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Background: Bone stress injuries (BSIs) are common sports injuries that occur because of an imbalance between microdamage
accumulation and removal through bone remodeling. The underlying bone phenotype has been assumed to be a contributing
factor. However, the bone microarchitecture of athletes with BSI is not well characterized, and no study has investigated whether
impaired bone microarchitecture is associated with bone composition or anatomic site of injury.

Purpose/Hypothesis: This cross-sectional study characterizes the bone microarchitecture at distal radial and tibial reference
locations in athletes with BSI. Based on previous dual-energy X-ray absorptiometry (DXA) findings, the aim was to compare ana-
tomic injury sites, hypothesizing that athletes with BSIs in bones with greater trabecular composition show impaired bone micro-
architecture parameters compared with those with BSIs in bones with greater cortical composition.

Study Design: Cohort study; Level of evidence, 3.

Methods: Athletes who had presented to our outpatient clinic because of a high-grade BSI (ie, stress fracture) were retrospec-
tively included. Blood and urine samples were collected. Areal bone mineral density (aBMD) was assessed by DXA at the lumbar
spine and both hips. Bone microarchitecture was analyzed by high-resolution peripheral quantitative computed tomography (HR-
pQCT) at the distal radius and tibia. HR-pQCT parameters were expressed in relation to available sex-, age-, and device-adjusted
reference values and compared with a cohort of 53 age- and sex-matched controls.

Results: In total, 53 athletes had a BSI of the foot (n = 20), tibia/fibula (n = 18), pelvis (n = 9), femur (n = 5), or sternum (n = 1).
Based on DXA measurements, a Z-score of 21.0 or lower was found in 32 of 53 (60.4%) of the athletes, of whom 16 of 53 (30.2%)
had a Z score 22.0 or lower. While an impairment of cortical area (P = .034 and P = .001) and thickness (P = .029 and P \ .001)
was detected at the distal radius and tibia in the BSI cohort compared with controls, no differences in BMD or bone microarch-
itecture were observed between anatomic injury sites. Furthermore, no difference was revealed when BSIs were grouped into
cortical- and trabecular-rich sites.

Conclusion: Reduced aBMD and impaired cortical bone microarchitecture were present in a considerable number of athletes
with BSI. Neither aBMD nor bone microarchitecture was related to the injury site, highlighting the multifactorial etiology of BSI.
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Regular physical activity generally has a positive effect on
bone health.8,37 However, repetitive and excessive loading
may cause a form of skeletal overuse injury termed bone
stress injury (BSI).16 Clinically, these injuries are charac-
terized by pain and tenderness at the injury site. Although
return to sports is commonly seen, BSI results in a signifi-
cant injury burden in athletes, as it causes considerable

absence from sports participation,17 and failure to diagnose
or treat may lead to complete fracture, reinjury, delayed
union, or avascular necrosis.4

BSI may represent a pathologic continuum from mild
edema or periosteal reaction to radiologic evidence of a frac-
ture line demarcation (referred to as stress fracture).16 For
early establishment of the diagnosis and especially for
grading of the lesion, magnetic resonance imaging (MRI)
is the gold standard within routine clinical practice.17

BSIs are more prevalent in the lower limbs and pelvis
than in the upper limbs, and common anatomic sites of
BSIs are the metatarsals, tibia, pelvis, and femoral
neck.41 Paying attention to the anatomic injury site is of
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value from both the pathophysiologic and routine clinical
points of view, especially since the expected time to return
to sports and risk for complication are higher for injuries
occurring in certain regions, such as the femoral neck,
navicular, or fifth metatarsal base (ie, high-risk
regions).7,16,17,27

The etiology of BSI is multifactorial, and several risk fac-
tors have been identified, including low energy availabil-
ity,28 female sex,11 history of BSI,19 and an increased
acute:chronic workload ratio.12,13,43 Moreover, it has been
shown that impaired bone health may contribute to the
occurrence of BSI in athletes.1,25,41 Specifically, low areal
bone mineral density (aBMD) was observed in 55% of
female athletes and 43% of male athletes with BSI.24,41 Fur-
thermore, a lower bone material strength assessed via
microindentation was prevalent in women with previous
BSI.14 Low aBMD was shown to relate to BSI at trabecu-
lar-rich sites,24,41 suggesting an influence of poor bone qual-
ity on the site-specific development of BSI.

While previous data were based on measurements of
aBMD using dual-energy X-ray absorptiometry (DXA),
high-resolution peripheral quantitative computed tomogra-
phy (HR-pQCT) allows a more in-depth and 3-dimensional
measurement of volumetric BMD (vBMD) and bone micro-
architecture. However, only a few studies have performed
HR-pQCT examinations in patients with BSI.1,33,35,36,46

Importantly, there have been no HR-pQCT studies investi-
gating the association between alterations in bone micro-
architecture and anatomic injury site. Therefore, the aim
of this study was to assess bone microarchitecture by HR-
pQCT in athletes with BSI and to compare findings between
injury sites. The hypothesis was that patients with BSI
show an impaired bone microarchitecture, with specific sites
(eg, trabecular-rich bones) demonstrating a more pro-
nounced impairment of bone microarchitecture.

