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Background: Bone stress injuries (BSIs) occur in up to 20% of runners and military personnel. Typically, after a period of unload-
ing and gradual return to weightbearing activities, athletes return to unrestricted sports participation or military duty approximately
4 to 14 weeks after a BSI diagnosis, depending on the injury location and severity. However, the time course of the recovery of the
bone’s mechanical competence is not well-characterized, and reinjury rates are high.

Purpose: To assess the bone microarchitecture and volumetric bone mineral density (vBMD) over 12 months after a tibial BSI
diagnosis.

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

Methods: We enrolled 30 female athletes from the local community (aged 18-35 years) with a tibial BSI (grade �2 of 4 on mag-
netic resonance imaging) for this prospective observational study. Participants completed a baseline visit within 3 weeks of the
diagnosis. At baseline and 6, 12, 24, and 52 weeks after the BSI diagnosis, we collected high-resolution peripheral quantitative
computed tomography scans of the ultradistal tibia (4% of tibial length) of the injured and uninjured legs as well as pain and phys-
ical activity assessment findings.

Results: From baseline to 12 weeks after the diagnosis, total, trabecular, and cortical vBMD declined by 0.58% to 0.94% (P\ .05
for all) in the injured leg. Total and trabecular vBMD also declined by 0.61% and 0.67%, respectively, in the uninjured leg (P \ .05
for both). At 24 weeks, mean values for all bone parameters were nearly equivalent to baseline values, and by 52 weeks, several
mean values had surpassed baseline values. Of the 30 participants, 10 incurred a subsequent BSI during the course of the study,
and 1 of these 10 incurred 2 subsequent BSIs. Participants who suffered an additional BSI were younger and had a later age of
menarche, a greater incidence of previous fractures, and lower serum parathyroid hormone levels (P \ .05 for all).

Conclusion: Bone density declined in both the injured and the uninjured legs and, on average, did not return to baseline for 3 to 6
months after a tibial BSI diagnosis. The observed time to the recovery of baseline vBMD, coupled with the high rate of recurrent
BSIs, suggests that improved return-to-sports and military duty guidelines may be in order.
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Bone stress injuries (BSIs), particularly in the tibia and
metatarsals,44,45 are common among distance runners8,44,50

and military personnel,25,43,48 with women experiencing
a greater incidence of BSIs than men.4,5,8,44 BSIs often
require a prolonged recovery time and are accompanied by
a risk of reinjuries, persisting morbidity, and failure to

return to sports or military duty.18,19,26,45,52 After a tibial
BSI diagnosis, standard treatment consists of the cessation
of load-bearing sporting activities, consideration for
crutches and/or immobilization, and gradual return to activ-
ity until symptoms resolve. BSI recovery depends on both
the location and severity of the injury.6 Both general3,15,39

and skeletal site-specific46,51 grading classification systems
have been developed to guide BSI management and provide
a framework for expected return-to-sports timelines. Mag-
netic resonance imaging (MRI) grading has become the
standard of care for diagnosing the injury and determining
return to play, given the high rate of false-negatives results
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with radiography and that MRI uses nonionizing radia-
tion.39 The typical time to return to unrestricted athletic
participation after nonsurgical treatment ranges from 4 to
14 weeks but may require up to 6 months, depending on
the severity and location of the injury, with pain used as
a proxy for healing in clinical management.15,39,44

Although the majority of BSIs heal with nonoperative
treatment, approximately 1 in 5 athletes will have a recur-
rent BSI.44 Moreover, a previous BSI is among the strongest
risk factors for future BSIs.7,28,50 Cross-sectional studies
suggest that female runners with a history of BSIs have
a smaller bone cross-sectional area and lower trabecular
bone density and/or less favorable bone microarchitecture
compared with female runners with no previous BSIs.42,47

However, it is unclear whether these differences exist before
an initial BSI or occur as a result of a BSI and resultant
changes in weightbearing physical activity. To that end, it
is well-established in both animal and human studies that
bone strength, mineral density, and microarchitecture
respond to physical activity and disuse, with improvements
in these bone properties with physical training and the con-
verse with disuse.1,2,22,36,49,53,59 For example, collegiate
gymnasts gained an average of 3.5% areal bone mineral
density (aBMD) as shown by dual-energy X-ray absorptiom-
etry (DXA) at the spine during an 8-month competitive sea-
son and lost 1.5% aBMD during a 4-month off-season.49

