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Background: Athletes, especially female athletes, experience high rates of tibial bone stress injuries (BSIs). Knowledge of tibial
loads during walking and running is needed to understand injury mechanisms and design safe running progression programs.

Purpose: To examine tibial loads as a function of gait speed in male and female runners.

Study Design: Controlled laboratory study.

Methods: Kinematic and kinetic data were collected on 40 recreational runners (20 female, 20 male) during 4 instrumented gait
speed conditions on a treadmill (walk, preferred run, slow run, fast run). Musculoskeletal modeling, using participant-specific
magnetic resonance imaging and motion data, was used to estimate tibial stress. Peak tibial stress and stress-time impulse
were analyzed using 2-factor multivariate analyses of variance (speed*sex) and post hoc comparisons (a = .05). Bone geometry
and tibial forces and moments were examined.

Results: Peak compression was influenced by speed (P\ .001); increasing speed generally increased tibial compression in both
sexes. Women displayed greater increases in peak tension (P = .001) and shear (P\ .001) than men when transitioning from walk-
ing to running. Further, women displayed greater peak tibial stress overall (P \ .001). Compressive and tensile stress-time
impulse varied by speed (P \ .001) and sex (P = .006); impulse was lower during running than walking and greater in women.
A shear stress-time impulse interaction (P\ .001) indicated that women displayed greater impulse relative to men when changing
from a walk to a run. Compared with men, women displayed smaller tibiae (P\ .001) and disproportionately lower tibial forces
(P � .001-.035).

Conclusion: Peak tibial stress increased with gait speed, with a 2-fold increase in running relative to walking. Women displayed
greater tibial stress than men and greater increases in stress when shifting from walking to running. Sex differences appear to be
the result of smaller bone geometry in women and tibial forces that were not proportionately lower, given the womens’ smaller
stature and lower mass relative to men.

Clinical Relevance: These results may inform interventions to regulate running-related training loads and highlight a need to
increase bone strength in women. Lower relative bone strength in women may contribute to a sex bias in tibial BSIs, and female
runners may benefit from a slower progression when initiating a running program.
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In both men and women, the tibia is one of the most com-
mon sites of a bone stress injury (BSI).56 Women experi-
ence a 1.5 and 3 times higher incidence of BSIs in
civilian and military populations, respectively.56 In addi-
tion to gait mechanics,42,43 bone structure, aerobic capac-
ity, muscle size, and diet contribute to the BSI risk.56

Patients are at a heightened risk for BSIs when workloads
are increased, such as when new training regimens are

initiated5 or when run speeds are increased.16 Return to
running programs, consisting of progressive walk-run ses-
sions, are the cornerstone of return to sports for athletes
rehabilitating from a BSI.53 However, the recurrence of
BSIs is common,49 suggesting that bone loads can be better
managed during the rehabilitation and postrehabilitation
phases. Greater insight into tissue level loads during walk-
ing and running may provide better guidance for prescrib-
ing workloads in athletes thought to be at risk for BSIs.

Bone stress, which causes bone strain, is a proximate
cause of injury that reflects bone strength relative to the
imposed load. Activities with highly repetitive bone
stresses and strains without adequate rest lead to micro-
damage accumulation and eventual BSIs.7 Bone strain,
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which is thought to be the causal factor for a bone frac-
ture,37 can be quantified with in vivo strain gauges. Meas-
urements using strain gauges attached to the tibia are
invasive and limited to small sample sizes and small regions
of bone.6 Computer-based musculoskeletal models incorpo-
rating the bone structure and activity-related forces have
been used to estimate bone stress and strain noninvasively.
Models range from simplistic, such as modeling the tibia as
a hollow ellipse,30,31,46 to computationally complex using
participant-specific bone images with micro–finite element
analysis.18,51 The VA-BATTS tool estimates stress that con-
tributes to strain within a bone cross section subjected to
multiaxial loading.27 Integrating the VA-BATTS tool with
internal 3-dimensional bone forces derived from musculo-
skeletal modeling affords us the ability to efficiently esti-
mate participant-specific bone stress across the load
cycle.14 This integrative approach is useful for larger scale
studies seeking to quantify bone loading in specific regions
of the tibia under a variety of conditions while providing
a basis to make comparisons across participants.

