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Abstract

Objectives: To determine if running biomechanics and bone mineral density (BMD) were
independently associated with bone stress injury (BSI) in a cohort of National Collegiate Athletic
Association Division | cross country runners.

Methods: This was a prospective, observational study of 54 healthy collegiate cross country
runners over 3 consecutive seasons. Whole body kinematics, ground reaction forces (GRF) and
BMD measures were collected during the pre-season over 3 years via motion capture on an
instrumented treadmill and total body densitometer scans. All medically diagnosed BSIs up to 12-
months following pre-season data collection were recorded. Generalized Estimating Equations
were used to identify independent risk factors of BSI.

Results: Univariably, step rate, center of mass vertical excursion, peak vertical GRF, and vertical
GRF impulse were associated with BSI incidence. After adjusting for history of BSI and sex in a
multivariable model, a higher step rate was independently associated with a decreased risk of BSI.
BSI risk decreased by 5% (RR: 0.95; 95% CI: 0.91, 0.98) with each one step/min increase in step
rate. BMD z-score was not a statistically significant risk predictor in the final multivariable model
(RR: 0.93, 95% CI: 0.85, 1.03). No other biomechanical variables were found to be associated
with BSI risk.

Conclusion: Low step rate is an important risk factor for BSI among collegiate cross country
runners and should be considered when developing comprehensive programs to mitigate BSI risk
in distance runners.
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Introduction

Methods

Bone stress injuries (BSI) are very common among collegiate cross country runners,
occurring at a rate of 16 and 29 BSI per 100,000 athletic exposures for males and females,
respectively.! The average recovery time following a BSI in this population is 13 weeks,2
approximately the duration of a cross country season. A BSI can have devastating impacts
on sports participation and negatively impact an athlete’s mental health and well-being.3
Therefore, identification of risk factors for BSI is vital for developing injury prevention
programs, mitigating injury risk, and maintaining athlete health. Proposed risk factors for
BSI include both biological and biomechanical risk factors®; although biological
contributions are well established,5-11 biomechanical contributions are less clear.

Running biomechanics are thought to influence BSI risk, however minimal consensus exists
regarding which specific characteristics contribute to this risk. A recent meta-analysis
observed a significant difference in vertical loading rate between those with and without
prior BSI,12 while others have found no relationship between any component of the ground
reaction force (GRF) and BSI.13 Spatiotemporal and kinematic metrics have also shown
inconsistent associations with BSI. Reductions in stride length have been modeled to reduce
tibial BSI risk, 14 while increased hip adduction!® and tibial internal rotationl® were observed
in those with a history of tibial BSI compared to controls. However, these findings have not
been corroborated prospectively.

Given the repetitive bone loads associated with distance running, bone mineral density
(BMD) has also been studied in relation to BSI with varied results. Female runners with and
without a history of tibial BSI showed no differences in BMD,17 while lower leg BMD was
retrospectively associated with BSI in National Collegiate Athletic Association (NCAA)
Division | male endurance athletes.18 Prospectively, lower BMD has been associated with
BSI among female track athletes but not males.1®

Varied study designs may contribute to the mixed relationships found between running
biomechanics, BMD, and BSI. Limited prospective studies relating biomechanics and BMD
to BSI are available; many studies assess these measures separately and following a BSI
diagnosis or between those with and without a history of BSI.131520 Consequently, it is
difficult to discern if differences in running mechanics and BMD between groups are a
causal factor of BSIs or rather a compensation developed following a BSI. Additionally,
multi-factorial assessment of these theorized risk factors may better clarify their
relationships with BSI. Therefore, the purpose of this study was to determine if running
biomechanics and BMD were prospectively associated with BSI occurrence in NCAA
Division | cross country runners. We hypothesized biomechanical characteristics associated
with greater loading (e.g. lower step rate) and lower BMD would be independently
associated with BSI.