METHODS

Study Design and Setting

Athletes (aged .17 and \55 years) with a BSI presenting
to our outpatient clinic specializing in skeletal disorders
between 2019 and 2021 were retrospectively analyzed.
BSI was confirmed by MRI and classified as Arendt grade
45 or modified Fredericson grade 4b (ie, stress frac-
ture).15,20 As a further inclusion criterion, individuals
had to have an onset of symptoms \6 weeks before and

�4 hours of self-reported weightbearing exercise per
week for �6 months before injury. Individuals were
excluded from the analysis if they had a hereditary bone
disorder or chronic diseases known to cause secondary
osteoporosis, such as cancer and renal, liver, rheumatic,
metabolic, or endocrine disease; history of prolonged immo-
bilization; or treatment-induced bone loss (eg, prolonged
glucocorticoid treatment). Height and weight were mea-
sured in all individuals at presentation, and body mass
index (BMI) was calculated. Medical histories of previous
fractures and BSI were obtained through self-reported
measures and from medical records.

The BSIs were grouped by the 4 most prevalent sites
(sacrum, femoral neck, tibia, metatarsal), as well as cortical-
versus trabecular-rich sites adapted from Tenforde et al41

(cortical-rich sites: tibia, fibula, metatarsal; trabecular-rich
sites: sacrum, femoral neck, talus, cuboid, calcaneus, ster-
num). The present study was carried out in accordance
with the local ethics committee (2021-300011-WF) and the
ethical standards in the 1964 Declaration of Helsinki.
Informed consent was obtained from all individuals.

Biochemical Analysis

For biochemical analyses, nonfasted blood and urine sam-
ples were collected at the time of presentation. Serum cal-
cium, phosphate, alkaline phosphatase (ALP), creatinine,
ferritin, parathyroid hormone, serum markers of bone for-
mation (ie, osteocalcin and bone-specific alkaline phospha-
tase [b-ALP]), and the urinary bone resorption marker
deoxypyridinoline/creatinine were measured. Automated
immune assays were performed to measure 25-hydroxy-
cholecalciferol levels. All parameters were compared with
the references derived from the local laboratory.

DXA and HR-pQCT

At presentation, aBMD was measured using DXA (Lunar
iDXA; GE Healthcare) in all individuals at the lumbar
spine (L1-L4) and both proximal femora. aBMD T- and Z-
scores (ie, standard deviation to sex-matched 20- to 29-
year-old and sex- and age-matched individuals from the
National Health and Nutrition Examination Survey III
database, respectively) were calculated using the software
provided by the manufacturer. While the lower value of
both sides was used for the evaluation of the aBMD hip
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data, the lowest value of all 3 measurement sites was used
for the allocation to the aBMD categories.

To assess the 3-dimensional bone microarchitecture,
HR-pQCT scans were carried out at the distal radius and
tibia. Patients were scanned using either first- or second-
generation HR-pQCT using the default in vivo settings
(HR-pQCT, XtremeCT with 60 kVp, 900 mA, 100-ms inte-
gration time, and 82-mm voxel size or XtremeCT II with
68 kVp, 1470 mA, 43-ms integration time, 60.7-mm voxel
size; Scanco Medical). In each case, the distal tibia contra-
lateral to the side of injury and the nondominant distal
radius were scanned. A reference line was placed at the
inflection point of the endplate,44 and the bone microarch-
itecture was measured using a fixed offset. If motion arti-
facts of grade 4 or 5 were observed,29 the respective
individuals were excluded from further analysis. The vol-
ume of interest was contoured semiautomatically and eval-
uated using the manufacturer’s standard software. The
nomenclature of the obtained parameters follows the rec-
ommendations defined by the International Osteoporosis
Foundation–American Society for Bone and Mineral
Research– European Calcified Tissue Society working
group.44

For HR-pQCT data interpretation, individual results
were compared with those of a control group of 53 patients
without BSI. This cohort was retrospectively generated
from our database and consisted of individuals without
a BSI who presented to our department for skeletal health
evaluation. The mean DXA Z-score was 20.4 6 1.0 and 0.2
6 1.1 in the lumbar spine and hip, respectively. The same
exclusion criteria as defined for the BSI cohort were
applied. This group was comparable in regard to age
(34.2 6 11.0 years; P = .935) and sex distribution (31
women and 22 men; P � .999) but was not matched accord-
ing to the level of exercise. Furthermore, the distribution of
patients measured with first- or second-generation HR-
pQCT devices was equal between the BSI and control groups
(27:26). Since 2 generations of HR-pQCT scanners with dif-
ferent resolutions were used, normalization of the data was
performed with reference data specific to each scanner
model, analogous to the specification of aBMD Z-scores.
The values are presented as the percentage of the median
of published age-, sex-, and device-specific references.10,45

Statistical Analysis

Statistical analysis was carried out using GraphPad Prism
(Version 8.4.0; GraphPad Software) and SPSS 27 (Version
27.0; SPSS, Inc). The normality of the distribution of the
data was tested using the Shapiro-Wilk test, and the Stu-
dent t test or the Mann-Whitney U test was used for para-
metric or nonparametric data analysis, respectively. For
categorical data, the Fisher exact test was used. If �3
groups were compared, 1-way analysis of variance and
repeated measures with Tukey correction for parametric
data and the Kruskal-Wallis test with Dunn multiple com-
parison test were performed. Based on the study of Ten-
forde et al,41 an effect size d = 1.0 was estimated,

resulting in a required sample size of at least 22 for each
cortical-rich and trabecular-rich location. The results are
given as absolute values or the mean 6 standard deviation.
The level of significance was defined as P \ .05. Exact P
values are reported unless P \ .001.

