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Abstract
Summary—Micro-finite element analysis applied to high-resolution (0.234-mm length scale)
MRI reveals greater whole and cancellous bone stiffness, but not greater cortical bone stiffness, in
the distal femur of female dancers compared to controls. Greater whole bone stiffness appears to
be mediated by cancellous, rather than cortical bone adaptation.

Introduction—The purpose of this study was to compare bone mechanical competence
(stiffness) in the distal femur of female dancers compared to healthy, relatively inactive female
controls.

Methods—This study had institutional review board approval. We recruited nine female modern
dancers (25.7± 5.8 years, 1.63±0.06 m, 57.1±4.6 kg) and ten relatively inactive, healthy female
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controls matched for age, height, and weight (32.1±4.8 years, 1.6±0.04 m, 55.8±5.9 kg). We
scanned the distal femur using a 7-T MRI scanner and a three-dimensional fast low-angle shot
sequence (TR/TE= 31 ms/5.1 ms, 0.234 mm×0.234 mm×1 mm, 80 slices). We applied micro-
finite element analysis to 10-mm-thick volumes of interest at the distal femoral diaphysis,
metaphysis, and epiphysis to compute stiffness and cross-sectional area of whole, cortical, and
cancellous bone, as well as cortical thickness. We applied two-tailed t-tests and ANCOVA to
compare groups.

Results—Dancers demonstrated greater whole and cancellous bone stiffness and cross-sectional
area at all locations (p< 0.05). Cortical bone stiffness, cross-sectional area, and thickness did not
differ between groups (>0.08). At all locations, the percent of intact whole bone stiffness for
cortical bone alone was lower in dancers (p<0.05). Adjustment for cancellous bone cross-sectional
area eliminated significant differences in whole bone stiffness between groups (p>0.07), but
adjustment for cortical bone cross-sectional area did not (p<0.03).

Conclusions—Modern dancers have greater whole and cancellous bone stiffness in the distal
femur compared to controls. Elevated whole bone stiffness in dancers may be mediated via
cancellous, rather than cortical bone adaptation.
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Introduction
Wolff’s Law states that bone adapts its shape and structure in response to the mechanical
loads that it must endure [1]. This is well illustrated by the loss of bone mass observed in
individuals who are challenged by low mechanical stress environments, such as astronauts
living in microgravity [2–4] or patients who are immobilized after spinal cord injury [2, 5,
6]. It is also well illustrated by the improvements in bone density and structure observed in
individuals who subject their bones to elevated mechanical stress via participation in sports
including: soccer [7–9], gymnastics [10–12], fencing [13], triple jumping and sprinting [14,
15], speed skating [9, 16, 17], weightlifting [9, 15], and racket sports [18–20].

Bone strength is determined by its material composition, structure, geometry, and
microarchitecture [21]. Noninvasive imaging modalities to assess these properties of bone in
vivo are useful because they ultimately provide metrics or surrogate markers of bone
strength or in essence, fracture resistance. Dual-energy X-ray absorptiometry (DEXA)
allows assessment of areal bone mineral density, which reflects bone material composition
and mass. However, because DEXA is a two-dimensional planar projection technique with
low resolution, it cannot discriminate between cortical and cancellous bone compartments
and cannot provide important information on bone structure, such as cross-sectional area.
Quantitative computed tomography (CT) can depict bones in three-dimensions and thus
allows discrimination and quantitative assessment of both cortical and cancellous bone
compartments. However, it does not permit assessment of bone microarchitecture, which
requires imaging with higher spatial resolution, (approximately 100–250 μm in-plane). Over
the last decade, with the arrival of high-resolution peripheral quantitative CT (HRpQCT)
scanners [22, 23] and the development of high-resolution, magnetic resonance imaging
(MRI) techniques [24, 25], noninvasive assessment of bone microarchitecture in vivo has
become possible. Numerous recent research and clinical studies have shown the value of
these techniques in detecting bone microarchitectural changes in osteoporosis [23, 26–28]
and in response to therapy [29, 30].
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In parallel with the evolution in imaging technologies for noninvasive assessment of bone
structure and microarchitecture in vivo, there has also been remarkable progress in the field
of computational biomechanics [3, 31, 32]. Specifically, in recent years, high-resolution CT
and MR images have been shown to be suitable for the generation of micro-finite element
(μFE) models to estimate mechanical properties of bone, including bone stiffness, which is
highly correlated with the ability of bone to resist fracture [23, 33, 34]. Beyond
measurement of bone structure and morphology, estimation of bone mechanical properties
in vivo may improve clinicians’ ability to assess fracture risk or the effects of interventions
(such as altered mechanical environments) on the skeleton.