This study used three years of routinely collected health and performance data from NCAA
Division 1 cross country runners in the University of Wisconsin-Madison Badger Athletic
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Performance database. The study was approved by the University of Wisconsin-Madison
Health Sciences Institutional Review Board. Athletes were not involved in the design or
scientific conduct of this study; however, athletes and coaches received results of individual
testing and were regularly informed of important scientific findings from the database.
During annual pre-season assessments, running biomechanics and dual-x-ray absorptiometry
(DXA) images are obtained on all cross country athletes. Data collected during the
2015-2016, 2016-2017, and 2017-2018 seasons were reviewed. An athlete’s data for a given
year were excluded if 1) the athlete was injured at time of testing, defined as
musculoskeletal pain requiring medical attention which prevented participation in full,
unrestricted training and competition; 2) the test session was not pre-season (e.g. at injury
follow-up); 3) 1 year of injury follow-up was unavailable (e.g. athlete transferred after the
season or left the team) or 9 months if the athlete was a graduating senior; or 4) pre-season
DXA data were not available (Figure 1).

Running Mechanics Acquisition and Processing

Running assessments followed a standardized testing protocol, previously described.2!
Athletes were instructed to wear the shoes they use for the majority of their training mileage
for testing. Briefly, athletes walked for at least two minutes to acclimate to the treadmill,
then ran at their preferred speed, which was determined by adjusting speed until identifying
a speed that the athlete indicated was representative of a typical moderate-intensity run. Data
were recorded for 15 seconds after the athlete had acclimated to the speed for at least 30
seconds. Whole body kinematics were collected using 42 reflective markers placed on the
body segments, 23 were located on anatomical landmarks. Markers were placed by the same
researcher [MRSJ] for all data collections. A static standing position was also recorded to
establish joint centers and model scaling.

Kinematic data from the running trials were recorded at 200 Hz using an 8-camera passive
marker system (Motion Analysis Corporation, Santa Rosa, CA). Three-dimensional GRF
was synchronously recorded at 2000 Hz using an instrumented treadmill (Bertec
Corporation, Columbus, OH). Kinematic data were low-pass filtered using a bi-directional,
4th_order Butterworth filter with a cutoff frequency of 12 Hz. GRFs were low-pass filtered
using a bi-directional, 3"-order Butterworth filter with a cutoff frequency of 50 Hz. Foot
contact and toe-off times were identified when the vertical GRF (VGRF) went above and fell
below 50 N, respectively. The body was modeled as a 14-segment, 31 degrees-of-freedom
articulated linkage. Anthropometric properties of body segments were scaled to each athlete
using the individual’s height, mass, and segment lengths.22:23 For each stride, joint angles
were computed using a global optimization routine, minimizing the weighted sum of
squared differences between measured and modeled marker positions. Fifteen strides were
analyzed on both limbs from each athlete. All processing was done using custom MATLAB
processing code (MathWorks Inc., Natick, MA).

Bone Health Measures Acquisition and Processing

A GE Healthcare (Madison, WI) Lunar iDXA densitometer was used for all examinations.
Total body scans were performed and analyzed by International Society for Clinical
Densitometry-trained technologists, following standard clinical operating procedures based
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on published recommendations.22-23 Athletes were scanned in their usual hydration state; no
fasting or other limitations on their usual activities were implemented. All scans were
acquired using enCORE software version 14.1 and analyzed using the auto-analysis feature.
When necessary, manual correction of identification markers of the trunk, arms, and legs
was completed. No estimations of tissues were acquired using the hemi-scan software
feature. One physician with extensive total body DXA experience reviewed all scans to
verify acquisition and analysis. Precision (% coefficient of variation) of total body DXA
metrics from our center are excellent, ranging between 0.07-1.46%.24 Body mass index
(BMI) was calculated from height (stadiometer) and weight (digital scale) obtained at the
time of the DXA scan.