RESULTS

Patient Cohort

A total of 53 athletes were included in this study, and the
sample was mainly composed of middle- and long-distance
runners (n = 40/53; 75.5%) but also included triathletes
(n = 4/53; 7.5%), dancers (n = 3/53; 5.7%), and soccer players
(n = 2/53; 3.8%), among others (Table 1). The median Tegner
activity level was 5 (range, 4-9), indicating that the athletes
participated in either recreational or competitive sports.
While women were more frequently runners (P = .026),
only men participated in the triathlon (P = .025). For the
other disciplines, no significant differences in the proportion
of affected women and men were revealed (all P . .05).
Women and men were of equal age (33.8 6 10.4 years and
34.3 6 13.0 years; P = .866) (Table 2), whereas men had
a higher BMI (21.5 6 3.6 and 23.3 6 2.3; P = .046) (Table
2). All descriptive data are presented in Table 2. Overall,
38 of 53 (71.7%) diagnosed injuries were detected in the
foot (n = 20; 37.7%) or tibia/fibula (n = 18; 34.0%), whereas
9 (17.0%) were detected in the pelvis; 5 (9.4%), in the femur;
and 1 (1.9%), in the sternum (Table 2). Comparing the fre-
quency of BSI regions between women and men, we
observed no significant differences. Moreover, the frequency
of BSIs according to their specific anatomic site was ana-
lyzed. In total, most of the BSIs occurred at the tibia (n =
14/53; 26.4%), followed by the metatarsal bones (n = 13/53;
24.5%) and sacrum (n = 9/53; 17.0%) (Table 2). When subdi-
vided according to cortical-rich versus trabecular-rich bone
composition, 31 of 53 (58.5%) BSIs were present in corti-
cal-rich bones, while 22 of 53 (41.5%) BSIs were detected
in trabecular-rich bones. No significant differences were
observed concerning the anatomic site or bone composition
between women and men (Table 2).

Laboratory and aBMD Data

The mean calcium, parathyroid hormone, phosphate, and
ALP levels of the cohort were within the reference range.
Creatinine and ALP levels were significantly higher in
men than in women (P \ .0001 and P = .009) (Table 3).
While the bone formation markers osteocalcin and b-ALP
were within the lower reference range for both women
and men, the bone resorption marker deoxypyridinoline/
creatinine was increased in women and men. For b-ALP,
significantly lower values were observed in women (P =
.002). Vitamin D deficiency, as defined by serum levels of
\30 mg/L, was observed in nearly half of athletes (n = 26/
53; 49.1%) (Table 3).
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Evaluation of DXA scans of the lumbar spine and both
hips revealed heterogeneous but overall low values
(aBMD, T-score, and Z-score) at both sites in women and
men (Table 3). Namely, approximately two-thirds (n = 32/
53; 60.4%) of the included athletes were classified as hav-
ing low aBMD (ie, Z-score of 21.0 or lower) according to
a previously proposed categorization for the athlete popu-
lation,6 and in one-third of the cohort (n = 16/53; 30.2%),
a Z-score of 22.0 or lower was detected. No significant differ-
ence was observed when comparing women and men. To
investigate whether a site- or region-specific pattern of

aBMD reduction was prevalent in our cohort, we compared
DXA measurements according to the most common anatomic
BSI sites, showing no significant differences (Figure 1).

Bone Microarchitectural Characteristics. For densito-
metric and microarchitectural parameters at the distal
radius, lower bone volume per tissue volume (BV/TV,
85.5% 6 19.1% vs 101.0% 6 25.7%; P = .019), cortical thick-
ness (Ct.Th, 79.5% 6 21.3% vs 88.4% 6 19.2%; P = .029),
and cortical area (Ct.Ar, 80.1% 6 21.5% vs 89.3% 6

21.2%; P = .034) were observed in individuals with BSI
compared with the control group (Figure 2A), but no

TABLE 1
Distribution of Sports Disciplines in the Study Cohorta

Sports Discipline Total (n = 53) Women (n = 31) Men (n = 22) P Value

Running 40 (75.5) 27 (87.1) 13 (59.1) .026
Triathlon 4 (7.5) 0 4 (18.2) .025
Soccer 2 (3.8) 0 2 (9.1) .168
Dancing 3 (5.7) 3 (9.7) 0 .258
Basketball 1 (1.9) 0 1 (4.5) .415
Hockey 1 (1.9) 0 1 (4.5) .415
Mountain biking 1 (1.9) 0 1 (4.5) .415
Rowing 1 (1.9) 1 (3.2) 0 ..999

aValues are presented as number (%). P values \.05 (women vs men) were considered statistically significant and are highlighted in bold.

TABLE 2
Characterization of the Study Cohorta

Parameter Total (n = 53) Women (n = 31) Men (n = 22) P Value

Characteristic
Age, yr 36.0 6 11.4 33.8 6 10.4 34.3 6 13.0 .866
Height, cm 174.6 6 9.9 168.7 6 7.2 182.9 6 7.0 \.0001
Weight, kg 68.4 6 14.6 61.5 6 12.6 78.2 6 11.3 \.0001
BMI 22.3 6 3.2 21.5 6 3.6 23.3 6 2.3 .046
Previous BSI, no/yes, No. 46/7 25/6 21/1 .218b

Region
Pelvis 9 (17.0) 5 (16.1) 4 (18.2) ..999b

Femur 5 (9.4) 5 (16.1) 0 .068b

Tibia/fibula 18 (34.0) 8 (25.8) 10 (45.5) .155b

Foot 20 (37.7) 12 (38.7) 8 (36.4) ..999b

Other 1 (1.9) 1 (3.2) 0 ..999b

Site
Sacrum 9 (17.0) 5 (16.1) 4 (18.2) ..999b

Femoral neck 5 (9.4) 5 (16.1) 0 .068b

Tibia 14 (26.4) 5 (16.1) 9 (40.9) .061b

Fibula 4 (7.5) 3 (9.7) 1 (4.5) .633b

Talus 1 (1.9) 1 (3.2) 0 ..999b

Calcaneus 5 (9.4) 3 (9.6) 2 (9.1) ..999b

Cuboid 1 (1.9) 1 (3.2) 0 ..999b

Metatarsal 13 (24.5) 7 (22.6) 6 (27.3) .753b

Sternum 1 (1.9) 1 (3.2) 0 ..999b

Bone composition
Cortical rich 31 (58.5) 15 (48.4) 16 (72.7) .096b

Trabecular rich 22 (41.5) 16 (51.6) 6 (27.3)

aDescriptive data as well as the region, anatomic site, and bone composition of the respective BSI categorized for the entire cohort, women,
and men are displayed. Data are presented as the mean 6 SD or number (%) unless otherwise indicated. P values\.05 (women vs men) were
considered statistically significant and are highlighted in bold. BMI, body mass index; BSI, bone stress injury.

bFisher exact test.
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differences were observed in the other HR-pQCT parame-
ters. At the distal tibia (Figure 2B), only cortical parame-
ters showed significant differences with reduced values
in BSI (Ct.Th, 79.5% 6 20.2% vs 94.0% 6 21.1%; P =
.0007; Ct.Ar, 88.0% 6 18.6% vs 100.8% 6 19.8%; P = .001).

Comparison of HR-pQCT parameters according to the
most prevalent specific anatomic BSI sites (Figure 3)
showed no significant differences among anatomic sites
except for significantly lower distal tibial trabecular thick-
ness (Tb.Th) in patients with a BSI in the femoral neck
compared with the sacrum (P = .042).

Investigation of potential differences in aBMD and bone
microarchitecture parameters between individuals who
had a BSI in a cortical-rich or trabecular-rich site showed
no differences (Figure 4). Last, when comparing athletes
with the first diagnosis of a BSI versus those with a positive
medical history of BSI (Appendix Figure A1, available in
the online version of this article), no significant differences
in DXA or HR-pQCT parameters were detected.

DISCUSSION

As specific risk factors for BSI development remain poorly
understood, knowledge of potential bone microarchitectural
alterations could provide additional insights in this context.
In this study, mainly cortical microarchitecture parameters
were lower in athletes with BSI at distal radial and tibial ref-
erence locations than in controls. To our knowledge, this is
the largest BSI cohort in which biochemical, DXA, and
HR-pQCT data have been assessed, shedding light on the
involvement of impaired bone microarchitecture impairment

TABLE 3
Biochemical and DXA Analysisa

Parameter Total (n = 53) Women (n = 31) Men (n = 22) Reference Range P Value

Laboratory
Calcium, mmol/L 2.40 6 .14 2.39 6 .14 2.43 6 .12 2.08-2.65 .264
Phosphate, mmol/L 1.03 6 .19 1.04 6 .20 1.02 6 .19 0.78-1.65 .648
Creatinine, mg/dL 0.79 6 .15 0.70 6 .11 0.91 6 .12 0.7-1.2 \.0001
Ferritin, mg/L 73.74 6 70.83 58.91 6 78.44 94.04 6 54.46 22-322 .101
ALP, U/L 72.57 6 26.57 64.71 6 23.86 83.64 6 26.75 46-116 .009
Osteocalcin, mg/L 20.97 6 8.06 19.48 6 7.53 23.16 6 8.49 12.0-52.1 .107
b-ALP, mg/L 14.44 6 8.38 11.56 6 4.91 18.70 6 10.54 5.5-22.9 .002
25(OH)D, mg/L 32.04 6 14.29 29.18 6 11.93 # 36.13 6 16.55 30-70 .087
PTH, ng/L 44.76 6 22.38 44.04 6 20.11 45.79 6 25.69 18.4-80.1 .781
DPD, nmol/mmol 6.60 6 2.40 7.46 6 2.30 " 5.5 6 2.11 " 3-7 (women)/2-5 (men) .005
Vitamin D deficiency 26 (49.1) 17 (54.8) 9 (40.9) .406b

DXA
BMD LS, g/cm2 1.06 6 .20 1.00 6 .20 1.13 6 .15 .023
T-score LS 21.1 6 1.4 # 21.3 6 1.6 # 20.8 6 1.2 .199
Z-score LS 20.9 6 1.4 21.1 6 1.4 # 20.6 6 1.2 .229
BMD hip, g/cm2 0.92 6 .20 0.9 6 .20 1.01 6 .22 .003
T-score hip 20.9 6 1.3 21.1 6 1.3 # 20.7 6 1.3 .301
Z-score hip 20.9 6 1.4 21.1 6 1.2 # 20.6 6 1.5 .175
Reduced BMD (Z-score �21.0)c 32 (60.4) 20 (64.5) 12 (54.5) .572b

Low BMD (Z-score �22.0)d 16 (30.2) 11 (35.5) 5 (22.7) .376b

aReference ranges for the local laboratory are indicated for the performed biochemical analysis. Data are presented as the mean 6 SD or
number (%), unless specified otherwise. P values \.05 were considered statistically significant and are highlighted in bold. ALP, alkaline
phosphatase; b-ALP, bone-specific alkaline phosphatase; BMD, bone mineral density; DPD, deoxypyridinoline/creatinine; DXA, dual-energy
x-ray absorptiometry; LS, lumbar spine; PTH, parathyroid hormone; 25(OH)D, 25-hydroxycholecalciferol; #, decrease; ", increase.

bFisher exact test.
cReduced BMD, defined as a Z-score of 21.0 or lower.7
dLow BMD, defined as a Z-score of 22.0 or lower.