The goal of this study was to apply micro-finite element analysis (μFEA) to high-resolution
MR images of bone microarchitecture and determine how whole, cortical, and cancellous
bone stiffness in the distal femoral diaphysis, metaphysis, and epiphysis differ in a group of
modern female dancers (n=9) compared to relatively inactive, healthy female controls
(n=10) matched for age, height, and weight. We hypothesized that the dancers, because of
the greater mechanical stimulation of their lower extremities due to participation in dance
activity [35], would have greater whole, cortical, and cancellous bone stiffness at all three
locations in the distal femur.

Methods
Subject recruitment

This study had institutional review board approval, and we obtained written informed
consent from all subjects. The dancers were advanced pre-professional modern
(contemporary) dance students at a school that specializes in the Limón technique and style
of movement. This genre of dance involves flowing motions and changes of direction and
some vertical jumping. The mean age, height, and weight of dancers were 25.7±5.8 years,
1.63±0.06 m, and 57.1±4.6 kg, respectively. The mean years of dance participation was
15.7± 6.1 years. The dancers participated in dance and training activities totaling
approximately 20 h per week at the time of the study. We recruited relatively physically
inactive, healthy female controls matched for age, height, and weight by placing ads around
the university campus. The mean age, height, and weight for the female controls were
32.1±4.8 years, 1.6± 0.04 m, 55.8±5.9 kg, respectively. The controls did not participate in
sports regularly; specifically, they were not involved in physical activities that involved
weightlifting, jumping, running, or rapid changes of direction. They described their only
physical activity as walking to and from class/work (less than 1 h total per day).

MRI scanning
The dominant lower extremity (the lower extremity used to kick a ball) of each subject was
scanned on a whole-body 7-T MRI scanner (Siemens, Erlangen, Germany) from the level of
the distal femoral diaphysis to the distal femoral articular surface using a 28 channel receive
array coil (Quality Electrodynamics, Mayfield Village, Ohio). We used a three-dimensional
(3D) fast low-angle shot sequence (TR/TE= 20 ms/5.1 ms, field of view=120 mm,
matrix=512×512, in-plane voxel size=0.234 mm×0.234 mm, slice thickness= 1 mm, 80 axial
images, parallel acceleration factor=2, acquisition time=7 min 9 s) to obtain images of bone
microarchitecture as previously described [36]. The imaging parameters were chosen to
reflect a balance between the need to obtain images with high resolution (which requires
longer scan times) and the need to minimize patient discomfort and motion artifact (which
increase with longer scan times). Kim et al. have shown that bone microarchitecture
parameters derived from MR images can be preserved up to a resolution of 0.23 mm [37].
Furthermore, since trabeculae are oriented in the weight-bearing superoinferior direction,
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relaxation of through-plane voxel size to 1 mm should only have minor implications on the
accuracy of bone microarchitectural measurements [25].

Image processing and generation of bone volume fraction map
A musculoskeletal radiologist with dedicated knowledge of knee anatomy oversaw all image
processing steps to ensure anatomical accuracy. We corrected all images for signal intensity
inhomogeneity caused by MR coil shading using a local thresholding algorithm as
previously described [38]. Furthermore, to ensure that the same relative locations were
analyzed in each subject, we used anatomic landmarks (rather than absolute distance from
the end-of-bone) to define the distal femoral diaphysis, metaphysis, and epiphysis (Fig. 1a).
Specifically, we analyzed 10-mm-thick volumes of interest (VOIs) at the level of: the distal
femoral diaphysis, with the inferior border of the VOI defined by the superior pole of the
patella; the distal femoral metaphysis, with the inferior border of the VOI defined by the
healed distal femoral growth plate; and the distal femoral epiphysis, with the superior border
of the VOI defined by the healed distal femoral growth plate (Fig. 1a). The segmentation
time per subject was approximately 15 min.