Similarly, in a study using high-resolution peripheral quan-
titative computed tomography (HR-pQCT) among female
soldiers, 8 weeks of Basic Combat Training elicited an
increase in trabecular thickness (Tb.Th), number (Tb.N),
and volumetric bone mineral density (vBMD; Tb.vBMD)
as well as cortical thickness (Ct.Th) and total vBMD
(Tt.vBMD).22 Little is known about the skeletal response
to BSI management, or whether the injured and uninjured
legs respond differently, given that patients often remain
weightbearing and may continue partial- and full-weight-
bearing exercises during BSI recovery. This information
may be important in determining optimal return-to-sports
and return-to-duty guidelines that minimize the subsequent
injury risk. To our knowledge, there have been no studies
assessing changes in global or site-specific bone health as

a result of BSIs and related changes to physical activity.
Further, it is unknown whether skeletal changes that occur
during BSI recovery and subsequent return to activity per-
sist beyond BSI healing and subsequent return to activity.

Thus, through a year-long, multiple follow-up, prospec-
tive longitudinal study, we sought to characterize changes
in tibial bone properties in female athletes throughout
recovery from a tibial BSI. We hypothesized that (1) the
vBMD and microstructure at the tibia would incur initial
deficits before eventually returning to baseline values
and (2) the injured leg would incur greater deficits in
bone parameters compared with the uninjured leg.

A list of abbreviations used is provided in Table 1.

TABLE 1
Abbreviations

Abbreviation Term

aBMD Areal bone mineral density
BSI Bone stress injury
Ct.Ar Cortical area
Ct.Po Cortical porosity
Ct.Th Cortical thickness
Ct.TMD Cortical tissue mineral density
Ct.vBMD Cortical volumetric bone mineral density
DXA Dual-energy X-ray absorptiometry
FN Femoral neck
HR-pQCT High-resolution peripheral quantitative

computed tomography
LMM Linear mixed model
LS Lumbar spine
mFEA Micro–finite element analysis
PTH Parathyroid hormone
Tt.Ar Total cross-sectional area
TH Total hip
Tt.vBMD Total volumetric bone mineral density
Tb.N Trabecular number
Tb.Sp Trabecular separation
Tb.Th Trabecular thickness
Tb.vBMD Trabecular volumetric bone mineral density
vBMD Volumetric bone mineral density
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METHODS

Participant Characteristics

We recruited female runners from the local community
between the ages of 18 and 37 years between October
2015 and October 2017 for this prospective observational
study. Participants were enrolled within 3 weeks of an
MRI-diagnosed tibial BSI of grade �2 (of 4).39 MRI grading
was performed by 2 fellowship-trained radiologists. To be
included in the study, participants needed to be engaged
in a minimum of 4 hours of self-reported weightbearing
exercise per week for at least 6 months before the injury.
Exclusion criteria were underlying medical conditions
(eg, diagnosed eating disorder, hyperparathyroidism,
celiac disease) or the use of medications (eg, oral steroids,
bisphosphonates, lithium) known to affect bone health.
We screened 37 potential participants for this study; 5
did not participate in the study, including 2 who were
not interested, 2 whose diagnosis of BSI was outside of
the 3-week enrollment window, and 1 who did not meet
physical activity requirements. Also, 2 enrolled partici-
pants dropped out during the study. A total of 30 women
completed the study, although 4 participants missed �1
visits (Figure 1). This study was approved by the institu-
tional review boards of participating institutions. Informed
written consent was obtained from each woman before
participation.

Clinical History and Anthropometric Measurements

At baseline, we assessed health history, fracture history,
menstrual status, contraceptive use, and physical activity
history through questionnaires. Self-reported nonweight-
bearing or partial weightbearing physical activities, such
as swimming, cycling, and elliptical machine, were catego-
rized as low-impact physical activities. Full weightbearing
physical activities, such as running, dancing, and aerobic
exercises, were categorized as high-impact physical activi-
ties. We assessed self-reported pain (scaled 1-10) during
palpation of the tibia, ambulation, and running. We drew

fasting morning blood for 25(OH)D, parathyroid hormone
(PTH), iron, and ferritin. Height (to the nearest mm) was
obtained using a wall-mounted stadiometer. Weight (to
the nearest 0.1 kg) was measured on a calibrated electronic
scale. Body mass index (BMI) was calculated as mass (kg)
divided by height squared (m2). We measured tibial length
from the medial tibial plateau to the distal edge of the
medial malleolus to the nearest millimeter using anthropo-
metric tape. All leg length measurements were taken
twice, and the mean of 2 readings was used. At the 4 fol-
low-up visits (6, 12, 24, and 52 weeks from BSI diagnosis)
over the next 12 months, we assessed weight; self-reported
changes to physical activity; and perceived pain at rest,
with palpation, and during ambulation.