Figure 1. Dual-energy X-ray absorptiometry (DXA) results
according to specific anatomic site. Comparison of areal
bone mineral density Z-scores among the 4 most common
bone stress injury sites assessed by DXA (A) in the lumbar
spine and (B) in the hip. FN, femoral neck; MT, metatarsal;
Sa, sacrum; Ti, tibia.
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as a possible contributing factor for BSI development. None-
theless, the fact that no association between bone microarch-
itecture and anatomic fracture site or its bone composition
could be demonstrated highlights the difficulties and
unknowns associated with BSI in athletes.

Low aBMD measured via DXA was observed in nearly
two-thirds of the athletes with BSI, supporting previous
reports claiming low aBMD as a risk factor for
BSI.22,40,41 In addition to the observed potential harmful
effect of vitamin D deficiency and other factors, such as

Figure 2. Bone microarchitecture in patients with bone stress injuries (BSIs) as assessed via high-resolution peripheral quanti-
tative computed tomography. Bone microarchitecture parameters assessed (A) at the distal radius and (B) at the distal tibia in
patients with BSI versus no BSI (controls). Values are presented as a percentage of the median compared with reference values
for the first-generation10 and second-generation device.45 The horizontal dashed line indicates the median of the reference. The
Shapiro-Wilk test was used to evaluate the normal distribution of the data. The Student t test was used for normally distributed
data, and the Mann-Whitney U test was used for nonparametric data. The dashed lines of the truncated violin plots represent the
median and quartiles. Exact P values are reported unless P \ .001. BV/TV, bone volume per tissue volume; Ct.Ar, cortical area;
Ct.BMD, cortical bone mineral density; Ct.Th, cortical thickness; Tb.Ar, trabecular area; Tb.BMD, trabecular bone mineral density;
Tb.N, trabecular number; Tb.Th, trabecular thickness.

Figure 3. High-resolution peripheral quantitative computed tomography (HR-pQCT) results according to specific anatomic site.
Comparison of (A) distal radius HR-pQCT parameters and (B) distal tibial HR-pQCT parameters among the 4 most common bone
stress injury sites. The horizontal dashed line indicates the median of the reference. Ct.Ar, cortical area; Ct.BMD, cortical bone
mineral density; Ct.Th, cortical thickness; FN, femoral neck; MT, metatarsal; Sa, sacrum; Tb.Ar, trabecular area; Tb.BMD, trabec-
ular bone mineral density; Tb.N, trabecular number; Tb.Th, trabecular thickness; Ti, tibia; Tt.BMD, total bone mineral density.
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amenorrhea,2 relative energy deficiency in sports is
assumed to play a decisive role in BMD reduction in
weightbearing exercise endurance athletes.18,26 However,
considering that aBMD Z-scores were heterogeneous and
some were even within the upper reference range, aBMD
alone may provide only a limited explanation for the occur-
rence of BSI.33 This finding was expected, as it is known
that BSI can occur in the presence of high stress and strain
without a reduced bone-loading capacity (ie, normal bone
and remodeling).16 Contrary to previous reports, no differ-
ences in the aBMD Z-score were revealed among anatomic
sites, and no difference was observed when comparing
bones with greater cortical versus trabecular composi-
tion.24,27,41 Differences in age and a selection bias among
studies might serve as potential explanations; however, these
findings point to the necessity for future studies to evaluate
aBMD in an unbiased, prospective fashion, not only when
low aBMD is assumed.41 As only athletes with a stress frac-
ture and not low-grade BSI were included in this study, the
demonstrated findings may only apply to high-grade or late-
stage manifestations of the BSI continuum.

Within the cohort of this study, the most commonly
affected anatomic sites were the tibia and metatarsals.
Interestingly, all BSIs of the femoral neck in our cohort
occurred in female athletes; this site is also a common
site of fragility fractures.38 Risk stratification systems for
the development of BSI have previously been intro-
duced,22,25 showing discrimination of anatomic distribution
of BSI by risk category, including the foot as the most prev-
alent region for the low-risk category.39 Overall, the clinical

relevance to differentiate among sites was highlighted by
previous reports showing that bones of higher trabecular
composition require a comparably longer time to heal27

and that the risk for nonunion differs among the sites.7

Few studies have elaborated on the osseous microstruc-
tural alterations in athletes with BSI,1,33,35,36,46 albeit no
study comprising biochemical, DXA, and HR-pQCT data
in a comparable cohort size has been reported thus far.
In our study cohort, cortical thickness and area at the dis-
tal radius and tibia as well as trabecular bone volume frac-
tion at the distal radius were reduced compared with those
in controls. In line with our results, women with lower limb
stress fractures (n = 19) have been reported to have a lower
cortical area at the distal tibia.36 In another previous
study, women and men with BSI (n = 26) showed a lower
vBMD and cortical cross-sectional area and a higher poros-
ity of the outer and inner transitional zones.46 Our results
are only partly in line with previous observations in male
soldiers with BSI (n = 26) who had reduced cortical
vBMD and trabecular thickness but not cortical thick-
ness.35 Together, these results suggest that impaired
bone microarchitecture may be a relevant risk factor for
BSI, but the results regarding the affected bone compart-
ment or specific parameters are inconsistent. Our data
suggest alterations occured in the cortical compartment,
which became evident by comparison with a control group
and adaptation of the parameters to age-, sex-, and device-
specific reference data. Notably, no differences in aBMD or
bone microarchitecture were observed between athletes
with no history or those with a history of BSI in our study,

Figure 4. Bone mineral density and microarchitecture at reference locations according to bone stress injuries (BSIs) at cortical-rich
versus trabecular-rich sites. (A) Comparison of areal bone mineral density Z-scores at the lumbar spine and hip and (B) bone micro-
architecture parameters at the distal radius and tibia between individuals with BSI at cortical-rich and trabecular-rich sites. Values were
compared with reference values for the first-generation10 and second-generation devices45 and are presented as the percentage of
the median. The horizontal dashed line indicates the median of the reference. Ct.Ar, cortical area; Ct.BMD, cortical bone mineral den-
sity; Ct.Th, cortical thickness; HR-pQCT, high-resolution peripheral quantitative computed tomography; Tb.Ar, trabecular area;
Tb.BMD, trabecular bone mineral density; Tb.N, trabecular number; Tb.Th, trabecular thickness; Tt.BMD, total bone mineral density.
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which is in line with a previous study in which having
a history of multiple (�3) versus a single BSI was not
related to alterations in bone microarchitecture but related
to menstrual history.33 However, another study showed
that women with amenorrhea with a history of 2 stress
fractures had lower total area and trabecular vBMD than
those with \2 stress fractures.1 In a cohort of 30 female
athletes with tibial BSI, the occurrence of an additional
BSI was not associated with alterations in vBMD,
although a decrease in total, trabecular, and cortical
vBMD measured via HR-pQCT was observed 12 weeks
after the diagnosis of BSI.30

Previous studies have indicated the value of assessing
bone sites with a potentially higher dependency on trabec-
ular-mediated bone stability.7,17,41 Our study revealed no
differences among the different anatomic regions or sites
or between bone compositions (ie, cortical-rich or trabecu-
lar-rich), highlighting the need for future studies to elabo-
rate on this phenomenon. This appears to be of even
greater importance regarding treatment strategies, as pre-
vious reports have outlined a longer time to return to
sports for BSI at trabecular-rich sites.27 However, based
on our findings, BSI at trabecular-rich sites does not pose
an increased risk (eg, for delayed healing or recurrence of
BSI) due to systemically affected BMD or bone microarch-
itecture, as these parameters appear equally altered com-
pared with cortical-rich sites.

The results from the biochemical analysis revealed
a state of comparably low bone formation and increased
bone resorption. Vitamin D deficiency was detected in
nearly half of the athletes. The role of vitamin D in bone
remodeling and the relevance of balanced calcium homeo-
stasis have been the subject of previous research and
have already been highlighted for various skeletal dis-
eases.31,32 Vitamin D deficiency has been shown to be
highly prevalent in athletes in general3 and to represent
a distinct risk factor for BSI,34,40 as for other common mus-
culoskeletal disorders, such as osteochondritis dissecans.23

In line with these previous observations, vitamin D defi-
ciency represented the major biochemical finding in our
cohort. To foster sufficient bone mineralization, adequate
vitamin D supplementation is generally recommended in
athletes,21,25 as is an individualized supplementation regi-
men with regular biochemical monitoring.42

Despite its novelty and potential clinical relevance, this
study had some limitations that need to be mentioned.
Regardless of the cross-sectional study design, an unbiased
approach for the assessment of all individuals was used,
and all individuals were assessed in the same way, reduc-
ing the risk for selection bias. No matching of the exercise
level of the control cohort was feasible, and no detailed
data concerning the menstrual history of female athletes
could be provided, although this was identified as an inde-
pendent risk factor for multiple BSIs.33 Furthermore, the
mean age of our cohort was slightly older than that of other
BSI cohorts, which could limit the interstudy comparabil-
ity. Whereas the introduction of reference locations for
HR-pQCT measurements (ie, distal radius and distal tibia)
allows for the comparison with reference values, no assess-
ment of BSI sites or cortical-rich references was performed;

this appears to be worthy of further investigation. Further
limitations include the fact that collection of HR-pQCT
data was performed on 2 different generations of HR-
pQCT scanners and the scans were performed with a fixed
offset, which could introduce a systematic bias, especially
when comparing groups with different bone lengths.9 To
equalize the differences between the 2 scanner genera-
tions, we compared all HR-pQCT parameters using
device-specific reference values with equal methodology.
Moreover, training load was not included in the analysis,
posing an interesting question that needs to be answered
by future studies.

CONCLUSION

BSI development is likely influenced by reduced aBMD
and impaired compartment-specific microarchitectural
properties as assessed via HR-pQCT at distal radial and
tibial reference locations. However, aBMD and bone micro-
architecture cannot solely explain the occurrence of BSI at
specific anatomic sites.

ORCID iD

Tim Rolvien https://orcid.org/0000-0003-1058-1307

REFERENCES

1. Ackerman KE, Cano Sokoloff N Nardo, Maffazioli GDE, Clarke HM,

Lee H, Misra M. Fractures in relation to menstrual status and bone

parameters in young athletes. Med Sci Sports Exerc. 2015;47(8):

1577-1586.

2. Ackerman KE, Putman M, Guereca G, et al. Cortical microstructure

and estimated bone strength in young amenorrheic athletes, eume-

norrheic athletes and non-athletes. Bone. 2012;51(4):680-687.

3. Angeline ME, Gee AO, Shindle M, Warren RF, Rodeo SA. The effects

of vitamin D deficiency in athletes. Am J Sports Med. 2013;41(2):461-

464.

4. Arendt EA, Agel J, Heikes C, Griffiths H. Stress injuries to bone in col-

lege athletes: a retrospective review of experience at a single institu-

tion. Am J Sports Med. 2003;31(6):959-968.

5. Arendt EA, Griffiths HJ. The use of MR imaging in the assessment

and clinical management of stress reactions of bone in high-perfor-

mance athletes. Clin Sports Med. 1997;16(2):291-306.

6. Barrack MT, Gibbs JC, De Souza MJ, et al. Higher incidence of bone

stress injuries with increasing female athlete triad-related risk factors:

a prospective multisite study of exercising girls and women. Am J

Sports Med. 2014;42(4):949-958.

7. Boden BP, Osbahr DC. High-risk stress fractures: evaluation and

treatment. J Am Acad Orthop Surg. 2000;8(6):344-353.

8. Bolam KA, van Uffelen JGZ, Taaffe DR. The effect of physical exer-

cise on bone density in middle-aged and older men: a systematic

review. Osteoporos Int. 2013;24(11):2749-2762.

9. Bonaretti S, Majumdar S, Lang TF, Khosla S, Burghardt AJ. The com-

parability of HR-pQCT bone measurements is improved by scanning

anatomically standardized regions. Osteoporos Int. 2017;28(7):2115-

2128.

10. Burt LA, Liang Z, Sajobi TT, Hanley DA, Boyd SK. Sex- and site-

specific normative data curves for HR-pQCT. J Bone Miner Res.

2016;31(11):2041-2047.

11. Changstrom BG, Brou L, Khodaee M, Braund C, Comstock RD. Epi-

demiology of stress fracture injuries among US high school athletes,

2005-2006 through 2012-2013. Am J Sports Med. 2015;43(1):26-33.

3388 Stürznickel et al The American Journal of Sports Medicine



12. Chen YT, Tenforde AS, Fredericson M. Update on stress fractures in

female athletes: epidemiology, treatment, and prevention. Curr Rev

Musculoskelet Med. 2013;6(2):173-181.

13. Corrarino JE. Stress fractures in runners. Nurse Pract. 2012;37(6):

18-28.

14. Duarte Sosa D, Fink Eriksen E. Women with previous stress fractures

show reduced bone material strength. Acta Orthop. 2016;87(6):626-631.

15. Fredericson M, Bergman AG, Hoffman KL, Dillingham MS. Tibial

stress reaction in runners: correlation of clinical symptoms and scin-

tigraphy with a new magnetic resonance imaging grading system.

Am J Sports Med. 1995;23(4):472-481.

16. Hoenig T, Ackerman KE, Beck BR, et al. Bone stress injuries. Nat Rev

Dis Primers. 2022;8(1):26.

17. Hoenig T, Tenforde AS, Strahl A, Rolvien T, Hollander K. Does mag-

netic resonance imaging grading correlate with return to sports after

bone stress injuries? A systematic review and meta-analysis. Am J

Sports Med. 2022;50(3):834-844.

18. Holtzman B, Popp KL, Tenforde AS, Parziale AL, Taylor K, Ackerman

KE. Low energy availability surrogates associated with lower bone

mineral density and bone stress injury site. PM R. 2022;14(5):587-596.

19. Kelsey JL, Bachrach LK, Procter-Gray E, et al. Risk factors for stress

fracture among young female cross-country runners. Med Sci Sports

Exerc. 2007;39(9):1457-1463.

20. Kijowski R, Choi J, Shinki K, Del Rio AM, De Smet A. Validation of

MRI classification system for tibial stress injuries. AJR Am J Roent-

genol. 2012;198(4):878-884.

21. Krabak BJ, Roberts WO, Tenforde AS, et al. Youth running consen-

sus statement: minimising risk of injury and illness in youth runners.

Br J Sports Med. 2021;55(6):305-318.

22. Kraus E, Tenforde AS, Nattiv A, et al. Bone stress injuries in male dis-

tance runners: higher modified Female Athlete Triad Cumulative Risk

Assessment scores predict increased rates of injury. Br J Sports

Med. 2019;53(4):237-242.

23. Krause M, Lehmann D, Amling M, et al. Intact bone vitality and

increased accumulation of nonmineralized bone matrix in biopsy

specimens of juvenile osteochondritis dissecans: a histological anal-

ysis. Am J Sports Med. 2015;43(6):1337-1347.

24. Marx RG, Saint-Phard D, Callahan LR, Chu J, Hannafin JA. Stress

fracture sites related to underlying bone health in athletic females.

Clin J Sport Med. 2001;11(2):73-76.

25. Mountjoy M, Sundgot-Borgen J, Burke L, et al. The IOC consensus

statement: beyond the Female Athlete Triad–Relative Energy Defi-

ciency in Sport (RED-S). Br J Sports Med. 2014;48(7):491-497.

26. Mountjoy M, Sundgot-Borgen JK, Burke LM, et al. IOC consensus

statement on relative energy deficiency in sport (RED-S): 2018

update. Br J Sports Med. 2018;52(11):687-697.

27. Nattiv A, Kennedy G, Barrack MT, et al. Correlation of MRI grading of

bone stress injuries with clinical risk factors and return to play: a 5-

year prospective study in collegiate track and field athletes. Am J

Sports Med. 2013;41(8):1930-1941.

28. Nattiv A, Loucks AB, Manore MM, et al. American College of Sports

Medicine position stand: the female athlete triad. Med Sci Sports

Exerc. 2007;39(10):1867-1882.

29. Pialat JB, Burghardt AJ, Sode M, Link TM, Majumdar S. Visual grad-

ing of motion induced image degradation in high resolution peripheral

computed tomography: impact of image quality on measures of bone

density and micro-architecture. Bone. 2012;50(1):111-118.

30. Popp KL, Ackerman KE, Rudolph SE, et al. Changes in volumetric

bone mineral density over 12 months after a tibial bone stress injury

diagnosis: implications for return to sports and military duty. Am J

Sports Med. 2021;49(1):226-235.

31. Priemel M, von Domarus C, Klatte TO, et al. Bone mineralization

defects and vitamin D deficiency: histomorphometric analysis of iliac

crest bone biopsies and circulating 25-hydroxyvitamin D in 675

patients. J Bone Miner Res. 2010;25(2):305-312.

32. Rolvien T, Krause M, Jeschke A, et al. Vitamin D regulates osteocyte

survival and perilacunar remodeling in human and murine bone.

Bone. 2017;103:78-87.

33. Rudolph SE, Caksa S, Gehman S, et al. Physical activity, menstrual

history, and bone microarchitecture in female athletes with multiple

bone stress injuries. Med Sci Sports Exerc. 2021;53(10):2182-2189.

34. Ruohola JP, Laaksi I, Ylikomi T, et al. Association between serum

25(OH)D concentrations and bone stress fractures in Finnish young

men. J Bone Miner Res. 2006;21(9):1483-1488.

35. Schanda JE, Kocijan R, Resch H, et al. Bone stress injuries are asso-

ciated with differences in bone microarchitecture in male profes-

sional soldiers. J Orthop Res. 2019;37(12):2516-2523.

36. Schnackenburg KE, Macdonald HM, Ferber R, Wiley JP, Boyd SK.

Bone quality and muscle strength in female athletes with lower

limb stress fractures. Med Sci Sports Exerc. 2011;43(11):2110-2119.

37. Snow-Harter C, Bouxsein ML, Lewis BT, Carter DR, Marcus R.

Effects of resistance and endurance exercise on bone mineral status

of young women: a randomized exercise intervention trial. J Bone

Miner Res. 1992;7(7):761-769.

38. Tei RMH, Ramlau-Hansen CH, Plana-Ripoll O, Brink O, Langdahl BL.

OFELIA: prevalence of osteoporosis in fragility fracture patients. Cal-

cif Tissue Int. 2019;104(1):102-114.

39. Tenforde AS, Carlson JL, Chang A, et al. Association of the female

athlete triad risk assessment stratification to the development of

bone stress injuries in collegiate athletes. Am J Sports Med.

2017;45(2):302-310.

40. Tenforde AS, Kraus E, Fredericson M. Bone stress injuries in runners.

Phys Med Rehabil Clin North Am. 2016;27(1):139-149.

41. Tenforde AS, Parziale AL, Popp KL, Ackerman KE. Low bone mineral

density in male athletes is associated with bone stress injuries at

anatomic sites with greater trabecular composition. Am J Sports

Med. 2018;46(1):30-36.

42. Tenforde AS, Sayres LC, Sainani KL, Fredericson M. Evaluating the

relationship of calcium and vitamin D in the prevention of stress frac-

ture injuries in the young athlete: a review of the literature. PM R.

2010;2(10):945-949.

43. Welck MJ, Hayes T, Pastides P, Khan W, Rudge B. Stress fractures

of the foot and ankle. Injury. 2017;48(8):1722-1726.

44. Whittier DE, Boyd SK, Burghardt AJ, et al. Guidelines for the assess-

ment of bone density and microarchitecture in vivo using high-reso-

lution peripheral quantitative computed tomography. Osteoporos Int.

2020;31(9):1607-1627.

45. Whittier DE, Burt LA, Hanley DA, Boyd SK. Sex- and site-specific refer-

ence data for bone microarchitecture in adults measured using second-

generation HR-pQCT. J Bone Miner Res. 2020;35(11):2151-2158.

46. Zendeli A, Bui M, Fischer L, Ghasem-Zadeh A, Schima W, Seeman E.

High cortico-trabecular transitional zone porosity and reduced tra-

becular density in men and women with stress fractures. J Clin

Med. 2021;10(5):1123.

For reprints and permission queries, please visit SAGE’s Web site at http://www.sagepub.com/journals-permissions

AJSM Vol. 50, No. 12, 2022 Bone Microarchitecture in Athletes With BSI 3389


