increase the risk for
oveTnse injuries, it is necessary o explon: ways (o lessen the
irmpacts of these two factors on military recroils entering
basic training. The following recommendations may be
considered. First, it seems logical to improve military
recruils” leg muscle stiength and endurance o delay the
effect of muscle fotipue. Before entering basic tmining,
based on oucomes of unctional lower<iremity lests and/
or military screening tests, introducing a custom weight-
raining program consisting of resistonce and endurance
trainings will be helpful to the recruits, Second, it is evident
that experienced load carrers are able to minimize changes
in joint kinematics (Tilbury-Davis & Hooper, 19997, which
may be pssociated with smaller increases of joint loading
and lower risks for overuse injuries. It is ressonable o
encowrage recruits 1o practice load camiage before entering
the truining 1o become familior with loaded wallking, Also,
gradually increasing the load carded through the course of
basic training may be desirable,

Some limitations of the study must be addressed here,
First, although the fatiguing pmotocol vsed in this siudy
effectively eliciled muscle futigue in the participants, it is
different from situations in basic training, during which
recruils develop fatigue over a prolonged period of time (e,
g, howrs and days), It is pessible that recroits may exhibit
greater alterations in joint mechanics during the actoal

81

LOAD CARRIAGE AMD MUSCLE FATIGUE 311
training than during the laboratory  testing,  Second,
participants in this study had no experience with load
camying, Results from this study are more applicable to
recruils entering basic truining with lmited experiences of
Lo carnage,

WHAT DOES THIS ARTICLE ADD?

Although epidemiologic studies have revealed that lower
enlremily overuse injuies ame common among military
recruits, the injury mechanism is for from being inderstood,
This study examined efects of load cardage and muscle
fatigue on gail mechomics and detemmined that there are
significant alterations of lower-extremily joint Kinematics
and kinetics, Significant changes in joint mechanics could
result in incressed mechanical stresses imposed on the
musculoskeletal system. Thus, the high incidence of lower
exlremily overuse injuries seen in military recruils can be
related 1o the pronounced allerations of joint mechanics
during loaded and fatigued walking, Outcomes from this
study could help develop exercise programs (o precondition
military recmits before entering basic training 1o reduce the
incidence of overuse injuries,
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CHARACTERISTICS OF TIBIAL STRAINS DURING DIFFERENT
TYPE OF PHYSICAL ACTIVITIES

Mohammad Kia, D. Clark Dickin, and Henry Wang
Biomechanics Laboratory, Ball State University

INTRODUCTION

There is evidence that an individual’s past
physical activity influences their risk of
sustaining a tibial stress fracture. This evidence
is based primarily on epidemiologic research on
the rates of injury in different sub-populations
[1]. The mechanisms that may explain these
results have not been adequately examined. The
goal of this study was to develop muscle driven
forward dynamics simulations to investigate the
influence of lower extremity exercises on tibial
strains. The study hypothesized that high impact
activities such as drop jump and cutting
maneuvers produce different tibial strain profiles
than those produced during walking.
Experimentally measured kinematic data and
ground reaction forces were used as inputs to the
simulations while the tibial strain values were
extracted.

METHODS

One healthy male subject (Age = 19 yr.,
height =1.80 m, and weight = 80 kg) performed
the following four different type of exercises:
drop-jump (JUM), cutting maneuver (CUT),
running (RUN) and walking (WAK). A VICON
motion capture system was used to record
kinematics (240 Hz) and AMTI force plates
were used to record ground reaction forces
(2400 Hz). Computed tomography (CT) images
of the subject were obtained in order to develop
the right tibial bone geometry for a subject-
specific lower extremity model. The 3D tibia
was segmented in MIMICS 14.0 (Materialise,
Leuven, Belgium).

MARC 2012 (MSC.Software, Santa Anna,
CA) was used to develop a finite element (FE)
model of the right tibia bone. Mechanical
properties were assigned based on bone density.
FE model was converted into a flexible tibia in
MARC to incorporate the tibia geometry in
LifeMod (LifeModeler Inc., San Clemente, CA).
The subject’s weight, height, gender, and age as
well as the relative positions of the ankle, knee,
and hip joints, determined from the motion

capture, were used to scale the generic lower
extremity models based on the GeBOD
anthropometric database. The generic right tibia
bone geometry was replaced with the developed
flexible body of the subject specific tibia bone
geometry. Tri-axis hinges combined with
passive torsional spring-dampers were employed
to model the hip joints. A hinge joint with a
single degree of freedom was used for knee and
ankle joints in the sagittal plane. A total of
ninety muscles were added to the right/left legs.
The measured kinematics, collected during
lower extremity exercises, was used to drive the
model with an inverse dynamics algorithm [2]
while the muscle shortening/lengthening
patterns were recorded. Next, kinematic
constrains were removed, and muscles served as
actuators to replicate the motions during forward
dynamics (Fig.1).

A proportional-integral-derivative  (PID)
feedback controller was implemented to
calculate each muscle force magnitude using the
error signal between the current muscle length in
the forward dynamics and the recorded muscle
length during the inverse dynamics simulation.
The force generated by individual muscle was
limited by its force generating potential given by
the following equation:

Fpax = PCSA X 00y Q8

Where E,,,, is the muscle’s maximum force,
PCSA is the physiological cross sectional area
and 0,,,, is the maximum tissue stress.

The maximum and minimum principle strain
values (tension/compression) for all surface
nodes of the tibial bone were computed in
ADAMS (MSC. Software, Santa Ana, CA)
during simulations. In order to compare the
tibial strains during different activities in a
consistent way, only maximum (Max) and
average (Mean) strain values were reported for
the nodes within mid-medial tibial shaft region

[3].
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RESULTS AND DISCUSSION

Although developing more computational
models are in the process, the presented results
are based on only one single subject specific
model. Figure 2 illustrates tension (Fig.2a) and
compression (Fig.2b) strains in color coded bars
respectively during the stance phase of the
cutting maneuver exercise. The average model
predictions over the three trials of cutting
maneuver are shown in figure 3 with a solid line
and a shaded area corresponding to +1 standard
deviation. Table 1 summarizes the maximum
and average values for the tibial strain on the
mid-medial tibial shaft region over all four
exercises during the stance phase.

Table 1: Tension (TEN) and Compression
(COM) strain values during four different
types of activities. COM strain values are
rectified.

micro
STRAIN JUM | CUT | RUN | WAK
Max 1265 923 950 | 454
TEN Mean 390 580 338 | 206
COM Max 437 1257 334 | 504
Mean 179 572 162 | 212

This study produced a subject specific
musculoskeletal model capable of concurrent
simulation of muscle driven forward dynamics
and calculated the tibial strain values. The
current study shows that different types of
physical activities exhibit different tibial strain
profiles. High impact activities such as drop-
jumping, cutting, and running elicit large tibial
strain. Thus, participating in high impact
activities may introduce mechanical stimulations
to bone and lead to positive bone adaptations to
resist unaccustomed loading environments. In
summary, this modeling technique can provide
useful insights of bone reactions to mechanical
loadings during dynamic activities.
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Figure 1: Lower extremity multi-body model of
the subject with the flexible right tibial bone
during the cutting maneuver.
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Figure 2: Computed strain at 20 %, 50% and
80% stance phase of the cutting maneuver.
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Figure 3: Model predicted strain on the mid-
medial tibial shaft region.