Biomechanical Variables

Spatiotemporal biomechanical variables of interest included preferred running speed (m/s)
and step rate (steps/min). Kinematic variables included foot inclination angle (FIA) with
respect to the ground at initial contact, normalized to standing posture (°); horizontal
distance from center of mass (COM) to heel marker (cm); COM vertical excursion over a
gait cycle (cm); peak hip adduction during stance (°); and base of gait (BOG) at midstance
(cm). GRF variables included peak VGRF (N/kg); impact peak (N/kg); VGRF impulse (Ns/
kg); average vertical loading rate (N/kg/s); and braking impulse (Ns/kg). These variables are
commonly used to assess an injured runner’s mechanics and are targets of gait retraining.
25-27 pverage vertical loading rate was calculated as the slope of the VGRF between
20-80% of the impact peak magnitude. The magnitude of the force at 30.79% of the time to
active peak was used when the impact peak was not present.?! Braking impulse was
calculated by numerically integrating the posterior GRF.

DXA Variables

Extracted variables from DXA images included lean mass (g), total leg BMD, total body
bone mineral content (BMC) and BMD, and total Z-score BMD. All BMD measurements
refer to DXA-derived BMD, which is an areal calculation (aBMD). Z-scores were calculated
by the enCORE software using the USA combined NHANES/Lunar population based on
age-matched values adjusted for ethnicity and weight.

Outcome Variables

The primary outcome was BSI occurrence during the 12-month calendar year beginning on
July 15", coinciding with the end of NCAA National Track and Field competitions and thus
the beginning of the cross country season. A BSI was defined as a stress fracture or reaction
confirmed via magnetic resonance imaging by the presence of periosteal, marrow and/or
cortical edema. All injuries requiring medical attention were evaluated by team physicians
and prospectively monitored by team athletic trainers and reported weekly throughout the
calendar year. Location of BSI, involved lower extremity (left or right side), and date of
diagnosis were recorded for each BSI. History of BSI occurring prior to enrollment at our
institution (e.g. BSI sustained in high school or from a different institution) was recorded
based on athlete self-report and prior imaging (when available).
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Statistical Analysis

Results

Standard descriptive statistics, means (standard deviations), and frequencies (percentages)
were used to describe continuous and categorical variables, respectively. Generalized
Estimating Equations (GEE) for a binomial outcome with a log link were used to provide
unadjusted associations between demographics, running mechanics, and DXA variables and
sustaining a BSI. The modeled correlation structure accounted for both limbs and up to three
years of data per athlete. The multivariable model was built by including all primary
predictors of interest (z-score BMD and biomechanics variables) and using a combination of
Akaike Information Criteria and backwards selection criteria, after adjusting for well-known
confounders of BSI (i.e. sex and history of BSI) to determine a best-fitting model. Pairwise
interactions with sex were considered for all variables. Results are reported as relative risks
(RR) and 95% confidence intervals (CI). SAS v9.4 (SAS Institutes, Cary, NC) was used for
all analyses.

Forty-six student-athletes were listed on the cross country roster for the 2015-2016 season,
33 during the 2016-2017 season, and 40 during the 2017-2018 season. After applying
exclusion criteria, 34 (74%), 26 (79%), and 31 (78%) athletes per season were included,
respectively (Figure 1), resulting in 91 student-athlete years and 54 unique runners
participating over the 2015-2018 school years. Females (n=33) comprised 61% of the
sample (Table 1). Thirty-two BSIs were recorded on 24 unique athletes (44.4%) over the
study period (Table 2). The number of athletes sustaining a BSI per year ranged from
30%-32%. Of all observed BSls, 25% were in the sacrum, 22% each in the metatarsals and
femur, and the remaining in the innominate, tibia, fibula, and navicular bones.

Univariable associations with BSI risk

When considering athlete demographics, no univariable associations between age, sex, or
BMI and BSI risk were detected (Table 3). However, the risk of BSI was 2.22 times (95%
Cl: 1.14, 4.33) greater in athletes with a prior BSI versus those without (p=0.02). BSI risk
decreased by 4% (RR 0.96, 95% CI: 0.92, 0.99) with each step/min increase in step rate.
Among kinematic variables, only COM vertical excursion was associated with BSI. The risk
of BSI increased by 17% (RR=1.17, 95% CI: 1.04, 1.31) for each 0.5 cm increase in COM
vertical excursion (p=0.01). No GRF variables were univariably associated with BSI;
however, the 95% Cls for peak VGRF (RR=1.12, 95% CI: 0.99, 1.27) and VGRF impulse
(RR=1.19, 95% CI: 1.00, 1.43) suggest potential associations exist. No DXA-derived
variables (e.g. BMD, BMC, lean mass) were univariably associated with BSI risk.