In separate studies, peak tibial stress has been modeled
in young adults during walking and running. An examina-
tion of tibial loads across studies indicates that running is
associated with much greater tibial stress than walk-
ing.30,31,46 However, tibial stresses during walking and
running have not been examined in the same study. Addi-
tionally, sex differences have not been examined. Because
bone loads strongly influence cycles to fatigue and failure,
a better understanding of tibial loads in both sexes during
walking and running using consistent methodology is
needed to design safe progressive exercises.

The purpose of this study was to compare peak and per-
step bone stress during walking and 3 speeds of running in
female and male recreational runners. We hypothesized
that peak loads would be greatest in the fastest running con-
dition. However, stance time shortens as gait speed increases.
Thus, we expected slower gait speeds to be associated with
greater total per-step loads. Given the disparity in BSI occur-
rence betweenmen and women, sex differences in tibial stress
across conditions were also explored. We hypothesized that
women would display greater tibial stress than men.

METHODS

Participants

All participants gave informed written consent to partici-
pate in this study, which was approved by the university’s

institutional human subjects research board. Participants
from the local community were recruited by flyers, an
email campaign, and website announcements. All volun-
teers who met the study inclusion and exclusion criteria
(n = 40) were enrolled (Table 1), and no participants drop-
ped out. Inclusion criteria included the following: 18 to 35
years of age, presently running more than 16 km/wk, and
a treadmill comfort score of �7 of 10 (completely comfort-
able). The inclusion criterion of weekly running volume
was selected to ensure the safety of participants across
treadmill gait speeds during study participation and to
enable the generalization of results to the running commu-
nity and recreational athletes. Exclusion criteria included
current musculoskeletal injuries or pain with activity, neu-
romuscular or cardiopulmonary conditions that could
impair normal running function, or contraindications to
magnetic resonance imaging (MRI).

Protocol

Upon arrival to the biomechanics laboratory, participants
completed a health history and the Bone-specific Physical
Activity Questionnaire55 (intraclass correlation coefficient
= 0.92-0.9754) for sample characterization because of its
positive association with bone density55 and geometry.25

Height and weight were obtained, and participants were
fitted with standardized laboratory shoes (ProGrid Ride;
Saucony) for gait testing. Next, 55 retroreflective markers
were placed on participants’ bilateral lower extremities
and trunk for motion analysis in the manner of Baggaley
et al.2 During all motion capture trials, 3-dimensional
marker coordinates and force data were collected with
a 10-camera motion analysis system (200 Hz; Qualisys)
and an instrumented force treadmill (1000 Hz; Bertec),
respectively. A static motion calibration trial and func-
tional hip joint trial were performed to define the lower
extremity coordinate systems and joint centers for subse-
quent motion analysis.29 Hip joint centers were deter-
mined from the trajectories of the thigh markers during
active hip rotation using a spherical fit algorithm.29 The
knee and ankle joint centers were calculated as the mid-
point of the markers placed on the femoral condyles and
malleoli, respectively.

Participants performed an 8-minute, progressive walk-
to-run warm-up on the treadmill, during which a self-
selected preferred running speed was determined. Pre-
ferred running speed was operationally defined as the
pace used during a standard, endurance-paced training
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run. Next, participants completed 4 gait speed conditions on
the treadmill in a randomized order: walking (1.3 m/s), run-
ning (preferred running speed), slow running (90% of pre-
ferred running speed), and fast running (110% of preferred
running speed). Participants were given a 2-minute acclima-
tion period for each gait speed condition before data collection
and a minimum of 2 minutes’ rest between each condition.
Then, 3-dimensional force and marker data were collected
for 15 seconds in each condition and processed using real-
time motion capture acquisition and processing software
(The MotionMonitor; Innovative Sports Training).