Areal Bone Mineral Density

We used DXA (QDR45000A; Hologic) to assess bone min-
eral density (g/cm2) at the lumbar spine (LS), femoral
neck (FN), and total hip (TH) at baseline. Quality control
was maintained through daily measurements of a Hologic
DXA anthropomorphic spine phantom and visual review
of every scan by an investigator experienced in bone
densitometry.

Bone Microarchitecture

We used HR-pQCT (XtremeCT; Scanco Medical) (isotropic
voxel size, 82 mm) to measure cortical vBMD (Ct.vBMD)
and Tb.vBMD and the microarchitecture of the right and
left distal tibias at each of the 5 study visits. Starting at
4% of tibial length (distal), the scan region extended prox-
imally for 110 slices (9.02 mm). The 4% site was distal to
the diagnosed BSI in all 32 participants.

Using Scanco Medical analysis software (Version 5.11),
we directly measured Tt.vBMD (mg HA/cm3), Tb.vBMD
(mg HA/cm3), and Tb.N (1/mm). Trabecular separation
(Tb.Sp; mm) and Tb.Th (mm) were then calculated. Cortical
and trabecular bone regions within a defined region of inter-
est were identified automatically using a threshold-based

Total Contacted = 37 

Not Interested (n=2)
because of time 
committment

Ineligible (n=3)
2 were outside 

enrollment window
1with  low activity

Eligible & 
Enrolled (n=32)

Completed visit 1
n=32

Completed visit 2
n=31

Dropped out
(n=1)

Completed visit 3
n=28

Missed visit
n=3

Completed visit 4
n=28

Missed visit
n=2

Dropped out
n=1

Completed visit 5
n=30

Figure 1. Screening and enrollment diagram for women enrolled in this 5-visit, 12-month longitudinal study.
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algorithm. To differentiate cortical from trabecular bone,
the system software determines a threshold by assuming
that trabecular bone is one-third of the apparent
Ct.vBMD.30 The HR-pQCT system software then segments
the cortex using gray-scale images and a Gaussian filter
and threshold, as previously described.30 We performed
extended cortical analysis to measure total cross-sectional
area (Tt.Ar; mm2) along with cortical area (Ct.Ar; mm2),
Ct.Th (mm), Ct.vBMD (mg HA/cm3), tissue mineral density
(Ct.TMD; mg HA/cm3), and porosity (Ct.Po; %). We also
used 3-dimensional HR-pQCT images to perform linear
micro–finite element analysis (mFEA) to estimate tibial
metaphyseal stiffness and failure load under axial compres-
sion, as previously described.40,41

Quality control was maintained with daily scanning of the
manufacturer’s phantom. All scans were reviewed for motion
artifacts and were repeated up to 2 times if significant motion
artifacts were noted. Short-term reproducibility (with reposi-
tioning) for HR-pQCT measurements at the tibia in our lab-
oratory ranged from 0.2% to 1.7% for density parameters,
from 0.7% to 8.6% for microarchitecture parameters, and
from 2.1% to 4.8% for mFEA parameters. Two-dimensional
image registration based on Tt.Ar was performed for baseline
and all follow-up scans. We required a minimum of 80% over-
lap for all scans for a given participant (6 scans were
excluded because of insufficient overlap).

Statistical Analysis

Data were reported as the mean 6 SD unless otherwise
noted. Data were checked for normality. We used t tests
and Pearson chi-square tests to determine differences in
baseline characteristics, including baseline HR-pQCT
measurements, between those who did and those who did
not incur an additional BSI during the study period.
When comparing HR-pQCT parameters at baseline, we
averaged measurements from both legs for participants
enrolled with bilateral BSIs at baseline. For these compar-
isons, we excluded 2 participants missing baseline scans on
the uninjured leg (1 participant did not and 1 participant
did incur an additional BSI). The percentage difference

was calculated using the following formula: V1�V2j j
ðV1�V2 Þ

2

3 100,

where V1 equals the mean baseline bone parameter of
the no additional BSI group and V2 equals the mean base-
line bone parameter of the additional BSI group.