Multivariable associations with BSI risk

Low step rate was identified as a predictor of BSI in a multivariable model after adjusting
for known BSI risk factors (history of BSI and sex). No significant interactions with sex
were detected. Step rate was the only variable significantly associated with BSI risk
(p=0.008). A 1 step/min increase in step rate was associated with a 5% decreased risk of BSI
(RR: 0.95; 95% CI: 0.91, 0.98). Although not statistically significant, BMD z-score was an
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important covariate in the best-fitting model; the 95% CI suggests that larger BMD z-scores
may be indicative of decreased BSI risk (RR: 0.93, 95% ClI: 0.85, 1.03, unit=0.5).

Discussion

Step rate

We sought to determine if running mechanics and BMD were prospectively associated with
BSI incidence among collegiate cross country runners. Low step rate was identified as an
independent risk factor after adjusting for sex and history of BSI, while BMD z-score was
also determined to potentially influence BSI risk. Importantly, step rate was the strongest
predictor of BSI risk and can be modified directly via gait training to help mitigate BSI risk.
Although indirect modification of BMD is possible, it is more challenging due to multiple
biological factors contributing to BMD levels (e.g. nutrition, applied loads, genetics).

Low step rate during running at a self-selected moderate intensity speed was identified as a
primary risk factor for BSI in collegiate distance runners. In this sample, runners with a
higher step rate had a reduced risk of BSI during the subsequent year. A similar relationship
with shin pain has also been shown among high school cross country runners.28

The association of step rate with other biomechanical variables may explain its inclusion in
the final model over other possible predictors. Although direct measures of bone-loading
were not measured, step rate may indirectly influence tissue-level loads, resulting in the
observed association between step rate and BSI. The influence of step rate on measures of
loading, including GRFs, may also explain why these measures fell out of the final model
despite observed univariable associations. Although peak VGRF, VGRF impulse, and COM
vertical excursion each demonstrated univariable associations, these variables are strongly
associated with each other and step rate.28:29 Inclusion of step rate in the final model
indicates it is the stronger risk factor for BSI and likely captures changes associated with
other biomechanical measures and BSI risk. This may explain the lack of significance
identified among GRF variables.

Bone Mineral Density

Despite not reaching statistical significance, AIC values suggested BMD z-score as an
important covariate in the final, best-fitting model. The 95% CI suggests higher BMD z-
scores may reduce BSI risk (RR: 0.93, 95% CI: 0.85, 1.03); however, thorough assessment
of this association may have been underpowered given the relative homogeneity of the study
sample. Our conclusion is consistent with prior work that found female track and field
athletes who developed stress fractures had reduced total body BMD.1° This relationship
appears to be greatest for trabecular-rich sites (i.e. calcaneus, femoral neck, sacrum, and
innominate)-particularly for BMD measured in the lumbar spine,32:3% which accounted for
over 30% of the BSlIs in our study. A larger, more diverse sample and inclusion of site-
specific scans of the hip and lumbar spine may strengthen our findings.
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Loading Rate and Foot Inclination Angle

Importantly, an association between average vertical loading rate and FIA with BSI was not
detected, despite these often being suggested as primary markers of running injury risk. A
meta-analysis of cross-sectional and retrospective studies concluded loading rate is higher in
individuals with a history of tibial BSI.12 However, prospective, causal associations cannot
be determined with the included study designs. A subsequent prospective study of female
recreational runners found loading rate to be significantly greater in those who self-reported
injuries compared to those with no injury history.3* However, this study was not specific to
BSI and lacked injury confirmation through medical record review. Additionally, mechanical
models of fatigue on cortical bone samples suggest impact-related loading rates during
running have little influence on mechanical fatigue.3® Thus, the relationship between impact
peak, average vertical loading rate, and BSI should be reassessed.