Each participant underwent sagittal-, axial-, and coro-
nal-plane MRI of their right tibia using a 1.5-T scanner
with a torso coil (Achieva; Philips). All MRI examinations
included an axial T1-weighted turbo spin echo (TSE)
sequence (TSE factor, 3-4; 7-mm thickness/2-mm gap; field
of view, 220; number of excitations, 1; repetition time, 400-
600 milliseconds; echo time, 12 milliseconds) as well as cor-
onal and sagittal T1-weighted TSE sequences (TSE factor,
3-4; 4-mm thickness/1-mm gap; field of view, 480; number
of excitations, 1; repetition time, 400-600 milliseconds;
echo time, 15 milliseconds). Skin markers (vitamin E cap-
sules) mirroring marker placement were placed on the
medial and lateral malleoli and proximal right tibia to
enable alignment of the MRI tibial coordinate system
with motion capture data.

Data Analysis

Axial MRI scans corresponding to the distal one-third
cross-section of the tibia, a common site of BSI,39 were
imported into MATLAB (MathWorks) using VA-BATTS
bone segmentation subroutines (Figure 1).26,27 After the
rotation of images into the laboratory coordinate system,
periosteal and endosteal cortical boundaries were identi-
fied using a semiautomatic algorithm, and participant-spe-
cific finite element bone meshes were created (10 radial
nodes, 60 circumferential nodes). Each mesh was assigned
a homogeneous Young modulus of 17.044 and a Poisson
ratio of 0.3.45,58 Bone geometry values (cross-sectional
area, maximum and minimum second moment of area,

and polar moment of inertia) were determined. Addition-
ally, bending and torsional bone strength indices (BSIB
and BSIT, respectively) were estimated, with Imax and J
representing the maximum second moment of area and
polar moment of inertia, respectively, and l and d repre-
senting the tibial length and diameter, respectively48:

BSIB 5
Imax

ld
ð1Þ

and

BSIT 5
J

ld
: ð2Þ

Marker trajectory and ground-reaction force data were
filtered with a fourth-order, zero-lag low-pass Butterworth
filter with a 15-Hz cutoff. With respect to the proximal seg-
ments, 3-dimensional Cardan segment and joint angles
were calculated in the following order of rotations: flexion/
extension, abduction/adduction, and internal/external
rotation. Lower extremity joint reaction forces and
moments were derived using a rigid body model, estimated
body segment parameters,13 and Newton-Euler inverse
dynamics. For the purposes of stance detection, ground-
reaction force data were filtered separately with a fourth-
order, zero-lag low-pass Butterworth filter with a 50-Hz
cutoff. Initial contact and toe-off were defined as the
instant that the vertical ground-reaction force exceeded
20 N. For 10 stance phases of each condition, right lower
extremity joint angles, reaction forces and moments rela-
tive to the proximal coordinate system were exported and
input to an integrative musculoskeletal model (Figure 1).14

Anthropometrics (height, weight, foot length, shank
length, thigh length, and pelvis width) were used to scale
the base skeletal model and estimate muscle properties
(attachment sites, muscle length, tendon length, cross-
sectional area, and pennation angles) for 44 muscles.1

Trial-specific joint angles were used to create the musculo-
skeletal models and calculate muscle orientations and
moment arms. Using previously estimated force-velocity,
passive and active length-tension, and tendon force-exten-
sion relationships, maximal forces were estimated for each

TABLE 1
Participant Demographics and BPAQ Scoresa

Female (n = 20) Male (n = 20) P Value hp
2 Value

Age, y 24.65 (23.16-26.14) 24.95 (22.87-27.03) .81 0.002
Height, cm 167.97 (165.18-171.76) 181.30 (178.44-184.17) \.001 0.56
Weight, kg 58.22 (53.99-62.45) 80.08 (76.13-84.02) \.001 0.62
Preferred run speed, m/s 2.79 (2.66-2.92) 2.97 (2.89-3.05) .02 0.13
Weekly training volume, km 30.98 (23.72-38.24) 24.34 (17.90-30.78) .16 0.51
Current BPAQ score 6.67 (4.04-9.31) 7.83 (5.59-10.06) .49 0.01
Previous BPAQ score 50.90 (40.91-60.89) 53.59 (39.15-68.02) .75 0.003
Total BPAQ score 28.79 (23.44-34.14) 30.73 (23.08-38.38) .67 0.005

aData are shown as mean (95% CI). The Bone-specific Physical Activity Questionnaire (BPAQ; www.fithdysign.com/BPAQ/) is composed of
2 scores: a previous one and a current one that quantify physical activity more than 1 year before testing and in the past 12 months, respec-
tively. The total BPAQ score is the average of both the previous and current BPAQ scores. Sex differences were examined using t tests and
partial eta-squared (hp

2) effect sizes.