For the ten slices composing each VOI at the distal femoral diaphysis, metaphysis, and
epiphysis, we manually segmented the distal femur at the periosteal and endosteal
boundaries to generate three datasets corresponding to whole bone, cortical bone, and
cancellous bone regions (Fig. 1b). For each VOI, voxel signal intensities were linearly
scaled from 0 to 100 with absolute marrow and absolute bone having minimum and
maximum values, respectively [34]. This generated a 3D bone volume fraction (BVF) map,
with each voxel within the BVF map representing the fractional occupancy of bone from the
original MR image.

Micro-finite element analysis
We performed μFEA in the linear elastic regime to compute axial stiffness for each VOI
[23, 29, 33, 34] by simulating compressive loading along the superoinferior direction [34,
38]. There is excellent correlation between MR-derived and reference standard high-
resolution CT-derived (25 μm resolution) measurements of bone stiffness and bone
microarchitecture [23, 34]. In brief, each voxel in the BVF map was converted into a
hexahedral finite element with dimensions corresponding to the voxel size. Regarding
element size, Jones and Wilcox state that there is healthy convergence for lower-resolution
models; they found that element sizes of 2×2×2 mm3 appear sufficient, since error at that
size is dominated by factors, such as load position, that are not improved increasing mesh-
resolution [39, 40]. In addition, Crawford et al. showed that although there is an
approximate 4 % difference in stiffness values calculated from low-resolution (3×3×3 mm3)
and high-resolution (1×1× 1.5 mm3) finite element models, stiffness values derived from
both models strongly correlate with experimentally measured stiffness values (R2≥0.92) and
are suitable for cross-sectional studies [41].

The material properties of bone were chosen as isotropic and linearly elastic with Young’s
modulus (YM) set to be linearly proportional to the BVF value such that YM= 15 GPa×BVF
while the Poisson’s ratio was set at 0.3 for all elements [42]. Simulated compression was
applied along bone’s longitudinal axis by applying a constant displacement (~1 % strain) to
all finite element nodes in the proximal face of the finite element mesh while keeping those
in the distal face constrained. The μFE system was solved to yield a 3D strain map for the
whole bone section [33, 34]. Finally, the axial stiffness was obtained as the quotient of the
applied strain on the proximal face and the resulting stress. The measurement reproducibility
for μFEA of MR images of bone microarchitecture is excellent with coefficients of variation
of less than 5 % [36, 43, 44].
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Structural analysis
Using the same segmented VOIs at the distal femoral diaphysis, metaphysis, and epiphysis,
we computed average whole, cortical, and cancellous bone cross-sectional area as the
number bone-containing voxels multiplied by the voxel area in the image plane (0.0547
mm2) and divided by the number of slices in the VOI (ten slices). We also computed
average cortical thickness for each VOI at the distal femoral diaphysis, metaphysis, and
epiphysis. Specifically, average cortical thickness was calculated by modeling the endosteal
and periosteal boundaries on each axial image as concentric circles whose radii were
estimated from the respective encompassed areas [45].

Statistical analysis
We used SPSS 16.0 (Somers, New York) to perform two-tailed t-tests and analysis of
covariance (ANCOVA) and compare parameters between groups (p<0.05 for statistical
significance).

Results
Representative axial MR images from a dancer and a control at the distal femoral diaphysis,
metaphysis, and epiphysis are shown in Fig. 2a–c. At the distal femoral diaphysis,
metaphysis, and epiphysis, the dancers demonstrated 12.4 % (p=0.047), 16.9 % (p=0.002),
and 8.2 % (p= 0.009) greater whole bone stiffness and 23.8 % (p=0.021), 16.9 % (p=0.029),
and 11.7 % (p=0.004) greater cancellous bone stiffness compared to the controls (Table 1).
At all three locations, differences in cortical bone stiffness between dancers and controls
(−8.5 % at the distal femoral diaphysis, −21.1 % at the distal femoral metaphysis, −4.1 % at
the distal femoral epiphysis) were not statistically significant (p>0.15 for all, Table 1).

At each location, we also evaluated the percent normalized stiffness for cortical bone and
cancellous bone (ratio of segmented cortical stiffness to whole bone stiffness; ratio of
segmented cancellous bone stiffness to whole bone stiffness). As described by Eswaran et
al., this can be thought of as the percent of intact whole bone stiffness with a cortical bone-
only model or a cancellous bone-only model [46]. At the distal femoral diaphysis,
metaphysis, and epiphysis, the percent normalized stiffness for cortical bone in dancers/
controls was 31.2 %/38.3 %, 10.1 %/18.2 %, and 15.1 %/23.6 %, respectively (Table 2). In
all locations, these percentages were less in the dancers compared to controls (p=0.0003,
p=0.002, p=0.000003, respectively). At the distal femoral diaphysis, metaphysis, and
epiphysis, the percent normalized stiffness for cancellous bone in dancers/controls was 53.9
%/48.8 %, 74.7 %/74.5 %, and 74.8 %/72.5 %. In all locations, the percentages were greater
in the dancer group compared to the control group, but this was only statistically significant
at the distal femoral diaphysis (p=0.049, Table 2).

At the distal femoral diaphysis, metaphysis, and epiphysis, the dancers demonstrated greater
whole (p=0.01, p=0.002, p=0.03, respectively) and cancellous (p=0.008, p=0.002, p=0.04,
respectively) bone cross-sectional area compared to the controls (Table 3), but there were no
significant differences in cortical bone cross-sectional area between groups (p>0.15 for all,
Table 3).

To determine whether the greater bone stiffness in dancers compared to controls was
mediated by greater bone cross-sectional area, we performed ANCOVA, adjusting for
differences in bone cross-sectional area between groups (Table 4). For whole bone stiffness,
at the distal femoral diaphysis, metaphysis, and epiphysis, there were no longer any
significant differences between dancers and controls after adjusting for whole bone cross-
sectional area (p>0.09 for all) or cancellous bone cross-sectional area (p>0.07 for all). In
contrast, at all three locations, after adjusting for cortical bone cross-sectional area, the
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greater whole bone stiffness of dancers compared to controls remained statistically
significant (p<0.03 for all). For cancellous bone stiffness, there were no longer any
significant differences between groups after adjusting for cancellous bone cross-sectional
area (p>0.05 for all). And finally, for cortical bone stiffness, at the distal femoral diaphysis
only, a significant difference arose between dancers and controls, after adjusting for cortical
bone cross-sectional area (dancers 8.5 % less than controls, p<0.01).

At all locations, there were no significant differences in cortical bone thickness (p>0.08 for
all, Table 5) or bone volume fraction within the cancellous compartment between groups
(p>0.41 for all, Table 6).

Discussion
We have applied μFEA to high-resolution MR images of bone microarchitecture to assess
whole, cortical, and cancellous bone stiffness at the distal femoral diaphysis, metaphysis,
and epiphysis in female dancers compared to relatively physically inactive, healthy female
controls matched for age, height, and weight. At all three locations in the distal femur, the
dancers had greater whole and cancellous bone stiffness and greater whole and cancellous
bone cross-sectional area compared to the controls. This greater whole bone stiffness in the
dancers appears to have been mediated by changes in the cancellous compartment, rather
than cortical compartment. Specifically, after adjusting for cancellous bone cross-sectional
area, there was no longer a significant difference in whole bone stiffness between groups,
but after adjusting for cortical bone cross-sectional area, a significant difference in whole
bone stiffness remained. In keeping with this finding (that alterations in the cancellous
compartment mediated improvements in whole bone stiffness), at the distal femoral
diaphysis, metaphysis, and epiphysis, the percent of whole bone stiffness remaining after
cancellous bone compartment removal was lower in the dancers compared to the controls.
Overall, the results suggest that participation in long-term dance activity may promote
improvement in bone mechanical competence near the end-of-bone and that this
improvement in bone mechanical competence, as assessed at a length scale of approximately
~0.23 mm, may be mediated by adaptation in cancellous bone, rather than cortical bone.

Ideally, we would have imaged bone microarchitecture of the proximal femur, which is a
common site of fragility fracture. However, with the current level of MRI coil (antenna)
technology, it is challenging to produce images bone microarchitecture of the femoral neck
with high enough quality to perform 3D image analysis, such as μFEA. In 2005, Krug et al.
imaged the femoral neck in the coronal plane via MRI, but concluded that only a 2D textural
analysis of trabeculae was possible [47]. The main obstacle is that at the level of the hip, the
MRI coil is separated from the femoral neck by several centimeters of skin, subcutaneous
fat, muscle; as the distance between the MRI coil and object of interest increases, there are
exponential losses in coil sensitivity, which result in lower image quality and signal-to-noise
ratio (SNR). We chose to analyze the distal femur because this was an anatomic location as
close as possible to the femoral neck that we could scan with enough SNR to produce high-
quality images of bone microarchitecture suitable for μFEA. With improvements in MRI
coil technology for the pelvis (e.g., multichannel coils, such as the new 28-channel knee coil
used in this study), we expect that imaging of bone microarchitecture of the hip will
eventually become feasible. Indeed when high-resolution MRI of bone microarchitecture
was first described in the late 1990s [48, 49], it was performed on the distal radius and distal
tibia, the most easily accessible anatomic sites.

Numerous previous studies have investigated adaptations in bone density, macrostructure
and geometry in athletes from a variety of sports compared to matched controls. The sports
studied include, but are not limited to: soccer [7–9], gymnastics [10–12], fencing [13], triple
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jumping and sprinting [14, 15], speed skating [9, 16, 17], weightlifting [9, 15], and racket
sports [18–20]. In general, high-impact sports (e.g., jumping, hurdling) and odd-impact
sports (e.g., squash, soccer, speedskating, where forces on bone are elevated due to lateral
acceleration/deceleration, rather than vertical loading) are associated with greater bone
mineral density and improved bone macrostructure and geometry. Furthermore, the types
and locations of skeletal adaptations appear to be sports-specific, probably due to typical
mechanical loading patterns that are associated with each sport [15]. Indeed, these findings
are all supportive of Wolff’s Law, which states that bone adapts in response to the
mechanical loads that it must endure.

To our best knowledge, only two previous studies have used high-resolution imaging
techniques to quantitatively assess bone microarchitecture in athletes compared to matched
controls. Modlesky et al. used high-resolution 1.5-T MRI to assess bone microarchitecture in
the proximal tibia of female collegiate gymnasts compared to matched controls. The authors
found improvements in gymnasts’ bone microarchitecture manifested by increased apparent
trabecular number and decreased apparent trabecular separation [50]. Chang et al. used high-
resolution 7-T MRI to assess bone microarchitecture in the distal femur and proximal tibia
in members of the U.S. Olympic Fencing Team compared to matched controls [51].
Similarly, apparent trabecular number was increased and apparent trabecular separation was
decreased in the athletes compared to the controls. The authors also found that markers for
trabecular plate-to-rod ratio and trabecular network connectivity were also increased in the
fencers. To our best knowledge, this current study in dancers is the first to apply μFEA to
images of bone microarchitecture in order to assess bone mechanical competence in vivo in
athletes compared to controls.

It is challenging, but not impossible to perform direct mechanical testing of bones in vivo to
assess their mechanical properties. Researchers have recently described the use of a
microindentation device that can be used during a minimally invasive procedure to directly
test the mechanical properties of bone in subjects with osteoporosis [52]. However, μFEA
represents a powerful tool to estimate the mechanical properties of bone noninvasively and
in vivo. The great interest in μFEA as a tool to assess bone is illustrated by the large number
of recent in vivo studies applying μFEA to high-resolution MR images or HRpQCT images
to detect alterations in bone mechanical properties in subjects with osteoporosis [23, 26–28],
renal disease [45], diabetes [53], or following treatment with antifracture medications [29,
30].

The dancers in this study participated in modern (or contemporary) dance, specifically
Limón technique. Their specialty, abstract modern dance, involves flowing movements and
changes of direction facilitated by the force of gravity, without the frequent maximal,
vertical jumping as in ballet. However, it should also be noted that the dancers had an
average number of years of experience of 15.7±6.1 years (including other forms of dance)
and were training approximately 20 h per week at the time of the study. It remains to be
determined whether such skeletal adaptations could occur in individuals who begin
participation in dance after adolescence or whether such adaptations could occur in
individuals who participate less frequently and for a fewer number of years.

We found that whole bone stiffness was always greater than the numerical sum of cortical
bone stiffness and cancellous bone stiffness. This is not due to artifact, as whole bone cross-
sectional area (calculated from the same segmented VOI used for the μFEA) at each
location was always equal to the numerical sum of cortical bone and cancellous bone cross-
sectional areas. Eswaran et al. previously described this result in an ex vivo microCT study
of vertebral bodies [46]. In this study, the authors found that cortical bone alone had a
stiffness of 9±6 % of intact whole vertebral body stiffness. However, with cortical bone
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removal (cancellous bone compartment alone), there was a 52 %±9 % reduction in whole
bone stiffness, a direct consequence of unloading of peripheral trabeculae. Our results are
consistent with those of Eswaran, who demonstrated that cortical and cancellous bone
synergistically increase whole bone strength when they act in concert as one unit.

The results of this study also provide evidence that in the dancer group, greater whole bone
stiffness was mediated via adaptation in the cancellous compartment, rather than in cortical
bone, at least at the length scale of 0.234 mm in this study. First, we found that in the
dancers, the percent of intact whole bone stiffness for cortical bone alone (i.e., percent of
whole bone stiffness remaining after cancellous bone removal) was significantly lower than
corresponding values in the controls (10.1±5.0–31.2±2.4 % in dancers at the distal femoral
diaphysis, metaphysis, and epiphysis versus 18.2±8.9–38.3±3.9 % in controls, p<0.05 for
all). Second, we also found that adjustment for cancellous bone cross-sectional area
eliminated the significant differences in whole bone stiffness between dancers and controls,
whereas adjustment for cortical bone cross-sectional area did not. These results do not
diminish the importance of cortical bone, but suggest that near the end-of-bone, which is a
cancellous-abundant location, adaptations to mechanical loading (at a length scale of 0.234
mm) appear to be mediated through the cancellous compartment.

This study has limitations. First, as a cross-sectional study, there is the possibility of
selection bias. Individuals with larger or stronger bones may be more likely to participate in
long-term dance activity because they are able to withstand the physical demands of the
sport. Second, there are a low number of study subjects. It is possible that if we scanned
more subjects, we would have enough statistical power to detect differences in cortical bone
structure and stiffness between the two groups. For example, at the distal femoral epiphysis,
where cortical bone stiffness was 183± 25.8 kN/mm in the dancers and 191±23.3 kN/mm in
the controls, 67 total subjects would have been required to demonstrate that this difference
between groups was statistically significant (for a significance level of 0.05 and test power
of 0.80). At the distal femoral metaphysis, where cortical bone thickness was 1.23±0.086
mm in dancers and 1.26±0.067 mm in controls, 71 total subjects would have been needed to
demonstrate that this difference was significant. Related to the low number of study
subjects, it is also possible that a type I error could be committed if there are outlier values
(non-normal distribution) within the small samples. When the results are also re-analyzed by
a Mann–Whitney test (non-parametric test, which does not rely on normally distributed
data), in only one case (cancellous bone cross-sectional area at the distal femoral epiphysis),
does a statistically significant result (p<0.05) become non-significant (p<0.07). Therefore,
outlier values are not responsible for the significant differences in bone stiffness that we
observe between groups, and we believe that our conclusions are reasonable.

A third limitation of this study is that the image voxel size (0.234 mm×0.234 mm×1 mm) in
this study is larger than that of microCT studies. Therefore, it is possible that our inability to
detect differences in cortical bone structure and stiffness between groups is due to this larger
voxel size. However, as mentioned above in the “Methods” section, Crawford et al.
concluded that low-resolution finite element models (up to 3×3×3 mm3) are suitable for
cross-sectional studies, since population variation in stiffness is greater than variation in
stiffness that could be stem from differences in voxel/element sizes [41]. Fourth, due to
logistical reasons and time constraints, we could not assess bone mineral density or the mid-
diaphysis in the dancers and controls. Greater bone mineral density [15] and greater cortical
bone thickness and cortical bone cross-sectional area [13, 54] have been demonstrated in
athletes from a variety of sports. It is certainly possible that similar increases in bone
mineral density or adaptations in bone geometry at the mid-diaphysis were present in
dancers in this study. Finally, we have only provided bone volume fraction results and did
not compute bone microarchitectural parameters, which requires special software that is not
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commercially sold and is only available in a few research laboratories. The higher
cancellous bone stiffness in the dancers in this study is presumably due to alterations in bone
microarchitectural parameters (i.e., increased trabecular number, connectivity; decreased
trabecular separation). We are currently pursuing a collaboration with a laboratory with
expertise in bone microarchitecture image analysis in order to address this important
question.

In conclusion, we have applied μFEA to MR images of bone microarchitecture and
determined that female dancers have greater whole and cancellous bone stiffness at the distal
femoral diaphysis, metaphysis, and epiphysis compared to matched, relatively physically
inactive, female controls. The results of this study suggest that participation in long-term
dance activity may promote differences in bone mechanical competence. Furthermore, the
results suggest that dancers’ greater bone mechanical competence at the distal femur, as
assessed at a length scale of ~0.23 mm, is mediated predominantly by adaptation in the
cancellous bone compartment, rather than the cortical bone compartment. In the future, it
will be important to determine whether such adaptations can occur in adults after
adolescence or even after the onset of menopause. It will also be important to determine the
optimal frequency, intensity, and duration of activity necessary in order to induce such
skeletal adaptations.
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Fig. 1.
a Sagittal scout MR localizer image of the distal femur demonstrating the analysis locations
for the 10-mm-thick volumes of interest (VOIs) at the distal femoral diaphysis (DFD), distal
femoral metaphysis (DFM), and distal femoral epiphysis (DFE). These were defined
anatomically by the superior pole of the patella (inferior margin of the DFD) and the healed
growth plate (inferior margin of the DFM, superior margin of the DFE). b Representative
axial MR images (left panel) at the distal femoral diaphysis (top row), distal femoral
metaphysis (middle row), and distal femoral epiphysis (bottom row), and corresponding
bone volume fraction maps of whole, cancellous, and cortical bone (right panel) from the
same levels. In MR images of bone microarchitecture, trabeculae are represented by
hypointense (dark) linear structures and marrow is hyperintense (white). For the bone
volume fraction maps, MR images were inverted to create images with bone in white
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Fig. 2.
a Representative axial 7-T MR images from a dancer and a control at the level of the distal
femoral diaphysis demonstrating differences in bone microarchitecture. In MR images of
bone microarchitecture, trabeculae are represented by hypointense (dark) linear structures
and marrow is hyperintense (white). More trabeculae are visualized in the dancer than in the
control. Ovals are only placed to highlight areas with prominent differences; the entire
cancellous bone compartment was analyzed to determine cancellous bone stiffness and
cross-sectional area. b Representative axial 7-T MR images from a dancer and a control at
the level of the distal femoral metaphysis demonstrating differences in bone
microarhcitecture. In MR images of bone microarchitecture, trabeculae are represented by
hypointense (dark) linear structures and marrow is hyperintense (white). More trabeculae are
visualized in the dancer than in the control. Ovals are only placed to highlight areas with
prominent differences; the entire cancellous bone compartment was analyzed to determine
cancellous bone stiffness and cross-sectional area. c Representative axial 7-T MR images
from a dancer and a control at the level of the distal femoral epiphysis demonstrating
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differences in bone microarhcitecture. In MR images of bone microarchitecture, trabeculae
are represented by hypo-intense (dark) linear structures and marrow is hyperintense (white).
More trabeculae are visualized in the dancer than in the control. Ovals are only placed to
highlight areas with prominent differences; the entire cancellous bone compartment was
analyzed to determine cancellous bone stiffness and cross-sectional area
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Table 4

p values for comparison of stiffness in dancers versus healthy, relatively inactive controls, after adjusting for
whole, cortical, and cancellous bone cross-sectional area using analysis of covariance (ANCOVA)

P values ANCOVA (Adjusting for bone area) Whole bone stiffness Cortical bone stiffness Cancellous bone stiffness

Distal femoral diaphysis

 Whole area 0.69 – –

 Cortical area 0.02 0.0083 –

 Cancellous area 0.64 – 0.53

Distal femoral metaphysis

 Whole area 0.17 – –

 Cortical area 0.0071 0.27 –

 Cancellous area 0.17 – 0.92

Distal femoral epiphysis

 Whole area 0.092 – –

 Cortical area 0.013 0.09 –

 Cancellous area 0.072 – 0.054

After adjusting for cortical bone cross-sectional area, the greater whole bone stiffness in dancers compared to controls remained significant; in
contrast, after adjusting for cancellous bone cross-sectional area, this difference was no longer significant
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