Although foot-strike modification is often suggested to reduce BSI risk, we did not identify
FIA as an independent risk factor for BSI. FIA is a continuous measure of foot-strike that
more accurately captures the underlying non-linear relationship with loading rate than does
categorical foot-strike (i.e. forefoot, midfoot, heel).2! While loading rate can differ with
foot-strike, our findings indicate that neither are primary BSI risk factors.

Application of findings to clinical care

Limitations

Step rate is a clinically modifiable risk factor and our findings suggest small changes in step
rate can have substantial effects on BSI risk. Indeed, an increase of only 1 step/min was
associated with a 5% decrease in risk. Runners have successfully increased step rate up to 18
steps/min following a few weeks of training sessions involving cueing and feedback. 30:36.37
However, this magnitude of change may not be necessary to reduce injury risk. Runners may
experience meaningful reductions in BSI risk with subtle, attainable increases in step rate.
Given the relatively high incidence of BSI in this cohort (30%-32% per year), adjustments in
step rate should be considered as one potential means to reduce BSI risk within our athletic
program.

Given the majority of collegiate athletes are still in the accrual period for BMD,38 careful
attention to indirect BMD modifiers is warranted, including diet, nutrition,10:38 and
mechanical loading (i.e. mode, duration, and intensity of exercise).3%40 Proper monitoring
accompanied by corrective intervention, especially in athletes presenting with
oligomenorrhea/amenorrhea or disordered eating, may also result in reduced BSI risk in
collegiate runners.

To our knowledge, this is the first study to prospectively describe the relationship of running
biomechanics, BMD, and risk of BSI; however, there are some limitations. BMD was not
measured in the lumbar spine, which may partially explain the lack of significant association
identified with BSI risk. Running mechanics in racing flats or spikes worn for competition
may differ from the mechanics measured in training shoes. Some variation in running
mechanics may exist between treadmill and overground running, although a recent meta-
analysis found spatiotemporal running mechanics to be comparable.*! Unfortunately, we
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were unable to account for additional factors known to influence BSI risk, such as
oligomenorrhea/amenorrhea or disordered eating®42 as we only began collecting these data
at our institution recently. Training characteristics were also not captured in this study;
however, there is limited evidence that running mileage, duration, frequency, or pace affect
BSI risk.43 Due to the limited sample size and number of observed BSls, we were unable to
assess associations by BSI location. Of note, the athletes were all from the same cross
country program with the same coaches throughout the study period. Given the high-level of
athletes in our study, our findings may not be generalizable to distance runners outside of the
collegiate setting.

Conclusion

Low step rate was identified as an independent risk factor for BSI after adjusting for sex and
history of BSI, and BMD z-score may also influence risk. These risk factors are clinically
meaningful as small increases in step rate are attainable and may significantly influence BSI
risk. Thus, monitoring step rate, along with BMD and its related factors, may be worthwhile
as part of a comprehensive program to treat and prevent BSIs in collegiate runners.
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What are the new Findings?

. Step rate was prospectively determined to be the strongest biomechanics
predictor of bone stress injury (BSI) among common measures of running
mechanics.

. Although peak vertical ground reaction force and impulse have been

associated with BSI risk, step rate (which is highly associated with these
ground reaction force metrics) may effectively capture their influence on BSI
risk.

. A low bone minderal density (BMD) in combination with a low step rate were
most influential in prediction of BSI risk.

. Average vertical loading rate and foot inclination angle were not associated
with BSI risk.
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How might it impact on clinical practice in the near future

. Low step rate is an important predictor of bone stress injury (BSI) in
collegiate cross country runners; each one step/min increase in step rate is
associated with a 5% decrease in BSI risk.

. While not directly tested in this study, step rate can be modified with gait
retraining and may reduce BSI risk.