AJSM Vol. 49, No. 8, 2021 Tibial Stress During Walking and Running in Men and Women 2229



muscle at each percentage of stance.1,12 Maximal muscle
force estimations across 101 points of stance served as
a boundary condition during muscle force optimization.

Using static optimization, muscle forces at each per-
centage of stance were estimated with a cost function
that minimized the sum of the squared muscle stresses.22

This cost function allowed for greater load sharing across
muscles compared with linear criteria40 and corresponds
well with measured electromyography data during walk-
ing and running.22 Muscle force solutions were constrained
such that individual muscle force solutions (1) were bound
by zero and the previously derived length- and velocity-
adjusted maximal muscle forces as well as (2) matched
the joint moments derived from inverse dynamics. A
detailed description of the optimization procedure used
has been reported by Edwards et al.15

Forces acting at the centroid of interest were calculated
by translating the ankle joint contact force to the distal
one-third part of the tibia. The 3-dimensional ankle joint
contact force in the tibial coordinate system was determined
by vectorially summing the ankle joint reaction force with
estimated muscle forces (medial gastrocnemius, lateral gas-
trocnemius, soleus, tibialis posterior, flexor digitorum lon-
gus, flexor hallucis longus, tibialis anterior, peroneus
brevis, peroneus longus, peroneus tertius, extensor digito-
rum longus, and extensor hallucis longus). Centroid
moments were calculated by taking the cross-product of
the displacement vector from the centroid to the ankle joint
center and the ankle joint contact force. Trial-specific cen-
troid forces and moments were applied to participant-
specific cross-sectional finite element meshes. Bending and
shear stresses across the stance phase were estimated using
beam theory and the finite element method.26,27

For each condition and trial, the peak stress values for
compression, tension, and shear were collected. Additionally,

peak stress at each percentage of the stance phase was
obtained to represent compressive, tensile, and shear
stress-time curves. The stress-time impulse for each curve
was then obtained by calculating the area under each stress
curve to represent the total per-step load. Participant data
were averaged across trials within each condition and
exported for statistical analysis. To aid in data interpretation,
bone geometry, bone strength indices, and peak tibial forces
and moments were also exported.

Statistical Analysis

After the inspection of data for normality, the potential
confounding effect of sex differences on running-related
bone stress was examined using repeated-measures analy-
sis of variance, with preferred running speed as a covariate.
Then, 2-factor multivariate analyses of variance (MANO-
VAs) (speed*sex), with speed as a repeated measure, and
partial eta-squared (hp

2) effect sizes3 were used to evaluate
main and interaction effects of speed and sex on both peak
stress and stress-time impulse (a = .05). When multivari-
ate results were statistically significant, univariate results
of component stresses (compression, tension, and shear)
were examined. Variances in the differences between all
combinations of related groups were assessed using the
Mauchly test of sphericity. In instances when sphericity
was violated, the Huynh-Feldt correction was utilized. In
the absence of an interaction effect, the main effects of
sex and speed were examined, and post hoc pairwise com-
parisons with the Bonferroni adjustment using all partici-
pants were performed to examine the effect of speed on
measures of stress (a = .05). When interactions were
observed, the magnitude of change between conditions
was compared between sexes post hoc using independent

Figure 1. Graphical display of the workflow to estimate bone stress across the stance phase of gait.
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t tests (a = .05). If ordinal interactions were observed, the
main effect of sex was examined. Potential explanatory
variables were compared for descriptive purposes. The
required sample sizes computed a priori for within- and
between-factors repeated-measures MANOVAs using
a type I error probability of .05, power of 0.80, and moder-
ate effect size (hp

2 = 0.13) were 14 and 36, respectively
(G*Power 3.1).17,19

RESULTS

Demographics

Female and male runners differed in height, weight, and
preferred running speed (Table 1). An examination of sex
differences across running speeds revealed that preferred
running speed was not a significant covariate for peak
stress or stress-time impulse (P = .13-.96; hp

2 = 0.001-
0.06); preferred running speed as a covariate was removed
from further analysis.

Peak Bone Stress

Time-series curves indicated that peak stress in both
women and men occurred in the midstance during running
and in the late stance during walking (Figure 2). The
mixed-model within-participant MANOVA revealed
a speed*sex interaction for peak stress (P \ .001; Wilks
L = 0.59; hp

2 = 0.16). The between-participant MANOVA
also indicated sex differences in peak stress values (P \
.001; Wilks L = 0.59; hp

2 = 0.41).
For peak compression, univariate results revealed the

main effects of speed (P \ .001; hp
2 = 0.95) and sex (P =

.02; hp
2 = 0.13), with women displaying greater compres-

sion than men (Figure 3). Compressive stress was greater
at all run speeds compared with walking as well as at
the fast speed compared with the slow and preferred
speeds (Figure 3). Ordinal speed*sex interactions were
observed for peak tension (P = .001; hp

2 = 0.15) and shear
(P\ .001; hp

2 = 0.36) (Figure 3). Women displayed greater
peak tension (P = .001; hp

2 = 0.27) and shear (P = .001;

hp
2 = 0.26) than did men. Mean difference plots and post

hoc comparisons of the between-condition magnitude of
change (Figure 4) revealed that women, compared with
men, demonstrated a greater increase in peak tension (P
= .001; hp

2 = 0.23) and shear (P \ .001; hp
2 = 0.38) when

transitioning from a walk to a run. Changes in peak ten-
sion and shear between running speeds were similar for
both sexes (P = .14-.53 and P = .65-.85, respectively).
Like compression, tension and shear stress were greater
at all run speeds compared with walking (Figure 3). The
effect of running speed on tension differed by sex, and
like compression, shear stress was greater in the fast run-
ning condition compared with the slow and preferred con-
ditions for both sexes (Figure 3).

Stress-Time Impulse

The mixed-model within-participant MANOVA revealed
a speed*sex interaction (P = .03; Wilks L = 0.57; hp

2 =
0.43) for stress-time impulse. Like peak stress, between-
participant sex effects were observed for stress-time
impulse (P\ .001; Wilks L = 0.58; hp

2 = 0.42).
Univariate results of compressive and tensile stress-

time impulse revealed significant main effects of speed (P
\ .001, hp

2 = 0.50; and P = .002, hp
2 = 0.14, respectively)

and sex (P = .006, hp
2 = 0.18; and P = .001, hp

2 = 0.27,
respectively), with women displaying greater impulse
than men. Compressive impulse was greater during walk-
ing compared with running, whereas tensile impulse was
greater during walking and slow running than during
fast running (Figure 5). An ordinal speed*sex interaction
was observed for shear stress-time impulse (P\ .001; hp

2

= 0.23), with women displaying greater impulse than
men (P \ .001; hp

2 = 0.33). A post hoc comparison of the
magnitude of change between speeds revealed that women
experienced a greater increase in shear stress-time
impulse when transitioning from a walk to a slow run
than did men (P \ .001; hp

2 = 0.29). Between running
speeds, both sexes experienced similar changes in shear
stress-time impulse (P = .23-.99). Post hoc comparisons of
speed conditions confirmed that women displayed lower
shear impulse during walking compared with slow

Figure 2. Ensemble time-series curves for both male and female runners during walking, slow running, running, and fast running.
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Figure 4. Mean difference plots display sex-specific gait speed differences and 95% CI of the differences. The largest stress
differences between speeds were observed when transitioning from a walk to a run for both sexes, with greater stress increases
generally observed in women (squares) versus men (diamonds). P values for both speed and sex comparisons are listed in the
right-hand columns.

Figure 3. Univariate peak results (mean and 95% CI) across gait speeds are displayed, with post hoc statistically significant (P\
.05) comparisons noted with asterisks (*) and numerical comparators (1: walk; 2: slow run; 3: preferred run; 4: fast run). Ordinal
speed*sex interactions for tension and shear were observed; post hoc comparisons for men and women are displayed sepa-
rately. Examining the slopes of the change between speeds, women appeared to demonstrate a greater increase in peak tension
and shear than men when transitioning from a walk to a run.
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running, while men displayed lower shear impulse during
preferred running compared with walking (Figure 5).

Explanatory Variables

Men and women differed in the structural characteristics
of bone (Table 2). Women displayed smaller bone geometry
values for all measures (P \ .001; hp

2 = 0.59-0.67). Addi-
tionally, bone strength indices were lower in women than
in men (P\ .001; hp

2 = 0.43).
Component peak tibial forces and moments are dis-

played in Figure 6. Women displayed lower axial tibial
forces across all speeds (P \ .001; hp

2 = 0.50-0.69), lower
anterior-posterior forces during walking (P = .035; hp

2 =
0.112), and greater medial-lateral forces during running
(P � .001; hp

2 = 0.27-0.29). Women also displayed lower
torsional and medial-lateral bending moments during
walking (P � .001; hp

2 = 0.36-0.56) and lower anterior-pos-
terior bending moments across all speeds (P\ .001; hp

2 =
0.51-0.63).

DISCUSSION

The primary purpose of this study was to compare peak
and per-step tibial stress during walking and running in
both men and women. Secondarily, sex differences in tibial
stress metrics were explored. For both sexes, peak stresses
markedly increased when transitioning from walking to
running, generally increased with faster running speeds,
and were highest at the fast running speed, as hypothe-
sized. Contrary to our hypothesis, per-step measures did
not uniformly decrease with increasing gait speed; rather,
results differed across stress components and sex. Com-
pressive stress-time impulse decreased when transitioning
from a walk to a run but did not differ between running
speeds. Tensile stress-time impulse was less at the fast
run speed compared with walking and slow running, but
there was no difference between fast and preferred run-
ning. Shear stress-time impulse was sex dependent.

Bone stress during walking and running has been
examined in young adults in separate studies, but bone
stress across a spectrum of gait speeds has not been

TABLE 2
Tibial Structural Characteristicsa

Female Male P Value hp
2 Value

Bone geometry
CSA, mm2 233.44 (217.17-250.72) 332.75 (316.47-349.03) \.001 0.67
Imax, mm4 11,420.62 (9475.97-13,366.27) 22,511.19 (20,566.54-24,457.84) \.001 0.64
Imin, mm4 6136.45 (5159.57-7114.33) 11,225.25 (10,247.37-12,203.12) \.001 0.59
J, mm4 17,557.07 (14,852.49-20,262.65) 33,736.44 (31,032.86-36,441.02) \.001 0.66

Bone strength indices
BSIB, mm2 1.72 (1.48-1.96) 2.59 (2.36-2.83) \.001 0.43
BSIT, mm2 2.65 (2.31-2.98) 3.90 (3.56-4.23) \.001 0.43

aData are shown as mean (95% CI). Sex differences were examined using t tests and partial eta-squared (hp
2) effect sizes. BSIB, bending

bone strength index; BSIT, torsional bone strength index; CSA, cross-sectional area; Imax, maximum second moment of area; Imin, minimum
second moment of area; J, polar moment of inertia.

