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Background: Lower limb bone stress injury (BSI) of the pelvis, femur, and tibia is prevalent in collegiate track and field distance
runners. Bone mineral density (BMD), body composition (BComp), and anthropometric parameters before initial collegiate injury
have not been compared between runners with BSI and their noninjured counterparts.

Purpose: To characterize bone health in relation to BComp and anthropometric measurements from total-body dual x-ray
absorptiometry (DXA) scans in collegiate male and female distance runners before BSI and develop BMD prediction models.

Study Design: Case-control study; Level of evidence, 3.

Methods: Distance runners (N ¼ 79) from a single university track and field team were retrospectively enrolled into this study.
The runners completed a DXA scan during the fall season (August-November) and participated in sport activities before the
scan. Three months after scanning, electronic medical records were reviewed for the occurrence of BSI. An independent-sample
t test was used to compare BMD (total and regional [spine, pelvis, and legs]), BComp (% body fat, fat mass, and lean mass), and
anthropometric measurements (shoulder width and leg, arm, and trunk length) between runners with versus without BSI
(included subgroup analysis by sex). Multiple linear regression with stepwise removal was used to determine variables most
predictive of BMD.

Results: Of the 79 enrolled participants (42 male, 37 female), 18 runners (22.8%; 11 female, 7 male) sustained a lower limb BSI.
Compared with the noninjured group, injured runners had lower total and regional BMD (P < .001 for all) and shorter leg and arm
lengths (P < .05 for both), whereas injured male runners had lower fat mass and injured female runners had lower lean mass in the
legs (P < .05 for both). Injured runners’ age-matched total BMD Z score (-0.1 ± 0.6) was considered clinically normal. BComp and
anthropometric measures were predictive of total and regional BMD (P < .05; R2 ¼ 0.64-0.80; percentage error ¼ 3.8%-4.8%).

Conclusion: The DXA scans of injured runners prior to incidence indicated lower BMD compared with noninjured runners. Shorter
limb lengths, lower fat mass (male), and lower leg lean mass (female) may also be indicative of risk. Certain BComp and
anthropometric measures were predictive of BMD.
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Bone stress injury (BSI) is common among collegiate track
and field distance runners.30,33,38 When compared with all
male and female collegiate athletes, distance runners sus-
tain the most BSI annually,33 with lower limb BSI of the
femur, tibia, and pelvis being more prevalent than in other
track and field athletes.5 These more common lower limb
injuries in distance runners are likely due to the repetitive
impact forces inherent in the sport in combination with

extrinsic and intrinsic factors. An important extrinsic fac-
tor is an increase in running activity or training intensity
and can include a sudden change in running frequency,
mileage, pace, or terrain, which can commonly occur
throughout a collegiate season that comprises cross-
country, indoor, and outdoor competition.20 Intrinsic fac-
tors for BSI development in runners can be related to bone
health and body composition (ie, fat and lean mass) such as
low body fat percentage, low muscle mass, and low bone
mineral density (BMD); thus, when exposed to sport-
related activity during a competitive season, there is a
greater likelihood of injury.5,30 Therefore, accounting for
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these respective intrinsic risk factors, collectively, during a
competitive collegiate season is of critical importance for
identifying risk and making appropriate training or nutri-
tional modifications.

Dual x-ray absorptiometry (DXA) is an accurate, reli-
able technique for measuring and quantifying total and
regional lean mass, fat mass, and BMD in athletes6 and
is used commonly among athletic populations.7,10 Despite
the accuracy and popularity of DXA in addition to previous
evidence linking its measures of BMD to BSI in athletic
populations,2,17,22,37 minimal research has been conducted
to examine this relationship within collegiate running
athletes.4,9 However, Tenforde et al36 recently reported
an association between BSI risk and lumbar spine BMD
in female collegiate athletes, thus further supporting its
potential utility of DXA for tracking sport-specific bone
health in specialized athletic populations such as colle-
giate distance runners. Also, during a competitive season,
it is still unknown within this respective specialized sport
population whether total and regional BMD measures are
indicative of BSI risk during a competitive season and
whether current risk assessment standards (ie, Z score/t
score) based on general population norms are appropriate
for this athletic population. Given the high-impact nature
of distance running combined with, at times, reduced
energy availability (ie, difference in energy intake and
exercise energy expenditure in relation to fat-free mass)
in these athletes,27 it is possible that different risk metrics
within bone and body composition measures specific to
lower limb BSI are needed in this specialized population
of athletes.16 Therefore, identifying population-specific
risk for low BMD and BSI are of important clinical value
with regard to injury prevention.

Importantly, many institutions and athletes do not have
readily available access to DXA screening. Therefore, iden-
tifying intrinsic factors associated with BMD and BSI risk
that can be assessed in the clinic would be of considerable
value with regard to screening. Barrack et al1 and Lambert
et al21 have both recently used regression modeling and
identified several demographic and anthropometric vari-
ables that were highly predictive of BMD in male adoles-
cent athletes and professional ballet performers (a group
also commonly afflicted by BSIs), respectively. However,
it was acknowledged that the prediction models developed
were likely highly specific to the type of athletes observed.
Thus, if similar modeling techniques were utilized for col-
legiate distance runners (which may be applicable to a
wider range of athletes), the development of novel screen-
ing equations would be of great value for high throughput

screening and risk monitoring, particularly for institutions
without readily available access to DXA. Given the high
prevalence of lower limb BSIs in collegiate distance run-
ners, often paired with prolonged recovery trajectories,28

those identified to be at risk could be flagged for either
further diagnostic evaluation by a clinician or close moni-
toring by athletic training staff, or be provided nutritional
counseling/intervention.12

In light of previous observations and a clinical need in
this unique population, the purpose of this study was to
characterize DXA-derived BMD, body composition, and
skeletal dimensions in collegiate male and female distance
runners prior to lower limb BSI status (ie, injured or non-
injured) during a competitive season as well as provide
indices of risk specific to the total body DXA assessment.
We hypothesized that (1) collegiate distance runners with a
lower limb BSI will exhibit lower BMD relative to runners
without injury; (2) total and regional body composition (ie,
fat and lean) as well as skeletal dimension differences
would be observed between respective BSI status groups;
and (3) measures of body composition and skeletal dimen-
sions could be used to develop prediction models for
regional and total BMD.

METHODS

Study Design

This was a retrospective case-control study that was con-
ducted at a university athletic training facility during the
fall (August-November) 2013-2019 cross-country seasons.
Included were male and female distance running athletes
who were members of a National Collegiate Athletic Asso-
ciation (NCAA) Division I-A track and field team. Study
measurements included a total-body DXA scan, weight,
height, and body mass index (BMI). Within the 3 months
following study measurement, the electronic medical
records for all participants were reviewed for incidence of
a diagnosed lower limb BSI. Because the study participants
received multiple fall season scan measurements through-
out their collegiate career, the inclusion DXA scan for the
participants with a lower limb BSI was the scan before the
first injury of their collegiate career, while we used the last
scan of the eligible fall season for participants with no
injury during their collegiate career. The study protocol
received institutional review board approval, and written
informed consent was obtained from the athletes prior to
participation.
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Patients

Overall, 79 male and female distance runners were
assessed for study eligibility (Figure 1). Inclusion criteria
included participation in sport-related activity prior to and
after DXA scan for 3 months as well as scans only prior to
the first collegiate lower limb BSI. Exclusion criteria
included any bone-related injury or recovery from such
injury at the time of the DXA scan that prohibited prospec-
tive sport-related activities as well as scans prior to reoc-
curring lower limb BSI.

DXA and Anthropometric Analyses

All DXA scans were collected on a Lunar iDXA device
(GE Healthcare) located within the university athletic
department’s sport performance center. The scans were
analyzed using enCORE software (Version 14.10.022; GE
Medical Systems Lunar). The DXA scan measured total
bone mass, total-body BMD, spine BMD, pelvis BMD, leg
BMD (femoral and tibial), percentage body fat (%BF), fat
mass, fat-free mass, and lean mass (overall and for legs,
trunk, and arms).

Skeletal dimensions (shoulder width, trunk length, arm
length, leg length, and leg/trunk length ratio) were also
obtained from the total-body DXA scan and analyzed using
ImageJ (National Institutes of Health) analysis software,32

using similar methods to those conducted by Stanelle
et al.34 Shoulder width was measured between the widest
point of each shoulder. Trunk length was measured at the
widest point on the pelvis to the top of the clavicle. Arm

length was the sum of lengths (ie, top to end) of the
humerus and radius, while leg length was measured as the
distance between the widest point on the pelvis to bottom
center of the distal tibia. All skeletal dimensions completed
within each study participant scan were derived from the
midsagittal plane that was the clearest in identifying pre-
defined bony landmarks for respective lengths.

Age- and sex-matched Z scores were calculated for BMD
measures using general population norms extracted from
the National Health and Nutrition Examination Survey
database.24 The Z scores were defined as the difference
between the participant’s BMD and the BMD of an age-
matched reference group divided by the general population
standard deviation.18 Similar to the diagnostic criteria for
the spine, femoral neck, and forearm, criteria for total and
regional low BMD were defined as follows: osteopenia, Z
score less than -1; osteoporosis, Z score less than -2.5.23

Lower Limb BSI

The workup of a suspected sport-related lower limb BSI was
made based on a history of increasing localized pain with
exercise (especially in a setting of recent increase in exercise
duration or intensity) and localized tenderness on examina-
tion by the team physician. Although the initial imaging
modality may have been plain radiograph, for the purposes
of this study, BSI was confirmed only when the clinical sus-
picion was confirmed by magnetic resonance imaging (MRI)
showing Fredericson grade changes of at least 2, as docu-
mented in each study participant’s electronic medical
records.18 All lower limb BSIs that were documented and
included within the analyses occurred after the fall-season
DXA scan; sport-related; and noted as stress fracture or
stress reaction within the pelvis, femoral neck, femoral
shaft, or tibia. The date of lower limb BSI was determined
from the date of clinical assessment when imaging was
ordered, since completion of MRI generally occurred within
1 week of the respective assessment.

Statistical Analysis

Data were analyzed using SPSS statistics software (SPSS
Statistics; IBM). An independent-sample t test was used to
compare BMD, body composition, skeletal dimensions, and
demographic variables between BSI status (ie, with or
without) among all athletes and within male and female
athletes compared separately (critical alpha was set at a
¼ .05 for all comparisons). For all significant comparisons,
effect size was calculated using Cohen d statistics and
interpreted as follows: 0.0-0.09, negligible; 0.10-0.29, small;
0.30-0.49, moderate; 0.5-0.69, large; and greater than 0.7,
very large. Next, multiple linear regression with stepwise
removal was used to predict bone mineral content and BMD
(total body, legs, spine, pelvis) using height, weight, BMI,
body composition, sex, and skeletal dimensions, whereby
final variables included in each prediction model were
based on the highest adjusted R2 with the lowest level of
variance inflation as well as a minimum of 10 observations
(athletes) per number of regression coefficients included in
each model.

Assessed for eligibility (n= 79)
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Figure 1. CONSORT (Consolidated Standards of Reporting
Trials) flow diagram. BSI, bone stress injury; DXA, dual x-ray
absorptiometry.
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RESULTS

Table 1 shows the characteristics of the 79 study partici-
pants, overall and by sex. Male and female athletes were
significantly different in height, weight, and all BComp;
BMD; and skeletal dimensions (P < .01 for all). Only age
and BMI were not statistically different between the sexes.
BSI frequency for all athletes was 22.8%. Differences
between injured male (16.7%) and female (29.7%) frequen-
cies did not reach statistical significance.

Comparison of BMD Between Athletes With
and Without BSI

Figure 2 shows the BMD characteristics compared between
athletes with versus without a lower limb BSI. Overall,
those in the no-BSI group had significantly higher BMD
overall as well as in the spine, pelvis, and legs (P < .001 for
all). In male athletes, the no-BSI group had significantly
higher overall, pelvis, and leg BMD (P < .05), while no
difference was observed in spine BMD compared with the
BSI group. Within female runners, the no-BSI group had
significantly higher BMD in all measures compared with
the BSI group (P < .01 for all).

Predictors of Bone Mass and BMD

Multiple linear regression analysis revealed that BComp
and anthropometric measures were predictive of total
bone mass (bone mass ¼ [0.046 � age] þ [0.024 � weight]
þ [0.014 � %BF] þ [-0.017 � arm length] þ [0.017 �

shoulder width] þ [-0.009 � trunk length] þ [0.037 � leg
length] �2.867; P < .05; R2 ¼ 0.61; percentage error,
11.01%). In addition to predicted bone mass, other BComp
and anthropometric measures (age, height, weight, BMI,
fat mass, %BF, bone mass, limb length, shoulder width,
trunk length, and arm length) were predictive of total and
regional BMD (P < .05; R2 ¼ 0.64-0.80; percentage error,
3.8% to 4.8%) (Figure 3).

Comparison of Athletes With and Without BSI

A physiologic comparison of athletes with and without long-
bone BSIs is shown in Table 2. No significant differences
were found in demographic characteristics between the BSI
and no-BSI groups. BComp values in male runners showed
fat mass to be significantly lower in BSI compared with no
BSI, whereas in female runners, leg lean mass in the BSI
group was significantly lower versus no BSI. Among all
athletes, the BSI group had significantly shorter arm and
leg limb lengths as well as a lower leg/trunk ratio compared
with the no-BSI group.

Table 3 shows male and female athlete BMD relative
to population norms by age-matched Z scores. In compar-
ison with age-matched Z score within both male/female
BSI and no-BSI groups, observed total, spine, and leg
BMD values were clinically normal and not indicative of
osteopenia (Z < -1) or osteoporosis (Z < -2.5) relative to
general population norms. However, pelvis BMD Z score
in both male (-1.2 ± 0.3) and female (-1.6 ± 0.3) runners in
the BSI group were less than -1 and met the criteria for
osteopenia.

TABLE 1
Characteristics of the Included Athletesa

All Athletes (N ¼ 79) Men (n ¼ 42) Women (n ¼ 37) P

Demographics
Height, cm 172.9 ± 0.3 178.2 ± 1.8 166.9 ± 2.0 < .001
Weight, kg 61.2 ± 1.6 65.7 ± 1.8 56.2 ± 1.7 < .001
Age, years 20.0 ± 0.3 20.2 ± 0.4 19.7 ± 0.5 .203
BMI, kg/m2 20.7 ± 0.3 20.9 ± 0.4 20.5 ± 0.5 .253

Body composition
%BF 15.9 ± 1.3 11.4 ± 0.7 21.0 ± 1.2 < .001
Fat mass, kg 9.6 ± 0.7 7.5 ± 0.5 11.9 ± 0.9 < .001
Fat-free mass, kg 51.7 ± 1.9 58.8 ± 0.8 44.3 ± 1.3 < .001

Skeletal dimensions, cm
Leg length 94.8 ± 1.3 98.0 ± 1.5 91.1 ± 1.4 < .001
Arm length 55.6 ± 0.7 57.4 ± 0.7 53.4 ± 0.9 < .001
Trunk length 46.7 ± 0.7 48.1 ± 0.9 45.1 ± 0.7 < .001
Shoulder width 38.9 ± 0.5 40.5 ± 0.5 37.0 ± 0.5 < .001

Bone densitometry
Total-body BMD, g/cm2 1.22 ± 0.02 1.26 ± 0.03 1.17 ± 0.03 < .001
Total bone mass, kg 2.50 ± 0.09 2.65 ± 0.13 2.32 ± 0.11 < .001
Leg BMD, g/cm2 1.33 ± 0.03 1.40 ± 0.03 1.26 ± 0.04 < .001
Spine BMD, g/cm2 1.07 ± 0.03 1.10 ± 0.03 1.02 ± 0.04 .003
Pelvis BMD, g/cm2 1.13 ± 0.03 1.17 ± 0.04 1.09 ± 0.03 .002

BSI frequency, % 22.8 16.7 29.7 .133

aData are presented as means ± 95% CI. Bolded P values indicate statistically significant difference between men and women (P < .05).
%BF, percentage body fat; BMD, bone mineral density; BMI, body mass index; BSI, bone stress injury.
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DISCUSSION

To our knowledge, our investigation is the first to examine
bone health, BComp, and anthropometric (ie, skeletal
dimension) parameters in collegiate distance runners
within 3 months prior to, or in the absence of, a sport-
related lower limb BSI during a competitive season. The
results indicated that the injured male and female dis-
tance runners have significantly lower total and regional
BMD (Figure 2) as well as unique sex-specific tissue
(ie, fat and lean) differences and shorter limb lengths
compared with noninjured distance runners (Table 2).
Also, certain body composition, skeletal dimensions, and
demographics were predictive of total and regional BMD
within a 3% to 5% error range (R2 ¼ 0.61-0.78) in this
sport population.

These findings provide insight into bone, BComp, and
anthropometric characteristics of at-risk athletes within a
specialized collegiate sport population known to have a
high prevalence of lower limb BSIs. The data can be used
to contribute to new normative BMD benchmarks to assess
injury risk as well as potentially provide, after future
research to establish reliability, a tool to assess BMD for
those without readily available access to DXA technology
using our novel prediction equations. For example, health
practitioners may be able to use such benchmarks to

identify lower limb BSI at-risk runners in (1) university
athletic programs without accessibility to a DXA, (2) pre-
season use before undergoing in-season, sport-related run-
ning activities, and (3) continual monitoring throughout
the fall and spring competitive seasons.

BSI in Distance Runners

In our study sample, within 3 months of a fall-season DXA
scan during a competitive season, we observed a mean
lower limb BSI incidence rate of 22.8%, with respective
incidences in our female distance runners trending higher
compared with male runners. These BSI rates are similar
to sports medicine clinics reporting up to 20%, and track
and field teams, which range between 10% and 31%.12,13

Also, our rates align with other collegiate track and field
distance runner injury data stating that annual BSI rates
can be higher than 20%.12,38 Moreover, previous research in
track and field athletes notes that female runners have
higher incidences of BSI compared with their male counter-
parts with recent findings supporting these trends and
reporting that female distance runners are associated with
greater BSI occurrences.15,30 Thus, our study sample’s BSI
incidence rates are like previous findings, suggesting our
data are representative of a common injury within this spe-
cialized sport population.

Figure 2. Bone mineral density (BMD) comparison. Data are presented as means ± 95% CI for athlete BMD with long BSI or no long
BSI (no BSI). Type I error set at a ¼ .05. For each significant comparison, Cohen d effect sizes are interpreted as 0.0-0.09,
negligible; 0.10-0.29, small; 0.30-0.49, moderate; 0.50-0.69, large (L); and >0.7, very large (VL). BSI, bone stress injury; EF, effect
size; NS, not significant.
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Our first important finding was that total and regional
measures of BMD were lower in distance runners prior to
first collegiate lower limb BSI than in athletes who were
without injury. Low BMD is an intrinsic risk factor for a
BSI and, when combined with extrinsic risk factors such as
rapid change in frequency, mileage, pace, or terrain as
observed during a competitive season, it can increase the
likelihood of injury.30,33 However, when assessing surro-
gates of bone strength like BMD via DXA to determine their
relationship to BSI risk, the findings remain unclear.4,5,9

This may be because, when compared with inactive con-
trols, running activity and running athletes are generally
associated with equivalent or slightly greater BMD,33 as
observed within our study sample, in which the lower
total-body BMD of the injured athletes compared with
age-matched Z scores were not indicative of low BMD (ie,
Z score of � -1)31 relative to general population standards.
We find it likely that comparing total-body BMD measures
with general population norms may be an inappropriate
determinant of injury risk in this highly active athletic
population exposed to elevated physiological stresses.
Therefore, the data presented here may assist in setting
normative benchmarks specific to this sport population in
efforts to improve risk assessment and mitigate potential
lower limb BSI. For example, based on the present data, it
may be desirable for collegiate distance runners to stay
above the lower bound confidence intervals provided for
those within the no-BSI group (Figure 2).

Sex-Based and Demographic Differences

Our BComp measures indicated sex-specific tissue differ-
ences (ie, fat and lean) in runners prior to injury in com-
parison with noninjured runners. For example, in our
female runners, prior to a lower limb BSI, leg lean mass
was lower than in female runners who did not sustain a
respective BSI (Table 2). This finding of lower limb lean
mass in women has been previously reported among White
track and field athletes and identified to be a significant
risk factor for BSI.5 In our injured male runners, total-
body fat mass was lower than in noninjured male runners.
According to recent normative DXA data within NCAA
Division I-A male distance runners, mean total-body fat
mass was 7.9 ± 2.1 kg and similar to the mean noninjured
male runners in our cohort (7.7 ± 0.5 kg).10 However, our
injured male runners’ total-body fat mass was lower, at 6.4
± 0.7 kg. Thus, these observed sex-specific differences of
lower fat or lean tissue content between the BSI and no-
BSI groups may be indicative of a unique response within
each sex during the competitive season, possibly related to
reduced energy availability. Given the significant daily
energy requirements for this sport activity during a com-
petitive collegiate season,25 insufficient energy intake,
whether intentional or unintentional,3 that subsequently
limits available energy pools for normal physiological func-
tions,29 may also alter tissue quantities differently between
male and female runners. For example, when energy

Figure 3. Graphs showing R2, adj R2, SE, and %error for results of multiple linear regression analysis to predict (A) total, (B) pelvis,
(C) spine, and (D) leg bone mineral density (BMD). Red dashed lines on either side of the line of best fit indicate SE. Adj, adjusted;
ARML, arm length (cm); BM, total bone mass (kg); BMI, body mass index; FM, fat mass (kg); HT, height; LL, leg length (cm);
SHWIDTH, shoulder width (cm); TRNKL, trunk length (cm).
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availability ([energy intake – energy expended during exer-
cise]/lean mass) is low in female runners, a greater prefer-
ence may look to preserve fat tissue levels and support

other vital physiological functions such as menstruation
instead of preserving other metabolically costly tissue such
as lean muscle.31 In male runners, however, low energy
availability may preferentially preserve lean tissue until
body fat levels become too low, as has been observed in
other male athlete sport populations. Previous research in
nonrunning male athletes reports a loss in muscle during
times of low energy availability and extremely low DXA
body fat levels (ie, 4%-5%).11 Our injured male runners’
%BF levels were 9.9%, thus potentially not low enough to
perturb lean mass levels, but potentially low enough to
influence bone health.35 Nonetheless, further research
related to distance runners, energy availability status, and
sex-specific tissue changes is needed to confirm these
observations as well as to ascertain whether these
respective tissue changes are associated with altered bone
health.

Skeletal Dimensions

A novel finding within this study was the significant differ-
ence in limb lengths between injured and noninjured dis-
tance runners (Table 2). More specifically, arm and leg
limb lengths were shorter as well as smaller leg/trunk ratio

TABLE 2
Physiologic Comparison Between the BSI and no-BSI Groupsa

All Athletes Male Female

BSI
(n ¼ 18)

No BSI
(n ¼ 61) P (ESb)

BSI
(n ¼ 7)

No BSI
(n ¼ 35) P (ESb)

BSI
(n ¼ 11)

No BSI
(n ¼ 26) P (ESb)

Demographics
Height, cm 169.8 ± 4.1 173.9 ± 2.0 NS 176.7 ± 6.1 178.5 ± 1.8 NS 165.3 ± 3.6 167.6 ± 2.4 NS
Weight, kg 58.6 ± 3.8 62.0 ± 1.8 NS 65.1 ± 5.6 65.8 ± 1.9 NS 54.4 ± 3.1 57.0 ± 2.0 NS
Age, years 19.5 ± 0.7 20.1 ± 0.4 NS 20.4 ± 1.5 20.1 ± 0.5 NS 19.0 ± 0.5 20.1 ± 0.6 NS
BMI, kg/m2 20.6 ± 0.7 20.7 ± 0.4 NS 21.2 ± 0.4 20.8 ± 0.5 NS 20.3 ± 1.0 20.5 ± 0.6 NS

Body composition
%BF 17.2 ± 3.1 15.5 ± 1.4 NS 9.9 ± 1.8 11.7 ± 0.7 NS 21.8 ± 2.1 20.7 ± 1.5 NS
Fat mass, kg 9.8 ± 1.6 9.5 ± 0.8 NS 6.4 ± 0.7 7.7 ± 0.5 .041

(1.01
[VL])

11.9 ± 1.5 11.9 ± 1.1 NS

Fat-free mass, kg 48.8 ± 4.6 52.6 ± 2.0 NS 58.8 ± 5.8 58.1 ± 1.7 NS 42.5 ± 2.3 45.1 ± 1.5 NS
Lean mass, kg 46.6 ± 4.5 49.9 ± 1.9 NS 56.4 ± 5.6 55.4 ± 1.6 NS 40.3 ± 2.1 42.73 ± 1.5 NS
Legs lean mass, kg 15.5 ± 1.2 17.1 ± 0.7 .042

(.53 [L])
18.6 ± 2.0 18.8 ± 0.6 NS 13.5 ± 0.7 14.7 ± 0.6 .035

(0.82 [VL])
Trunk lean mass, kg 23.1 ± 2.3 24.3 ± 0.9 NS 28.1 ± 2.8 26.8 ± 0.8 NS 19.9 ± 1.2 20.9 ± 0.8 NS
Arms lean mass, kg 4.9 ± 0.6 5.5 ± 0.3 NS 6.2 ± 0.9 6.4 ± 0.3 NS 4.0 ± 0.3 4.2 ± 0.2 NS

Skeletal dimensions
Leg length, cm 91.9 ± 2.6 95.6 ± 1.4 .015

(0.67 [L])
96.0 ± 3.9 98.4 ± 1.6 NS 89.3 ± 2.4 91.9 ± 1.6 NS

Arm length, cm 53.8 ± 1.5 56.1 ± 0.8 .006
(0.74
[VL])

56.3 ± 1.9 57.7 ± 0.7 NS 52.2 ± 1.5 53.9 ± 1.0 NS

Trunk length, cm 46.6 ± 1.5 46.8 ± 0.8 NS 48.9 ± 2.4 48.0 ± 1.0 NS 45.1 ± 1.0 45.1 ± 0.8 NS
Shoulder width, cm 37.9 ± 1.3 39.1 ± 0.6 NS 40.7 ± 1.2 40.5 ± 0.6 NS 36.2 ± 1.0 37.3 ± 0.6 NS
Leg/trunk ratio 1.98 ± 0.03 2.05 ± 0.05 .027

(0.60 [L])
1.97 ± 0.08 2.06 ± 0.05 NS 1.98 ± 0.06 2.04 ± 0.04 NS

aData are presented as mean ± 95% CI. BF, body fat; BMI, body mass index; BSI, bone stress injury; ES, effect size; L, large effect size; NS,
not significant; VL, very large effect size.

bCohen d effect sizes: 0.0-0.09 ¼ negligible; 0.10-0.29 ¼ small; 0.3-0.49 ¼ moderate; 0.5-0.69 ¼ large; >0.7, very large.

TABLE 3
Athlete BMD Relative to Population Norms

by Age-Matched Z Scorea

Male Female

BSI No BSI BSI No BSI

Total body -0.1 ± 0.6 0.5 ± 0.3 -0.1 ± 0.6 0.9 ± 0.3
Spine 0.7 ± 0.4 1.1 ± 0.2 -0.4 ± 0.7 1.0 ± 0.4
Pelvis -1.2 ± 0.3 -0.9 ± 0.2 -1.6 ± 0.3 -0.9 ± 0.3
Legs 0.0 ± 0.6 0.5 ± 0.2 0.2 ± 0.7 1.2 ± 0.4

aData are presented as mean ± 95% CIfor age-matched Z scores
among male and female athletes with (BSI) and without (No BSI)
the presence of long BSI. Age-matched Z score is defined as the
difference between the study participant’s BMD and an age-
matched reference group divided by general population SD.18 Sim-
ilar to the diagnostic criteria for spine, femoral neck, and forearm,
criteria for total and regional low BMD was defined as follows:
osteopenia, Z score < -1; osteoporosis, Z score < -2.5.18 BMD, bone
mineral density; BSI, bone stress injury.
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within the runners who were injured. Biomechanical factors
related to static alignment and anatomic issues such as leg-
length discrepancy and smaller calf circumference are
reported to contribute to BSI5,19; however, our findings sug-
gest limb length and skeletal dimensions may also contrib-
ute, or be related, to BSI. Since the etiology of a BSI is
attributed largely to repeated mechanical loading, we find
it possible that an increased frequency of foot contacts across
a given distance in runners with shorter lower limbs may
influence BSI risk and injury occurrence.14,39 Furthermore,
other extrinsic risk factors for BSI, such as running on hard
training surfaces or running in older footwear that impairs
proper shock absorption, could be exacerbated in runners
with shorter limb lengths resulting from these greater foot
strike frequencies.14 Thus, due to the required weekly dis-
tances completed throughout a competitive season, limb
length may be another important factor to consider in colle-
giate distance runners at risk for a lower limb BSI.

Noninvasively Predicting BMD in Collegiate
Distance Runners

A second novel finding was that certain BComp and anthro-
pometric measures were predictive of total bone mass and
BMD. Recently, Lambert et al21 demonstrated in elite male
and female ballet dancers that several demographic and
anthropometric measures (sex, height, weight, age, fat
mass, lean mass, and %BF) were predictive of BMD. In this
study, multiple linear regression similarly revealed that
bone mass could be predicted using a combination of demo-
graphics (age, weight), BComp (%BF), and skeletal dimen-
sions (shoulder width, trunk length, arm length, leg length)
and then be used, in addition to other BComp and anthro-
pometric measures, to predict total and regional BMD (Fig-
ure 3). It is understood that not every athletics program has
access to DXA; however, our findings suggest simple
BComp and anthropometric measures can provide an effec-
tive screening tool for health practitioners to identify run-
ners with at-risk BMD values without formal DXA
assessments at the beginning of a competitive season. This
scenario could promote a proactive approach and provide
athletes resources for additional follow-up evaluations in
efforts to mitigate a lower limb BSI incidence.

Such field predictions may be of significant benefit
among all competitive levels of collegiate athletics where
DXA screening is impractical, cost-prohibitive, or unavail-
able. However, we note that the equations developed in this
study for bone mass and BMD were specific to the popula-
tion studied and should not be used for screening in other
sport populations, as external validation studies are
required to determine each model’s utility among other ath-
letic populations with demographics and physiological
characteristics akin to our study sample.

Limitations

This study is not without limitations. First, while the stud-
ied university track and field distance running team com-
prised athletes of mixed ethnicities, the distance runners in

the study consisted only of White runners. However,
Bulathsinhala et al8 previously identified Whites to be at
greatest risk for BSI in a cohort of 1.3 million United States
Army soldiers. Regardless, as BMD differences have been
reported between different ethnicities, further research
will be required to establish BMD normative benchmarks
for BSI risk and to determine the degree to which ethnicity
should be incorporated in future BMD prediction models.
Second, some our BMD prediction models include a pre-
dicted total bone mass; thus, additional variance is intro-
duced within our total and regional BMD prediction
models. Despite this known variability (*11% percentage
error for a single regression coefficient), we still observed
significant correlations and relatively low percentage
errors (<5%) for each model. Therefore, while not intended
as diagnostic measures for osteoporosis or osteopenia (as
with site-specific spine, hip, and wrist scans), these models
remain sufficient as screening tools to assess risk and need
for further evaluation (particularly when no other screen-
ing tools are available).

As a third limitation, this study was retrospective and
observational in nature, with no additional data collection
outside of the single fall-season total-body DXA scan and 3-
month injury follow-up. Although all runners participated
in the same progressive training program, sport-specific
training/running loads, dietary intake, and menstrual his-
tory data were not recorded. However, it was estimated
through sport coach interaction that their seasonal training
volumes and intensities were comparable with those previ-
ously reported by Kurz et al20 among NCAA Division I-A
collegiate runners. Regardless, future studies will be
required to determine how those factors, including race
history, may be cross-referenced with the intrinsic risk fac-
tors identified here to assist in mitigating injury risk. Fur-
thermore, future research must examine how each
identified parameter specifically influences BSI risk and
occurrence as well as validate their predictive value. For
example, in recreational runners, it has been well-
documented that increased lower extremity BSI rates are
associated with increasing running distances beyond 32 km
per week.26 Last, randomized controlled trials are neces-
sary to determine the effect various nutrition and training
interventions have on these markers of bone and body com-
position health within this sport population.

CONCLUSION

The study findings highlight the need for normative BMD
benchmarks within this specialized sport population to bet-
ter assess at-risk athletes for a lower limb BSI. Lower, sex-
specific, fat (male) and leg lean (female) tissue may also be
indicative of lower limb bone injury risk as well as shorter
limbs and smaller stature. These findings provide addi-
tional normative benchmarks unique to body composition
and skeletal dimensions for at-risk athletes. Future
research will be required to determine if these prediction
models are applicable to other sport populations with sim-
ilar physiological characteristics.
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