. Foot strike modification may not be an effective approach for reducing BSI
risk in distance runners.
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(N = 15 records)

Injured at time of testing

at pre-season
(N = 20 records)

Test session was not

follow-up
(N = 3 records)

Did not have 1 year of injury

(N = 0 records)

Did not have corresponding
»| preseason DXA data

Y

Gait and DXA records included
in analysis
(N =91; 54 unique athletes)

Figure 1.

Flowchart showing process used to select records included in this study. DXA: Dual x-ray

absorptiometry.
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Table 1:

Participant Characteristics, Running Mechanics and BMD at baseline”

Baseline Characteristics Male (n=21) Female (n=33) Overall (n=54)
Demographic

Age (yr) 19.7 (1.2) 19.4 (1.4) 19.5 (1.3)

Body Mass Index (kg/m?) 20.7 (1.3) 20.1(1.9) 20.3(1.7)
History of BSI (n) 6 (29%) 12 (36%) 18 (33%)
Spatiotemporal Variables

Preferred Speed (m/s) 4.12 (0.20) 3.70 (0.18) 3.87(0.28)

Step Rate (steps/min) 170.4 (6.6) 175.8 (9.0) 173.7 (8.5)
Kinematic Variables

Foot Inclination Angle (°) -0.2 (6.8) 4.6 (7.5) 2.7(7.5)
Horizontal Distance from COM to Heel (cm) | 11.2 (2.9) 12.9(2.5) 12.2(2.7)

COM Vertical Excursion (cm) 10.2 (1.0) 9.0 (1.3) 9.5(1.3)

Peak Hip Adduction during Stance (°) 12.2 (2.0) 13.2(3.4) 12.8 (3.0)

Base of Gait at Midstance (cm) -0.7(1.4) 1.1(1.6) 0.4 (1.7)

GRF Variables

Peak Vertical GRF (N/kg) 27.8(L.7) 24.7 (2.4) 25.9 (2.6)

Impact Peak (N/kg) 18.9 (4.3) 16.3 (2.5) 17.2 (3.3)
Average Vertical Loading Rate (N/kg/s) 970.6 (356.6) 846.1 (239.1) 894.5 (293.7)
Vertical GRF Impulse (Ns/kg) 3.44 (0.14) 3.32(0.18) 3.36 (0.17)
Braking Impulse (Ns/kg) -0.22 (0.02) -0.22 (0.02) -0.22 (0.02)
DXA Variables

Total Leg BMD (g/cm?) 1.423 (0.143) 1.282 (0.099) 1.337 (0.136)
Total Body BMD (g/cm?) 1.223 (0.105) 1.163 (0.085) 1.186 (0.097)
BMD Z-Score 0.36 (0.91) 0.88 (0.98) 0.67 (0.98)

Total Body BMC (g) 3055.23 (369.19) 2444.04 (254.04) 2681.73 (425.27)
Whole Body Lean Mass (g) 56469.19 (5044.60) | 42467.85 (3605.19) | 47912.81 (8057.21)

BMC, bone mineral content; BMD, bone mineral density; BSI, bone stress injury; COM, center of mass; GRF, ground reaction force

a . ) .
Baseline values represent first year of available data for each athlete
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Table 2:

Bone Stress Injury (BSI) Incidence and Location, n(%)

Injury Characteristics Male Female Overall

Number of Injured Athletes | 11 (46%) | 13 (54%) | 24

Number of BSI 15 17 32

BSI Location
Sacrum 2(13%) | 6(35%) | 8(25%)
Innominate 1 (7%) 1 (6%) 2 (6%)
Femur 3(20%) | 4(24%) | 7 (22%)
Tibia 1 (7%) 1 (6%) 2 (6%)
Fibula 3(20%) | 0 3 (9%)
Navicular 1 (7%) 2 (12%) 3 (9%)
Sesamoid 0 0 0
Metatarsal 4 (27%) 3(18%) 7 (22%)
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Univariable Generalized Estimating Equations for Potential Risk Factors of BsI®?