Figure 5. Univariate results for stress-time impulse (mean and 95% CI) across gait speeds are displayed, with post hoc statis-
tically significant (P\ .05) comparisons noted with asterisks (*) and numerical comparators (1: walk; 2: slow run; 3: preferred run;
4: fast run). An ordinal speed*sex interaction for shear was observed; post hoc comparisons for men and women are displayed
separately. Examining the slopes of the change between speeds, women appeared to demonstrate an increase in shear stress-
time impulse when transitioning to a run, whereas men experienced a decrease.
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assessed.30,31,46 Comparing walking with running, we
observed marked increases in tibial forces and moments,
translating to a greater than 2-fold increase in bone stress.
We also found that bone stress increased with faster run-
ning speeds; 10% to 20% increases in running speed
resulted in 2% to 9% increased compression and tension
and 10% to 26% increased shear stress. These results are
consistent with those of Yang et al59 and Edwards
et al,16 who found that 25% to 33% faster running speeds
corresponded to 8% to 16% greater bone strain and a 7%
to 10% greater probability of failure. In combination with
these previous studies, our results have direct clinical
implications for athlete and physical activity prepared-
ness. First, the marked tibial stress increase during run-
ning compared with walking suggests that transitional
activities may be needed when preparing athletes for run-
ning-related stresses to gradually expose bone to higher
magnitude loads to ensure positive bone adaptation and
minimize the injury risk. Second, in the at-risk athlete,
the increase in bone stress across running speeds is not
trivial; small increases in bone loads result in an exponen-
tial decrease in the number of bone loading cycles to fail-
ure,8 suggesting that rapid increases in running speed
should be avoided.

Animal models of fatigue loading suggest that the mag-
nitude of loading, rate of loading, and number of load
cycles influence bone turnover and the injury risk.50

Load impulse (area under the waveform curve) captures
the magnitude, rate, and temporal features of loading
and may be a useful per-step metric to monitor load expo-
sure or cumulative load. In recent years, cumulative meas-
ures of loading have been identified as important to
understand both acute and chronic workloads associated
with an injury,10,52 and per-step load metrics have been
linked with musculoskeletal injuries.4,11 To date, per-step

tibial stress has not been reported for running or compared
across a range of gait speeds. Compared with previous
measures of cumulative tibial loading,23 tibial stress-time
impulse, as calculated in this study, provided a comprehen-
sive per-step metric that incorporated 3-dimensional forces
and moments as well as participant-specific bone struc-
ture. We found that compared with walking, running
tended to have a lower stress-time impulse. This is gener-
ally consistent with previous studies examining the
impulse of lower extremity joint loads during walking
and running.24,36,47 Similar to Petersen et al,41 we did
not observe a significant variance in stress-time impulse
across running speeds. The importance of stress-time
impulse versus other waveform characteristics in the
development of BSIs ex vivo is relatively unknown. On
mechanical testing, Nalla et al38 found that under low
stress, cortical bone was more susceptible to cyclic fatigue
versus creep mechanisms; at comparatively higher stress,
cortical bone displayed both time-dependent (‘‘creep’’) and
cycle-dependent (fatigue) crack propagation at similar
rates. These same authors also reported that under low
stress, higher frequency loads (10 Hz) resulted in less
crack extension than low frequency loads (1 Hz); however,
under higher stress, crack extension was comparable for
both high and low frequency loading.38 It is possible that
stress-time impulse with respect to injuries may be depen-
dent on stress magnitude, with stress-time impulse more
relevant under low stress conditions.

Sex differences in running biomechanics and injury
occurrence are well-established in the literature.9,20,56,57

However, sex-related differences in bone stress during
walking and running have not been reported. We found
that women generally demonstrated greater peak tibial
stress and stress-time impulse across all gait speeds and
displayed a greater increase in tibial stress magnitude

Figure 6. A speed*sex comparison of peak internal tibial forces and moments acting at the distal one-third part of the tibia during
stance is displayed (mean and 95% CI). For descriptive purposes, percentage differences in statistically significant comparisons
(indicated by *) are reported. Positive force values indicate tension as well as anterior and lateral shear. Positive moment values
indicate internal torsion, medial tibial compression, and posterior tibial compression. For display purposes, the axial force and
torsional moment are exponentially reported (–1) and thus are negative values. AP, anterior-posterior; ML, mediolateral.
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when transitioning from a walk to a run. These sex differ-
ences in bone stress appear to be the result of differences in
bone geometry and tibial forces that were not proportion-
ately lower in women, given their smaller stature and
lower mass compared with men. Bone geometry between
sexes differed by 35% to 65%, with women displaying
smaller bone geometry. Yet, an evaluation of sex differen-
ces in non–body weight normalized tibial forces revealed
that women only displayed lower axial forces (33%-48%)
and anterior-posterior bending moments (15%). Anterior-
posterior forces, medial-lateral bending moments, and tor-
sional moments were comparable between sexes, and
medial-lateral forces were greater in women than in men
(54%-57%). The importance of bone characteristics relative
to applied loads is supported by Popp et al,43 who reported
that bone strength relative to vertical ground-reaction
forces discriminated female runners with BSIs from those
without BSIs. Interestingly, despite having comparable
bone loading histories, as evidenced by similar bone load-
ing history scores, female runners in this study appeared
to display lower bone strength relative to the tibial loads
encountered. These sex-related differences may, in part,
explain the higher incidence of BSIs in women56 and sug-
gest that women may need slower acclimation when initi-
ating a running program to allow for bone adaptation.

Sex-related differences in gait mechanics likely underlie
the disparity in tibial loads. Women have consistently shown
greater frontal and transverse lower extremity joint kinemat-
ics across a variety of studies.9,20,57 In agreement with these
studies, our post hoc evaluation of frontal- and transverse-
plane biomechanics revealed that women displayed greater
hip adduction, knee internal rotation, and peak rearfoot ever-
sion; a narrower step width; and a tendency for a greater
medial-lateral ground-reaction force and free moment. These
sex differences in gait biomechanics likely contributed to the
disparity in medial-lateral loads and the relative disparity in
torsional loads between men and women in our study, espe-
cially when changing from a walk to a run. Relatedly, frontal
and transverse gait mechanics have been linked with tibial
BSIs42 and greater tibial loads.30,59

The strengths of this study include the examination of
participant-specific walking and running tibial stresses
in the same study, direct implications for athletic and
physical activity preparedness, examination of sex-related
differences, and use of a mixed-sex cohort of recreational
runners, which increase generalizability to the running
population. However, it is important to note that only
acute load estimates were obtained. Bone stress changes
with exertion and, given the dynamic nature of bone adap-
tation, over time. Future work should examine cumulative
loads with exposure as well as damage formation indices.
Additionally, the results of this study are most generaliz-
able to younger recreational runners. Because of the grow-
ing popularity of running across the life span, future
studies should aim to build on these results by testing
other age groups. Last, musculoskeletal modeling is not
without limitations; assumptions were made relative to
the anthropometric model, muscle parameters, and optimi-
zation criteria, all of which may differ between sexes. We
attempted to minimize errors associated with these

assumptions by scaling the base skeletal and muscle model
to participant-specific anthropometrics, constraining mus-
cle force solutions to match participant- and task-specific
joint moments, and using participant-specific bone models
in bone stress estimation. Our walking-related stresses
were higher than those reported by Derrick et al,14 most
likely because of model input, sex, and condition (treadmill
vs overground) differences. However, similar to previous
work, modeled tibial stress was affected by loading condi-
tions and group differences,14,30,31,46 and peak compressive
stress occurred posteriorly and tension anteriorly.30,31,46,59

Additionally, bone stress along the medial border of our
tibiae, when converted to strain, fell within the range of
previous reports on distal medial tibial strains during
human activities (Appendix Figure A1, available in the
online version of this article).6,21,28,32-35

CONCLUSION

Tibial stress increased more than 2-fold when transition-
ing from a walk to a run, and varying the running speed
by 10% to 20% from a preferred pace elicited proportional
changes in bending and shear stress. When compared
with men, women displayed greater tibial stress and mark-
edly greater tension and shear stress when transitioning
from walking to running. A smaller bone size in women rel-
ative to applied loads contributed to elevated tibial stress
and may partly explain the sex bias in tibial BSIs. Inter-
ventions to reduce injurious bone stress should consider
regulating loads encountered during training, especially
when transitioning from a walk to a run, and increasing
bone strength through targeted exercise programs. Addi-
tionally, female runners may need a slower progression
when initiating a running program.
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