Linear mixed models (LMMs) were used to analyze the
average longitudinal change in the bone microarchitecture
during the 12 months, stratified by injured and uninjured
legs. We excluded those who had bilateral stress fractures
(n = 3) at baseline in this analysis. The models accounted
for between-participant variations and adjusted for
within-participant correlations between the repeated
measurements. Because we identified that the bone micro-
architecture was lowest at visit 3, we fitted 2 LMMs (base-
line to visit 3 and visit 3 to visit 5) for each variable to be
able to assess both loss and recovery. We performed the
regressions on variables in units of measurement with
and without adjusting for age at enrollment, and results

were reported as the percentage change from the baseline
measurement. The programs R 3.2.5 (R Foundation for
Statistical Computing) and Stata 15.1 (StataCorp) were
used for statistical analyses.

RESULTS

Participant Characteristics

We enrolled 30 women (mean age, 24.7 6 5.3 years) who
completed this study. Participants had a grade 2 (n = 17),
grade 3 (n = 10), or grade 4 (n = 3) BSI. On average, partic-
ipants had a normal BMI (22.1 6 3.0); were primarily
White (93%); and had normal DXA Z scores at the LS
(–0.45 6 0.86), TH (0.35 6 0.78), and FN (0.26 6 0.80),
although 5 participants had a Z score below –1 at the LS
and 2 at the FN. Overall, 33% of participants had a fracture
history, while 50% had a history of BSIs. During the 12-
month study period, 10 of the participants incurred an
additional BSI. Of the 10 participants who suffered an
additional BSI, only 1 of those was in the same location
as the initial BSI. The most common location for an addi-
tional BSI was in the opposite tibia. Of the 10 women
who incurred an additional stress fracture, 1 participant
had a BSI occur between weeks 1 and 6, one between
weeks 6 and 12, three between weeks 12 and 24, and 4
between weeks 24 and 52; and 1 participant experienced
more than 1 additional BSI between weeks 12 and 52.
Notably, participants who suffered an additional BSI
were younger and had a later age of menarche, a greater
incidence of previous fractures, and lower serum PTH lev-
els (P \ .05 for all) (Table 2), although no difference in
aBMD or MRI grade at the initial BSI diagnosis was noted.

Pain and Return to Activity

Ultimately, 23 of 30 participants resumed running by 12
weeks (visit 3). When asked to rate their activity on a scale
from 1 to 10, where 1 is inactive and 10 is back to full prein-
jury athletic activity, the mean response was 5.8 6 2.4 at 12
weeks and increased to 8.3 6 2.5 by 1 year after the BSI diag-
nosis (visit 5) (Figure 2A). Pain with tibial palpation (scaled
1-10) decreased throughout the study (Figure 2A). Low-
impact activity increased from baseline to 6 weeks before
gradually declining, whereas high-impact activity began to
increase at approximately 6 weeks and continued to increase
throughout the study period (Figure 2B). Physical activity for
those with no additional BSI during the study period followed
a similar trend to the entire cohort (Figure 2C), while those
who experienced an additional BSI had a more varied return
to physical activity (Figure 2D).

Volumetric Bone Density
and Microstructure of the Tibia

Baseline HR-pQCT values of the uninjured leg were
reported for the whole cohort (Table 3) and were largely
similar between those with and without an additional
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BSI. However, those who suffered an additional BSI had
significantly lower baseline Ct.TMD, estimated stiffness,
and estimated failure load. All other bone parameters
also tended to be worse among those who suffered an addi-
tional BSI (Figure 3), although differences did not reach
statistical significance.

After adjusting for age at enrollment, Tt.vBMD,
Tb.vBMD, and Ct.vBMD decreased significantly from base-
line to visit 3 (–0.94% [P = .0005], 20.94% [P = .004], and
20.58% [P = .043], respectively) (Figure 4) in the injured
leg before returning to or surpassing baseline values. The
uninjured leg followed a similar pattern (Tt.vBMD:
20.61% [P = .0002]; Tb.vBMD: –0.67% [P = .0008]); how-
ever, the decrease in Ct.vBMD (–0.28% [P = .33]) did not
reach statistical significance. Results were similar in the
unadjusted model, with significant decreases from baseline
to visit 3 in Tt.vBMD and Tb.vBMD in both legs as well as
Ct.vBMD in the injured leg. Of note, of the 30 participants,
8 had Ct.vBMD, Tb.vBMD, and Tt.vBMD values that did
not return to normal.

DISCUSSION

We used HR-pQCT to assess vBMD and bone microarchi-
tecture changes in female distance runners throughout
12 months of recovery from a tibial BSI. We found that
both the injured and the uninjured tibias experienced com-
promised bone properties during the initial 3 months after
a BSI diagnosis. This suggests that reduced mechanical
loading associated with the initial management of a BSI
affects all weightbearing bones. Throughout the study, 10
of the 30 participants suffered �1 additional BSIs. Women
who suffered an additional BSI tended to be younger and
had lower baseline PTH levels, a later age of menarche,
and a greater prevalence of previous fractures than those
who did not sustain an additional BSI, suggesting that sev-
eral predisposing factors may be important in understand-
ing the BSI risk.

Bone changes lagged behind self-reported reduced
weightbearing physical activity and again lagged behind
gradual return to weightbearing activity. That is,

TABLE 2
Baseline Participant Characteristicsa

Whole Cohort (N = 30) No Additional BSI (n = 20) Additional BSI (n = 10) P Value

Age, y 24.7 6 5.3 26.1 6 1.3 21.9 6 1.0 .04
Height, cm 165.1 6 6.1 165.4 6 6.6 164.6 6 5.6 .8
Weight, kg 60.2 6 7.0 61.8 6 6.8 57.1 6 6.6 .07
BMI 22.1 6 3.0 22.6 6 0.6 21.1 6 1.0 .2
Race/ethnicity, n (%) .6

White/non-Hispanic 28 (93) 19 (95) 9 (90)
Mixed/non-Hispanic 1 (3) 0 (0) 1 (10)
Mixed/Hispanic 1 (3) 1 (5) 0 (0)

12-mo physical activity history
High impact/running, h/wk 4.1 6 2.3 3.6 6 2.0 5.1 6 2.7 .1
Low impact, h/wk 4.3 6 3.4 4.9 6 3.6 3.2 6 2.7 .2

Age of menarche, y 13.1 6 1.5 12.6 6 0.2 14.1 6 0.6 .01
Oral contraceptive use, n (%) 17 (57) 12 (60) 5 (50) .9
Duration of oral contraceptive use, y 3.8 6 1.5 3.8 6 1.5 3.8 6 1.6 ..99
Fracture history, n (%) 10 (33) 4 (20) 7 (70) .006
BSI history, n (%) 15 (50) 10 (50) 5 (50) ..99
Serum 25(OH)D, ng/mL 36.4 6 11.2 34.4 6 2.0 40.6 6 4.5 .2
Serum PTH, pg/mL 27.8 6 15.6 32.4 6 3.7 18.7 6 2.7 .02
Iron, ug/mL 103.9 6 46.4 102.0 6 10.0 107.8 6 16.4 .8
Ferritin, ng/mL 42.1 6 26.5 43.3 6 6.2 39.6 6 8.0 .7
MRI grade, n (%) .4

2 17 (57) 10 (50) 7 (70)
3 10 (33) 8 (40) 2 (20)
4 3 (10) 2 (10) 1 (10)

DXA
LS BMD, g/cm2 0.981 6 0.091 0.993 6 0.108 0.956 6 0.034 .3
LS BMD Z score –0.45 6 0.86 –0.36 6 1.02 –0.63 6 0.40 .4
TH BMD, g/cm2 0.983 6 0.096 0.984 6 0.099 0.982 6 0.095 ..99
TH BMD Z score 0.35 6 0.78 0.36 6 0.79 0.30 6 0.81 .9
FN BMD, g/cm2 0.873 6 0.090 0.883 6 0.086 0.853 6 0.098 .4
FN BMD Z score 0.23 6 0.80 0.33 6 0.75 0.03 6 0.88 .3

aData are reported as mean 6 SD unless otherwise specified. P value indicates the comparison between the no additional BSI group and
the additional BSI group. Bold indicates statistical significance (P \ .05). BMD, bone mineral density; BMI, body mass index; BSI, bone
stress injury; DXA, dual-energy X-ray absorptiometry; FN, femoral neck; LS, lumbar spine; MRI, magnetic resonance imaging; PTH, para-
thyroid hormone; TH, total hip.

230 Popp et al The American Journal of Sports Medicine



weightbearing physical activity was lowest during the first
several weeks of the study, while vBMD was lowest at 12
weeks (visit 3). Weightbearing activity increased steadily
from approximately 7 to 20 weeks from baseline, while
vBMD did not return to baseline until between visits 4
and 5 (24-52 weeks). This observation suggests that bone
changes were influenced by physical activity patterns. Nota-
bly, because of the observational nature of this study, we did
not dictate recovery strategies, although the majority of our
participants wore a pneumatic walking boot or used
crutches until they could ambulate without pain. Thus,
the uninjured leg was exposed to more weightbearing
than the injured leg during the initial phase of recovery.

Our findings of compromised bone properties in both the
injured and uninjured legs during BSI recovery, followed
by a gradual return to baseline, are supported by several
human and animal studies examining the effects of weight-
bearing activity on the skeleton. It is well-documented that
disuse, whether from hindlimb unloading,10,31 casting,54

microgravity,17 or spinal cord injuries,20 leads to bone
resorption and decreased bone mass. At the same time,
exercise intervention studies suggest that exercise leads
to improved measures of bone strength and geometry in
children and adolescents,33,34 adult women,55 and post-
menopausal women.58 However, the timing and extent of
the skeletal response to partial or reduced weightbearing
during injury recovery are ill-defined. To our knowledge,
only 1 other study has used HR-pQCT technology in

humans during recovery and return to sports after an
injury, and this included a 6-week nonweightbearing
period after anterior cruciate ligament reconstruction
and did not include the uninjured leg.27 Findings from
the anterior cruciate ligament recovery study indicated
decreased vBMD (–1.2%) after 6 weeks of nonweightbear-
ing activity and additional decreases after 6 (–2.0%) and
13 (–2.5%) weeks of full weightbearing activity. Our find-
ings of prolonged declines in vBMD after BSIs are similar
in timing but smaller in magnitude in both the injured and
the uninjured legs, suggesting that partial or full weight-
bearing allowance during BSI recovery prevents further
decrements in vBMD. Interestingly, 8 participants sus-
tained decrements in bone properties that did not return
to baseline values (3 who suffered an additional BSI and
5 who did not). Of these 8 participants, 6 did not return
to running during the study, 1 sustained 2 additional
BSIs and thus was undergoing her third bout of disuse dur-
ing the 12-month study period, and 1 returned to running
but had reduced her running volume by approximately
80% compared with her running volume before study
enrollment. Collectively, these observations are consistent
with the notion that decrements in bone properties are
caused by changes in physical activity patterns rather
than the BSI itself.

There is no established protocol for return to running
after a BSI diagnosis, although several programs have
been proposed for lower limb BSIs.16,21,57 Current

Figure 2. Mean changes in (A) perceived pain during tibial palpation and self-reported return to activity among the entire cohort
(scaled 1-10), (B) hours of high-impact (gray line) and low-impact (black line) physical activities throughout 52 weeks after the
bone stress injury (BSI) diagnosis among the cohort, (C) hours of high-impact (gray line) and low-impact (black line) physical activ-
ities (PA) throughout 52 weeks among those with no additional BSI, and (D) hours of high-impact (gray line) and low-impact (black
line) physical activities throughout 52 weeks among those with an additional BSI.
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strategies emphasize returning to full activity as soon as
pain (as an indicator of BSI healing) allows, disregarding
the overall skeletal response to the period of unloading
necessary for BSI healing. Rest days are incorporated
into most recommended progressions, and many recom-
mend increases in weekly mileage by no more than 10%,
although there is minimal evidence to support this advice
as an effective strategy for preventing future injuries.21,24

While healing of the pathological site is the primary con-
cern, our data indicate that the skeleton remains compro-
mised compared with baseline beyond BSI healing. It is
not clear whether this suggests that a more gradual return
to sports may be necessary to avoid subsequent BSIs by
allowing time for the adequate recovery of bone strength
or whether more aggressive loading interventions, particu-
larly for the uninjured limb, might be more effective in pre-
venting subsequent injuries. Further studies of different
return-to-sports interventions will better inform the opti-
mization of bone properties during BSI recovery.

The incidence of additional BSIs during the 12-month
study period was higher than anticipated. One-third of
our participants suffered at least 1 additional BSI during
follow-up, most of which occurred in the opposite limb
from the BSI at enrollment. Recurrent BSIs have been
reported among military trainees. One study reported
that recruits who suffered a BSI during basic training
are at a higher risk of sustaining BSIs during subsequent
training, with a 10.6% incidence within 1 year of the injury
compared with 1.7% in injury-free recruits.35 Among
National Collegiate Athletic Association athletes, a recent
report of BSIs suggests that 17.5% of female cross-country

athletes and 26.3% of female track athletes with a diag-
nosed BSI experienced recurrent BSIs.44 In that report,
only injuries at the same anatomic location as the initial
injury were noted as ‘‘recurring injuries.’’ Although longi-
tudinal studies of BSIs among runners are rare, 10.3% to
12.6% of cross-country and track and field athletes with
a history of BSIs sustain a subsequent BSI (same or differ-
ent anatomic site) over a 1- to 2-year time frame.9,28 In the
current study, it is unclear whether the observed trend in
subsequent injuries occurring in the contralateral limb is
primarily because of deconditioning of the musculoskeletal
systems and/or changes in running biomechanics that
might favor the previously injured leg. Moreover, because
we did not design our study to discern differences between
those with and without additional BSIs, we did not have
adequate statistical power to determine differences in
recovery strategies, return to physical activity, or bone
density throughout the recovery time frame. Nevertheless,
the high reinjury rate in our cohort, taken together with
previous reports of multiple BSIs, suggests room for
improved guidelines around BSI management and
return-to-activity strategies. Our results indicating bone
loss in both the uninjured and the injured legs may help
clinicians better educate athletes on the importance of
gradual bone loading.

Despite the high prevalence of recurrent BSIs in athlete
and military populations, little is known about the charac-
teristics of the bone and/or health history that may contrib-
ute to these injuries. At baseline, women in our study who
incurred an additional BSI had significantly lower esti-
mated failure load and stiffness as well as lower Ct.TMD.

TABLE 3
Baseline HR-pQCT Measurementsa

Cohort Measured (n = 28) No Additional BSI (n = 19) Additional BSI (n = 9) P Value

Size/morphology
Tt.Ar, mm2 827.0 6 140.0 839.5 6 156.0 801.2 6 101.7 .5
Ct.Ar, mm2 88.8 6 14.1 91.6 6 15.0 82.7 6 10.4 .1
Ct.Ar/Tt.Ar 0.111 6 0.028 0.113 6 0.029 0.106 6 0.026 .5

Microarchitecture
Ct.Th, mm 0.80 6 0.16 0.82 6 0.17 0.75 6 0.14 .3
Ct.Po, % 4.35 6 0.13 4.45 6 1.30 4.14 6 1.30 .6
Tb.Th, mm 0.084 6 0.012 0.086 6 0.013 0.081 6 0.009 .3
Tb.Sp, mm 0.379 6 0.051 0.374 6 0.057 0.387 6 0.035 .5
Tb.N, 1/mm 2.18 6 0.24 2.20 6 0.27 2.14 6 0.15 .6

Density
Tt.vBMD, mg HA/cm3 286 6 44 294 6 48 268 6 32 .2
Tb.vBMD, mg HA/cm3 220 6 32 226 6 35 207 6 22 .1
Ct.vBMD, mm HA/cm3 868 6 41 876 6 42 851 6 35 .1
Ct.TMD, mg HA/cm3 926 6 34 935 6 34 906 6 26 .03

mFEA
Stiffness, kN/mm 222 6 32 231 6 31 202 6 24 .03
Failure load, kN 11.2 6 1.5 11.6 6 1.5 10.3 6 1.2 .03

aData are reported as mean 6 SD. P value indicates the comparison between the no additional BSI group and the additional BSI group.
Bold indicates statistical significance (P\ .05). BSI, bone stress injury; Ct.Ar, cortical area; Ct.Po, cortical porosity; Ct.Th, cortical thickness;
Ct.TMD, cortical tissue mineral density; Ct.vBMD, cortical volumetric bone mineral density; HR-pQCT, high-resolution peripheral quanti-
tative computed tomography; mFEA, micro–finite element analysis; Tb.N, trabecular number; Tb.Sp, trabecular separation; Tb.Th, trabec-
ular thickness; Tb.vBMD, trabecular volumetric bone mineral density; Tt.Ar, total cross-sectional area; Tt.vBMD, total volumetric bone
mineral density.
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All other bone parameters tended to be worse at baseline in
the women who sustained an additional BSI, although
these did not reach statistical significance. Interestingly,
BSI history before enrollment was not different between
our 2 groups (Table 2), although 70% of women who suf-
fered an additional BSI had a history of fractures com-
pared with 20% of women who did not sustain another
BSI. This finding is supported by a longitudinal study in
adolescent runners that reported girls with a history of
fractures had a 6-fold increased risk of BSIs compared
with those without.50 We cannot fully explain this finding,
nor do we have a sufficient sample size to further investi-
gate differences between those who have experienced mul-
tiple or recurrent BSIs and those who have not. Of note,
the women who incurred an additional BSI had a later
age of menarche compared with those who did not but no
difference in history of amenorrhea, contraceptive use, or
aBMD.

Younger age was also a risk factor for recurrent BSIs.
Although not supported by the limited literature on athletes
addressing age as a risk factor for BSIs,23 our findings are
consistent with several military studies,11,29,32 including
results from a cohort of 1.3 million soldiers reported younger
age (\20 years) was associated with an increased BSI risk in

both men and women.11 We also saw a trend for lower weight
and BMI among those with an additional BSI. Low weight
and BMI are well-established risk factors for a BSI,14,37

although BMI in both groups in our study was still in the

Figure 3. Percentage differences in baseline bone parame-
ters between those who did not sustain an additional bone
stress injury (BSI) and those who did sustain an additional
BSI. Measurements include total volumetric bone mineral
density (Tt.vBMD), total cross-sectional area (Tt.Ar), cortical
area (Ct.Ar)/Tt.Ar estimated stiffness, estimated failure load,
cortical vBMD (Ct.vBMD), cortical tissue mineral density
(Ct.TMD), Ct.Ar, cortical thickness (Ct.Th), cortical porosity
(Ct.Po), trabecular vBMD (Tb.vBMD), trabecular thickness
(Tb.Th), trabecular number (Tb.N), and trabecular separation
(Tb.Sp) measured by high-resolution peripheral quantitative
computed tomography between those who did not sustain
an additional BSI compared with those who did sustain an
additional BSI during the 12-month study duration. *P \ .05.

Figure 4. Estimated mean percentage change from baseline
at each visit with adjustment for age at enrollment in (A) total
volumetric bone mineral density (vBMD), (B) trabecular
vBMD, and (C) cortical vBMD for both the injured and the
uninjured legs. *P \ .05 from baseline.
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healthy range. Finally, women who incurred an additional
BSI had significantly lower, but still normal, serum PTH lev-
els at study entry compared with those who did not. Baseline
levels of PTH have been assessed in previous cross-sec-
tional12,38 and longitudinal13,56 reports of the BSI risk, and
results are equivocal. While speculative, it is possible that
the lower, but still normal, circulating PTH levels among
the participants who sustained an additional BSI may reflect
diminished bone remodeling activity that may lessen micro-
damage repair. Larger prospective studies are needed to fur-
ther explore risk factors for multiple BSIs.

To our knowledge, this is the first study to assess skeletal
sites during BSI recovery using HR-pQCT on both the
injured and the uninjured legs, providing an indicator of
overall skeletal health throughout BSI healing. All BSIs
were diagnosed by MRI and graded by a radiologist. We col-
lected detailed information on each athlete’s physical activ-
ity and pain throughout the study. Despite these strengths,
we acknowledge potential limitations of this study including
the varied time frames from the onset of pain to the BSI
diagnosis. While some participants reported pain for only
1 to 2 weeks before the diagnosis, others reported �1 month
of pain and had altered training before seeking medical
attention, which likely influenced ‘‘baseline’’ bone measure-
ments. There was considerable time between the final 3
study visits, which were performed at 12, 24, and 52 weeks
after the BSI diagnosis. Therefore, we can only estimate the
time that it took for bone parameters to return to baseline.
More frequent visits would have allowed a more precise
understanding of changes in bone parameters over time.
We did not anticipate that 10 participants would incur an
additional BSI during the course of the study. While we
were able to assess some differences between those who
did and did not incur an additional BSI, we did not have
the statistical power to adequately assess factors that indi-
cate a greater risk of subsequent or recurring BSIs, nor
did we design the study to capture extensive potential risk
factors for multiple or recurrent BSIs. Finally, we did not
include a control group of nonathletes or a group of athletes
with no BSI history for comparison.

In summary, although BSIs are a common and debilitat-
ing injury for athletes and military recruits, return-to-
activity guidelines are based on perceived pain and are
often ambiguous. Our results indicated that vBMD did
not return to baseline levels for 3 to 6 months after a BSI
diagnosis. Moreover, one-third of our participants sus-
tained �1 additional BSIs throughout the course of the
study. Persistent decrements in bone parameters in both
the injured and the uninjured legs, combined with the
high rate of subsequent BSIs, suggest the need for
improved return-to-sports and return-to-duty guidelines.
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