Table 3:

Variable® RR (95% CI) p-value
Demographic Characteristics

Age (yr) 0.83(0.65,1.08) | 0.17
Sex (Female vs Male) 0.97 (0.50, 1.88) | 0.93
Body Mass Index (kg/m?) 0.97(0.78,1.21) | 0.81
History of BSI 2.22(1.14,4.33) | 0.02
Spatiotemporal Variables

Preferred Speed (m/s) (unit=0.5) 1.29(0.63,2.64) | 0.48
Step Rate (steps/min) 0.96 (0.92,0.99) | 0.03
Kinematic Variables

Foot Inclination Angle at initial contact(®) 1.00 (0.96, 1.04) | 0.92
Horizontal Distance from COM to Heel Marker (cm) | 1.02 (0.91, 1.13) | 0.77
COM Vertical Excursion (cm) (unit=0.5) 1.17 (1.04,1.31) | 0.01
Peak Hip Adduction during Stance (°) 0.95 (0.85, 1.06) | 0.37
Base of Gait at Midstance (cm)(unit=0.5) 0.93 (0.85,1.01) | 0.10
GRF Variables

Peak Vertical GRF (N/kg) 1.12 (0.99, 1.27) | 0.08
Impact Peak (N/kg) 1.03(0.93,1.15) | 0.54
Average Vertical Loading Rate (N/kg/s) (unit=100) 1.00 (0.89, 1.11) | 0.95
Vertical GRF Impulse (Ns/kg) (unit=0.1) 1.19(1.00, 1.43) | 0.06
Braking Impulse (Ns/kg) (unit=0.05) 0.52 (0.11,2.48) | 0.41
DXA Variables

Total Leg BMD (g/cm?) (unit=0.1) 0.87 (0.68, 1.12) | 0.27
Total Body BMD (g/cm?) (unit=0.1) 0.79 (0.57, 1.10) | 0.16
BMD Z-score (unit=0.5) 0.91(0.77,1.08) | 0.29
Total Body BMC(g) (unit=100) 0.98 (0.91, 1.05) | 0.50
Whole Body Lean Mass (g) (unit=1000) 0.99 (0.96, 1.03) | 0.76

Page 17

BMC, bone mineral content; BMD, bone mineral density; BSI, bone stress injury; CI, confidence interval; COM, center of mass; GRF, ground

reaction force; RR, relative risk

a . .
Models were performed separately for each variable of interest.

b . .
Models accounted for repeated measures with subject. Females were the reference group for sex.

Unit represents the unit increase used for interpretation of relative risk and 95% CI. Unit=1 if not otherwise specified.
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Table 4:

Multivariable Marginal Generalized Estimating Equation model for potential risk factors of BSI®

Variableb Relative Risk (95% CI) | p-value
Step Rate (steps/min) 0.95 (0.91, 0.98) 0.008
BMD Z-Score (unit=0.5) | 0.93 (0.85, 1.03) 0.16

BMD, bone mineral density; BSI, bone stress injury; Cl, confidence interval

aModeI adjusted for history of BSI (p=0.07) and sex (p=0.23). Additionally, the model covariance structure accounted for repeated measures
among individuals. The final model was selected using a combination of backward selection and Akaike information criterion.

Unit represents the unit increase used for interpretation of relative risk and 95% CI. Unit=1 if not otherwise specified.

BrJ Sports Med. Author manuscript; available in PMC 2021 August 04.



	Abstract
	Introduction
	Methods
	Running Mechanics Acquisition and Processing
	Bone Health Measures Acquisition and Processing
	Biomechanical Variables
	DXA Variables
	Outcome Variables
	Statistical Analysis

	Results
	Univariable associations with BSI risk
	Multivariable associations with BSI risk

	Discussion
	Step rate
	Bone Mineral Density
	Loading Rate and Foot Inclination Angle
	Application of findings to clinical care
	Limitations

	Conclusion
	References
	Figure 1.
	Table 1:
	Table 2:
	Table 3:
	Table 4:

