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Relating Bone Strain to Local
Changes in Radius
Microstructure Following
12 Months of Axial Forearm
Loading in Women
Work in animal models suggests that bone structure adapts to local bone strain, but this
relationship has not been comprehensively studied in humans. Here, we quantified the
influence of strain magnitude and gradient on bone adaptation in the forearm of pre-
menopausal women performing compressive forearm loading (n¼ 11) and nonloading
controls (n¼ 10). High resolution peripheral quantitative computed tomography
(HRpQCT) scans of the distal radius acquired at baseline and 12 months of a randomized
controlled experiment were used to identify local sites of bone formation and resorption.
Bone strain was estimated using validated finite element (FE) models. Trabecular strain
magnitude and gradient were higher near (within 200 lm) formation versus resorption
(p< 0.05). Trabecular formation and resorption occurred preferentially near very high
(>95th percentile) versus low (<5th percentile) strain magnitude and gradient elements,
and very low strain elements were more likely to be near resorption than formation
(p< 0.05). In the cortical compartment, strain gradient was higher near formation versus
resorption (p< 0.05), and both formation and resorption occurred preferentially near
very high versus low strain gradient elements (p< 0.05). At most, 54% of very high and
low strain elements were near formation or resorption only, and similar trends were
observed in the control and load groups. These findings suggest that strain, likely in com-
bination with other physiological factors, influences adaptation under normal loads and
in response to a novel loading intervention, and represents an important step toward
defining exercise interventions to maximize bone strength. [DOI: 10.1115/1.4048232]

Introduction

Osteoporotic fractures represent a significant clinical burden,
with 1 in 3 women over age fifty experiencing a fragility fracture
in their lifetime [1]. Exercise may have the potential to increase
bone mass and offset age-related bone loss. Athletes applying
high-intensity mechanical loads over extended periods of time
have higher bone density than their peers [2,3], and develop site-
specific loading adaptations such as increased cortical thickness in
the dominant arms of tennis [4,5] and baseball [6] players. In nor-
mal healthy adults, clinical trials have shown that high-impact and
resistive exercises consistently elicit a 1–3% increase in bone den-
sity at the hip over 6–24 months [7–10]. However, moving toward
a more personalized approach that tunes interventions to deliver
the optimal “dose” of loading for an individual requires a detailed
understanding of the relationship bone tissue loading and changes
in bone structure.

Animal models have provided insight into the local relationship
between bone loading and adaptation. Early models established a
controlling role of mechanical strain magnitude [11,12] and the
novelty of strain distribution [13,14] on the amount of new bone
formed following a dynamic loading intervention. Focusing on
the local relationship between bone strain and adaptation, it has
been shown that cortical bone formation is related to local strain
magnitude [15] and spatial gradient [16,17]. In murine vertebral
loading models focusing on the trabecular bone response, princi-
pal stresses, principal strains, strain energy density (SED), and the

spatial gradient of strain moderately predict the initiation of tra-
becular bone formation and resorption [18–21]. It is generally
suggested that these tissue-level deformations drive cellular-level
mechanical stimuli, such as fluid streaming potentials and mem-
brane shear stresses, which are transduced by osteocytes into bio-
chemical cues regulating osteoblast and osteoclast activity
[22,23]. While the mechanisms linking bone strain and cell behav-
ior are likely similar in humans, the strength of the relationship
between strain and adaptation may differ due to greater genetic
variability and the influence of systemic factors such as hormones,
diet, and exercise history. However, due to technical challenges in
measuring bone strain and changes in bone microstructure in vivo
in humans, data addressing this question are extremely limited.

Previously, we established a voluntary forearm loading model
[24], in which human participants lean onto their palm to com-
press a padded load cell that provides feedback to guide load mag-
nitude. We also validated participant-specific finite element (FE)
models [25] of the forearm to simulate this loading task, enabling
us to characterize the strain environment within the radius bone.
These methods can be combined to prospectively assign and mea-
sure radius bone strain during the axial loading task. In a previ-
ously published pilot study that included 23 women, we found
that 14-week changes in integral bone density in the distal radius,
divided into local regions by quadrant, were positively correlated
with continuum FE-estimated energy equivalent strain [26]. While
these results provide preliminary support for local, strain-driven
adaptation, the continuum FE models do not explicitly consider
the effect of trabecular microstructure.

High-resolution peripheral quantitative computed tomography
(HRpQCT) allows for the in vivo imaging of human bone micro-
structure in �1 cm sections of the distal radius [27]. Applying this
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technology, we validated a multiscale modeling approach [28],
which incorporates a micro-FE section based on HRpQCT into
continuum forearm FE models. Here, we used this technique and
serial HRpQCT imaging to investigate the relationship between
tissue-level bone strain and local bone adaptation in the distal
radius of healthy, premenopausal women participating in a 12-
month, prospective study using our forearm loading model. Our
overall hypothesis was that bone formation occurs preferentially
in high-strain (magnitude and gradient) regions, while bone
resorption occurs preferentially in low-strain regions.

Methods

Participants and Loading Intervention. The data reported
here were collected as part of a larger, institutionally approved
randomized controlled trial enrolling 102 women [29]. Full enroll-
ment criteria are reported elsewhere [30]. Briefly, women ages
21–40 with healthy body mass index, menstrual cycles, serum vita-
min D levels, calcium intake, and forearm areal bone density were
included. Women were excluded if they had a history of medical
conditions or use of medications affecting bone metabolism, a pre-
vious injury to the nondominant arm, or regularly participated in
activities applying high-impact loads to the forearm. The current
analysis includes a subset of 21 participants from the control (non-
loading, n¼ 10) and loading (n¼ 11) groups. Control subjects
with high-quality HRpQCT (motion� 3) [31] scans available at
baseline and 12 months were included. In addition to having good
quality scans, we further limited the load group to individuals in
the top 50% of participants for achieved loading dose and who
were “responders,” meaning they experienced increases in bone
density above the least significant change (details below).

The purpose of the parent study was to determine the influence
of average strain magnitude and strain rate within the distal radius
on changes in average bone structure parameters. Participants
were randomized into either a nonintervention control group or
one of several loading groups with a range of target strain magni-
tudes and loading rates. The applied force required to generate the
desired strain magnitude within the distal radius was determined
for each individual using subject-specific continuum finite ele-
ment models. Loading was performed on a custom device with
visual LED cues to guide force magnitude and auditory beeps to
guide loading rate (Fig. 1(a)). Participants were asked to complete
three sessions of axial compressive loading of their nondominant

forearm per week. Achieved loading was monitored by the device,
which included a uniaxial load cell (Standard Load Cells; Gujarat,
India) and data logger (DATAQ DI-710, DATAQ Instruments,
Inc.; Akron, OH) to record applied vertical force at 100 Hz. Load
cell signals were analyzed in MATLAB (Mathworks; Natick, MA),
and an overall “loading dose” was calculated for each participant
as the product of average peak force (N), average loading rate (N/
s), and number of loading sessions performed. For the present
study, loading participants were ranked by loading dose and only
the top 50% were included.

Measurement of Bone Adaptation. Local regions of bone for-
mation and resorption within the distal radius were identified from
HRpQCT scans (Xtreme CT I, Scanco Medical; Br€uttisellen,
Switzerland) acquired at baseline and twelve months (isotropic
voxel size: 82 lm, 0.9 mA, 60 kV). Scans included 110 axial slices
covering a 9.02 mm region beginning 9.5 mm proximal to a refer-
ence line placed at the distal endplate of the radius. Adaptation
sites were identified by aligning, subtracting, and thresholding the
baseline and follow-up grayscale images (Fig. 2) similar to Chris-
ten et al. [32,33]. Three-dimensional rigid registration (Image
Processing Language, V5.16, Scanco Medical AG, Bruttisellen,
Switzerland) was used to calculate the transformation matrix
needed to align the follow-up image to the baseline image coordi-
nates. The baseline and transformed follow-up images were
cropped to the mutually overlapping region and subtracted to
obtain voxel-by-voxel changes in density, where increases indi-
cate bone formation and decreases indicate resorption. To reduce
the effect of noise and other short-term precision errors, the den-
sity difference map was thresholded to include only clusters of at
least five voxels with differences �225 mgHA/cm3 as adaptation
sites [32]. Adaptation sites were separated into the cortical and
trabecular compartment by taking the Boolean intersection of for-
mation and resorption site masks with the trabecular and cortical
masks generated by the Scanco Standard Analysis program [34].
To capture periosteal bone formation added outside the baseline
bone surface, the cortical mask was dilated seven voxels (574 lm)
in the transverse plane. A sensitivity analysis of the 11 loading
group participants showed that further increasing the dilation size
changed the amount of labeled adaptation sites by less than 0.5%.

To assess repeatability, this adaptation labeling method was
applied to a separate short-term precision dataset including eight
pairs of repeat distal radius scans acquired within two weeks of

Fig. 1 (a) Loading device used to perform forearm loading task. The vertical force was recorded and used to calculate
the average applied force, Favg, for each participant in the load group. (b) Multiscale FE models were generated from
participant-specific CT scans. For the load group, an axial force equal to the participant-specific average was applied at
the distal end. For the control group, the applied force was equal to the overall average across the load group
participants.
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each other. The least significant change in average trabecular den-
sity for 3D registered scans was calculated as 2.77*CV%RMS [35].
Next, the number of voxels labeled as formation and resorption as
a percent of baseline bone volume were then determined for the
cortical and trabecular compartments. As no real measurable bone
changes are expected within two weeks, these values reflect the
amount of erroneously labeled adaptation caused by short-term
precision errors. Finally, in our dataset, to select “responders,”
who we were confident experienced real bone changes, loading
participants were included only if they experienced increases
greater than the least significant change (1.73%).

Estimating Local Bone Strain. Bone strain magnitude and
gradient were calculated using validated [28], participant-specific
multiscale FE models. These models include the distal 10 cm of
the radius, from the wrist joint articular surface to the mid-
diaphysis. The radius is divided into two continuum sections (dis-
tal, proximal), which flank a micro-FE mesh at the HRpQCT dis-
tal radius scanned region (Fig. 1(b)). Continuum mesh regions
were generated from baseline clinical resolution CT scans (GE
Brightspeed, GE Medical; Milwaukee, WI, in-plane resolution
234 lm, slice thickness 625 lm) of the nondominant forearm.
Three-dimensional masks of the scaphoid, lunate, and distal 10 cm
of the radius were segmented from the image using a 0.175 g/cm3

density threshold [25]. For the radius, the segmented baseline
HRpQCT mask was registered to the clinical resolution mask, and
regions of the clinical resolution mask outside the HRpQCT
region were converted into ten-node tetrahedral FE meshes with a
nominal edge length of 3 mm. Continuum radius bone elements
were assigned heterogeneous linear elastic material properties
(E¼ 1.95 MPa to 35 GPa, v¼ 0.4) based on an established
density–elasticity relationship using apparent density [36]. For the
micro-FE section, the HRpQCT mask was converted to voxel-
based hexahedral elements with an 82 lm edge length and homog-
enous linear elastic material properties (E¼ 15 GPa, v¼ 0.4). To
accurately model radiocarpal contact, a 2 mm thick cartilage sur-
face was generated by dilating the distal radius surface, and

modeled with 2 mm ten-node tetrahedrons with hyperelastic neo-
Hookean material properties (E¼ 10 MPa, v¼ 0.45) [37]. The
scaphoid and lunate were modeled as rigid nondeformable solids,
with ten-none tetrahedral meshes with a nominal edge length of
3 mm.

One cycle of the forearm loading task was simulated in ABAQUS

CAE (v2016, Simulia, Dassault Systèmes; V�elizy-Villacoublay,
France). To reduce computational time, an initial continuum-only
model was used to model full contact at the wrist, which included
the scaphoid and lunate carpal bones. Ramped, quasi-static load-
ing was applied through the centroids of each carpal toward the
fixed proximal radius such that the resultant force was axial and
equal in magnitude to the participant’s average achieved peak
force measured by the loading device. The resulting normal and
shear contact forces at radius cartilage nodes were exported from
continuum simulations and applied directly at matching nodes in
the multiscale model of the radius only. For participants assigned
to the control group (who did not apply voluntary loads), a simula-
tion was run with force set to the average applied force across all
loading participants (324 N). The purpose of the control simula-
tions was to determine an “average” mechanical strain state, to
provide a null comparison against the loading group. Multiscale
models contained 3,062,5206557,518 nodes and
9,187,56061,672,555 degrees-of-freedom (mean 6 SD), and sim-
ulations were solved on a UNIX server with 54 processors
(2.1–3.2 GHz) and 200 GB RAM in 3.461.9 h.

Strain magnitude and gradient were calculated for each element
in the distal radius micro-FE region. Principal stresses and strains
at element centroids were exported from Abaqus used to calculate
energy equivalent strain as

eeq ¼
ffiffiffiffiffiffi
2U

E

r
(1)

where E is elastic modulus and U is strain energy density calcu-
lated as

Fig. 2 Workflow used to identify local bone formation and resorption sites. Baseline and follow-up HRpQCT grayscale
images were aligned and cropped to the overlapping region. Cropped images were subtracted to obtain density difference
maps for the trabecular and cortical compartments, which were thresholded to include continuous clusters of at least five
voxels with a minimum change of 225 mg HA/cm3.
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U ¼ 1

2
r1e1 þ r2e2 þ r3e3½ � (2)

with rn and en being the principal stress and strain components,
respectively. Bone strain gradient was calculated as the norm of
the gradient of energy equivalent strain in the x, y, and z direc-
tions. Gradient in each direction was calculated similar to Ref.
[38] using the central difference formulation, with simple forward
and backward differences calculated for surface elements. For
example, gradient in the x direction for voxel i is calculated as

@eeq

@x
¼

eeqiþ1
� eeqi�1

2 � xres
for 1 < i < N

@eeq

@x
¼

eeqiþ1ð Þ � ðeeqiÞ
xres

for i ¼ 1

@eeq

@x
¼

eeqið Þ � ðeeqi�1
Þ

xres
for i ¼ N

(3)

where xres is the element side length (82 lm) and N is the number
of continuous voxels in the x-direction between two surfaces (i.e.,
of cortical shell or individual trabeculae). The norm of the spatial
gradient was calculated for each element as

reeq ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
@eeq

@x

� �2

þ @eeq

@y

� �2

þ @eeq

@z

� �2
s

(4)

To allow strain and adaptation to be compared spatially, formation
and resorption mask coordinates were registered to the multiscale
FE coordinates using mutual information 3D registration in
MATLAB. A precision analysis demonstrated rotation errors of
0.4760.38 deg, 0.46 6 0.41 deg, 0.32 6 0.24 deg in the x, y, and z
directions for this method.

Relating Bone Strain and Adaptation. The hypothesis that
bone adaptation is influenced by local tissue strains was tested
using four approaches (Table 1). First, we compared strain near
sites of formation versus resorption. Second, we compared the
percent of bone formation and resorption sites occurring near high

versus low strain regions. Third, we compared the percent of high
and low strain elements occurring near formation versus resorp-
tion. Finally, we characterized the distribution of adaptation and
strain within the cortical bone compartment across sixteen angular
sectors. All analyses included both the load and control groups.

For each formation and resorption site, the average strain mag-
nitude and gradient were calculated as the average value for all
FE elements within 200 lm, corresponding to 23.8610.3 and
40.068.3 elements for formation and resorption sites, respec-
tively. Two hundred micrometers was selected as the distance
within which osteocyte sense local strains. This falls within the
range of previous studies [32,39–41] and is equal to a radius of
2.44 element edge lengths. For formation and resorption sites
more than 200 lm from a mesh element, the value for the nearest
element was used. The median, 25th percentile, and 75th percen-
tile values for average strain magnitude and gradient near forma-
tion and resorption in both the trabecular and cortical
compartments were determined.

To assess the spatial relationship between adaptation and
extreme strain, very high and low strain elements for strain magni-
tude and gradient were defined using the 5th and 95th percentile
values for each metric (Fig. 3). Very high and low strain element
sets were defined separately for the trabecular and cortical com-
partments. The percent of formation sites near very high strain
was calculated as the number of formation sites with a high strain
element within 200 lm, divided by the total number of formation
sites. Conversely, the percent of very high strain elements near
formation was calculated as the number of very high strain ele-
ments with a formation site within 200 lm, divided by the total
number of very high strain elements. Similar calculations were
performed for resorption sites and very low strain elements within
each bone compartment.

To explore the distribution of cortical bone adaptation and
strain, we divided the cortical compartment into sixteen equal
angle sectors and determined the number of formation versus
resorption and high versus low strain elements within each sector
(Fig. 4).

Statistics. To characterize adaptation in each group (loading
versus control), the volume of formed and resorbed bone within
each compartment was compared between groups using a mixed
effects linear model. When significant interactions between group

Table 1 Summary of analyses performed to spatially relate bone adaptation (formation and resorption) to FE-estimated
strain. Each predictor had two levels: formation or resorption for adaptation type, control or load for group, and very high
or very low for strain level. For each outcome, separate models were fit for the trabecular and cortical compartments, as
well as for strain magnitude and strain gradient for analyses considering strain.

Question Predictor(s) Outcome(s)

Do strain metrics differ near formation versus
resorption?

� Adaptation type
� Group

� 25th percentile strain (le or le/mm)
�Median strain (le or le/mm)
� 75th percentile strain (le or le/mm)

What percent of formation or resorption sites are near
high and low strain elements?

� Adaptation type
� Strain level
� Group

� Percent of formed or resorbed voxels (%)

What percent of high or low strain elements are near
formation and resorption sites?

� Adaptation type
� Strain level
� Group

� Percent of very high or very low strain
elements (%)

How are adaptation and bone strain distributed around
the cortical shell?

� Group Within each sector:
� Number of very high strain elements
� Number of very low strain elements
� Formed volume (% of baseline)
� Resorbed volume (% of baseline)
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and adaptation type were found, formed and resorbed volumes
were compared within each group separately.

Strain parameters were compared between adaptation type (for-
mation versus resorption) and group (load versus control) using a

mixed effects linear model. Separate models were fit for median,
25th percentile, and 75th percentile strain magnitude and strain
gradient within the trabecular and cortical compartments. When
significant adaptation by group interactions was found, strain

Fig. 3 Energy equivalent strain (a) magnitude, eeq, and (d) gradient, $eeq, used to define very low and very high (b) mag-
nitude and (e) gradient elements based on the 5th and 95th percentile values within the trabecular compartment. (c) For-
mation and resorption sites, with edges indicating elements present in the FE mesh based on the baseline scan. Inset
shows 200 lm radius defining which FE elements are near formation and resorption sites in 3D. (f) Reconstructed
HRpQCT mask of distal radius, indicating the position of the representative 3 3 3 3 0.2 mm trabecular volume in black.

Fig. 4 (a) Reconstructed HRpQCT mask of distal radius. (b) The cortical compartment was divided into sixteen
equal-angle sectors defined relative to the radius centroid. (c) Cortical formation and resorption sites. (d) Energy
equivalent strain within the cortical compartment, used to define very low and high strain (e) magnitude and (f)
gradient elements based on 5th and 95th percentile values within the cortical bone compartment.
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metrics near formation and resorption were compared separately
for each group.

The percent of adaptation sites near extreme strain elements
was compared using a mixed effects model with adaptation type
(formation versus resorption) and strain level (very high versus
very low) as repeated measures and group as a between-subjects
factor. When significant interactions involving strain level and
adaptation type were found, strain level was compared separately
within formation and resorption. Similarly, the percent of extreme
strain elements near adaptation sites were compared with adapta-
tion type, strain level, and group as factors. When significant
interactions involving strain level and adaptation type were found,
adaptation type was compared separately within high and low
strain elements. Separate models were fit for strain magnitude and
gradient within each of the trabecular and cortical bone
compartments.

To verify that cortical strains were similarly distributed for load
and control groups, independent samples t-tests compared the
number of low and high strain elements between groups within
each sector. To determine where loading may promote bone for-
mation or prevent resorption within the cortical surface, the num-
ber of formation and resorption sites, as a percent of baseline
cortical bone volume, was compared between groups within each
sector using independent samples t-tests. All statistics were per-
formed in SPSS v25.0, and p< 0.05 was used to define statistical
significance. Unless otherwise stated, data are expressed as mean-
6 standard deviation.

Results

Participants. The participants included in this analysis were
28.764.9 years old. On average, the load group participants per-
formed 139686 sessions of loading over 12 months, applying an
average peak force of 324.2640.7 N.

Characterization of Local Adaptation. Within the load
group, significantly more trabecular bone was formed than

resorbed (Fig. 5), consistent with the selection criteria that limited
the load group to “responders” with gains in bone density. As a
percent of baseline bone volume, 4.162.0% more bone was
formed than resorbed. Within the control group, formed and
resorbed bone volumes were similar, with 1.065.5% more bone
resorbed than formed.

In the cortical bone compartment, the load group experienced
significantly more formation than resorption, corresponding to a
net increase equivalent to 4.064.4% of baseline cortical bone vol-
ume. Within the control group, cortical formation and resorption
were similar, with 2.564.4% more bone resorbed than formed.

Looking at the short-term precision dataset, in which no real
change occurred, 10.564.5% of trabecular bone volume was erro-
neously labeled as formation and 9.964.3% was erroneously
labeled as resorption. In the cortical compartment, 4.761.9% of
baseline bone volume was labeled as formation and 4.962.1%
was labeled as resorption. The root-mean-square coefficient of
variation for net change for trabecular bone density was 0.62%.
Net adaptation within the precision group was not significantly
different from zero (p> 0.05, one-sample t-test) for both trabecu-
lar and cortical compartments, suggesting no systematic bias
toward formation versus resorption. The average formed and
resorbed volumes in experimental groups were a minimum of 1.7
times those associated with precision error due to partial volume
and image registration.

Do Strain Metrics Differ Near Formation Versus Resorp-
tion?. Trabecular strain magnitude and gradient were higher near
formation versus resorption sites for both the load and control
groups, except for the 25th percentile of strain magnitude (Fig. 6).
While statistically significant, the differences between formation
and resorption were relatively small, of the order of 5–10%. This
corresponds to an average difference of 11.8617.2 le between
formation and resorption for median strain magnitude, and
45.7638.6 le/mm for median strain gradient across the load and
control groups (Table 1 available in the Supplemental Materials
on the ASME Digital Collection). Thus, the distribution of strain
(magnitude and gradient) among formation sites was shifted
slightly higher than that of resorption, but the distributions were
still mostly overlapping. In the cortical compartment, strain mag-
nitude was similar in formed versus resorbed sites, except at the
25th percentile value, which was higher near resorption. The 25th
percentile and median of cortical strain gradient were higher for
formation versus resorption in the control group only, with
median strain gradient 138.9698.6 le/mm higher near formation
versus resorption. The 75th percentile of cortical strain gradient
was higher for formation versus resorption in both groups. Differ-
ences between formation and resorption for cortical strain gradient
were relatively high, between 30 and 40%.

What Percent of Formation or Resorption Sites Are Near
High and Low Strain Elements?. A greater proportion of trabec-
ular formation and resorption sites were near very high versus
very low strain magnitude elements in both the load and control
groups (Fig. 7). Similarly, a greater proportion of trabecular for-
mation and resorption sites were near very high versus very low
strain gradient elements, particularly for formation sites (p< 0.05
for interaction). Cortical bone formation and resorption were both
more likely to occur near very high versus very low strain gradient
elements. These findings are in line with the hypothesis that high
strains lead to microdamage or other biophysical cues that upregu-
late remodeling, in which both formation and resorption occur.
However, while significant differences were observed, over half
of formation and resorption sites were near neither very high nor
very low strain elements (Fig. 1 available in the Supplemental
Materials on the ASME Digital Collection). In the trabecular com-
partment, a greater proportion of resorption sites were near very
low and very high strain magnitude compared to formation sites
(significant effect of adaptation type). This is likely because

Fig. 5 Formed and resorbed bone volume, presented as a per-
cent of baseline bone volume, within the trabecular (top) and
cortical (bottom) compartments for the load (n 5 11) and control
(n 5 10) groups (error bars: standard error of the mean (SEM)).
*Given significant adaptation by group interaction, indicates
significant difference between formed and resorbed volume
within the load group.
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resorption eats into existing bone surfaces while formation builds
away from existing surfaces. As the FE mesh was generated from
baseline bone masks, formation sites were more likely to be dis-
tant from any given FE element.

What Percent of High or Low Strain Elements Are Near
Formation and Resorption Sites?. In the trabecular compart-
ment, a greater proportion of very low strain magnitude and gradi-
ent elements were near resorption versus formation in both the

Fig. 6 Percent difference in strain metrics between formation and resorption in the trabecular (left) and cort-
ical (right) compartments for the load (n 5 11) and control (n 5 10) groups. For each subject, the 25th percen-
tile (Q1), median, and 75th percentile (Q3) of strain magnitude (top) and gradient (bottom) were calculated for
formation and resorption. Data presented as group means of within-subject percent difference between for-
mation and resorption (error bars: SEM). Positive differences indicate strain is higher for formation than
resorption. *Given significant group by adaptation interaction, indicates significant difference between for-
mation and resorption within the control group only. **Indicates significant difference between formation and
resorption for both groups.

Fig. 7 Percent of trabecular (left) and cortical (right) formation and resorption sites near very high or very low
strain magnitude (top) and gradient (bottom) elements for the load (n 5 11) and control (n 5 10) groups. Data pre-
sented as group means (error bars: SEM). *Given significant strain by adaptation interaction, indicates significant
difference between very low and very high strain within formation or resorption for both groups. **Indicates signif-
icant main effect of strain level (very high versus very low). yIndicates significant main effect of adaptation type
(form versus resorb).
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load and control groups (Fig. 8). The proportion of very high
strain magnitude and gradient elements near formation and resorp-
tion were similar. Therefore, trabecular bone resorption is associ-
ated with low bone strain. In the cortical compartment, very high
and very low strain elements were found near formation and
resorption at similar rates. Between 21 and 35% of low strain ele-
ments were near resorption, and between 19 and 43% of high
strain elements were near formation. At least 12% of very low or
high elements near both or neither adaptation types (Fig. 2 avail-
able in the Supplemental Materials on the ASME Digital Collec-
tion). There were significant interactions between group (load
versus control) and adaptation type (formation versus resorption)
for all metrics. For example, in the cortical compartment, both
very high and low strain magnitude elements were more likely to
be near formation for the load group and near resorption for the
control group. These effects were driven by having more forma-
tion sites in the load group and more resorption sites in the control
group, with any given element more likely to be near the more
abundant adaptation type.

How Are Adaptation and Bone Strain Distributed Around
the Cortical Shell?. There were no significant differences in cort-
ical strain magnitude or gradient between the load and the control
groups in any sector. Therefore, as expected, our boundary condi-
tions based on participant-specific force recordings for the load
group and average force for control subjects generated similar
bone loading. The number of formation sites was higher for the
load versus control group in five out of sixteen sectors (Fig. 9)
located in the anterior and posterior surfaces (p< 0.05). There
were significantly more resorption sites in the control versus load
group in one sector located in the posterior/radial quadrant.

Discussion

Our purpose was to relate tissue-level bone strain to local adap-
tation in the distal radius of women following 12 months of axial
forearm loading. Our hypothesis that bone formation would occur
preferentially in high-strain magnitude and gradient regions and

bone resorption would occur preferentially in low-strain regions
was partially supported. Trabecular strain magnitude and gradient
were higher near formation versus resorption, and very low strain
elements were more likely to be near trabecular resorption than
formation. However, trabecular formation and resorption sites
were both more likely to be near very high versus very low strain
elements. We interpret these findings as evidence that in local
regions of high strain, osteocyte stimulation and damage lead to
increases in bone formation and remodeling, while in low-strain
regions with insufficient osteocyte stimulation, bone is removed.
In the cortical compartment, the association between strain and
adaptation was less clear. Strain gradient was higher near forma-
tion versus resorption for the control group, and formation and
resorption were both more likely to be near very high- versus low-
strain gradient elements. However, there were no differences in
the proportion of very low and high strain elements near forma-
tion versus resorption.

Contrary to our hypothesis, similar relationships between strain
and adaptation were observed in the loading and control groups.
This could be interpreted to mean that, at a local level, the same
mechanical cues are driving tissue remodeling, regardless of
whether there was a net gain or loss in bone mass. It is unsurpris-
ing that in the absence of a novel intervention, bone adaptation is
still regulated in part by bone strain generated during activities of
daily living. Since the control group did not participate in the
loading intervention, we did not expect measurable relationships
between FE-estimated strain and adaptation because the simulated
loading task was not actually performed. However, axial compres-
sion is the primary loading mode for many common activities,
and the FE-estimated strain distribution may be similar to habitual
strains for the control subjects. This is in agreement with Christen
et al. [32], who found that in the distal tibia of postmenopausal
women with normal activity levels (i.e., no intervention), forma-
tion was more frequent in regions of high strain energy density.
Troy et al. found that FE-estimated principal stresses predicted
four-year circum-menarcheal changes in total bone mineral con-
tent and cortical thickness in the distal radius of nongymnasts, but
not gymnasts [42], further suggesting that bone adaptation is

Fig. 8 Percent of trabecular (left) and cortical (right) very low and very high strain magnitude (top) and gradient
(bottom) elements near formation and resorption for the load (n 5 11) and control (n 5 10) groups. Data presented
as group means (error bars: SEM). *Given significant strain by adaptation interaction, indicates significant differ-
ence between formation and resorption within very low strain elements only. Significant group by adaptation
interactions were observed for all metrics but are not indicated on plot for visual clarity.

111014-8 / Vol. 142, NOVEMBER 2020 Transactions of the ASME

http://dx.doi.org/10.1115/1.4048232


related to loading even when activity levels are not above those of
daily living. Additionally, by defining low and high strain ele-
ments based on 5th and 95th percent values within an individual
participant, we did not define absolute strain “setpoints” across
subjects, which may vary between individuals based on activity
level and other physiological factors.

Our previous work quantified the relationship between bone
strain and adaptation at the macrostructural level in a pilot group
of 23 women who completed fourteen weeks of forearm loading
[26]. Strain was estimated by continuum-only FE models and
changes in bone volume, density, and mineral content were meas-
ured from clinical resolution CT scans. When a 3 cm transverse
section of the distal radius was divided into 12 subregions, there
was a significant correlation between strain and change in density
(but not volume or mineral content) for the load group only. In
this study, we found significant associations between strain and
adaptation in the trabecular compartment, but did not detect many
differences in the relationship of strain versus adaptation between
the load and the control groups. Continuum strains and micro-FE
derived strains cannot be directly compared, and the local regions
of formation/resorption measured in the present study cannot be
compared to regional averages combining the trabecular and corti-
cal compartments. Additionally, the analyses differed in duration
(14 weeks versus 12 months), and the present analysis was limited
to the overlapping region between baseline and follow-up
HRpQCT scans (maximum 9.02 mm transverse region), while our
previous analysis covered a larger, 3 cm region.

Our findings for the trabecular compartment are generally con-
sistent with previous work in animal models, but the size of
observed differences was smaller. In the mouse caudal vertebral
loading model, Schulte et al. [43] found a 39% difference in SED
in regions with formation versus resorption after four weeks of
loading, and Lambers et al. [44] found over a 100% difference
after six weeks. In comparison, we found that median trabecular
energy equivalent strain magnitude and gradient were 5–8%
higher in regions with formation versus resorption. In the present
analysis, because all elements in micro-FE portion of our models
had the same modulus and size, SED and energy equivalent strain
are directly related, with SED proportional to the square of energy
equivalent strain. Therefore, the direction of differences in SED
and energy equivalent strains near formation and resorption
should be similar, with differences in SED likely magnified com-
pared to energy equivalent strain because of their mathematical
definitions. Looking at remodeling probabilities, Cresswell et al.

[21] found that after one week of vertebral loading in mice, 47%
of high SED regions (defined as top 20%) were within 25 lm of
bone formation. After four weeks, Schulte et al. found conditional
probabilities of formation and resorption at high and low SED
regions, respectively, were between 40 and 50%. In our partici-
pants, at most 33% of very low trabecular strain elements were
near resorption only, and 23% of very high trabecular strain ele-
ments were near formation only. One explanation for the weaker
relationships between strain and adaptation in our study is that
adaptation in animal models is measured using micro-CT, which
has a higher resolution than HRpQCT with a typical voxel size of
10–25 lm. Therefore, the amount of erroneously labeled adapta-
tion due to partial volume effect is likely higher using HRpQCT
(82 lm voxel size), limiting the strength of the measurable rela-
tionship. Additionally, there are several physiological and lifestyle
factors that cannot be controlled but likely influence bone adapta-
tion in humans. Further work is needed to determine the individ-
ual roles that age, physical activity, calcium and vitamin D intake,
genetics, and hormonal factors plan in adaptation of bone to
mechanical loading.

The current analysis did not find consistent evidence that corti-
cal bone changes were directly related to bone strain magnitude.
The 75th percentile of cortical strain gradient was significantly
higher for formation versus resorption, but the proportion of very
low and high strain elements near formation and resorption sites
was similar. We found that significantly more formation than
resorption sites were located near high cortical strain gradients in
both the control and loading groups. This is likely driven by the
fact that cortical strain gradients are largest at the periosteal sur-
face due to the presence of the surface itself, and that bone forma-
tion occurs on bone surfaces. Taken together, these findings
suggest that cortical strain gradient, rather than magnitude, is
related to adaptation. This is in agreement with loading studies in
a turkey ulna exogenous loading model [17] and rooster tarsome-
tatarsus running model [16]. In these models, circumferential
strain gradients, but not strain magnitude, predicted areas of new
bone formation with R2 values between 0.36 and 0.63. The lack of
definitive strain–adaptation relationships observed in the cortical
compartment in the current study may also be related to the inter-
vention being overall more osteogenic in the trabecular compart-
ment. The macrostructural changes, described in detail elsewhere
[29], showed that the largest loading related changes were in tra-
becular density, especially in the inner 60% of the trabecular com-
partment. Additionally, we found that across subjects, age was

Fig. 9 Angular distribution of formed (left) and resorbed (right) bone, as a percent of baseline cortical bone volume,
in the load (n 5 11) and control (n 5 10) groups. Data presented as group means (error bars: SEM) for each sector
spanning the anterior (A), ulnar (U), posterior (P), and radial (R) surfaces. *Indicates significant difference between
groups.
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negatively correlated with trabecular density at baseline [30],
even within our relatively young age range of 21–40. Therefore, it
is possible that in this group, trabecular bone is the first to undergo
age-related deterioration and has the most potential for improve-
ment due to mechanical loading. Furthermore, trabecular bone has
abundant surface area available for bone apposition, in contrast to
the relatively limited cortical shell. Finally, cortical bone may be
at its physiological maximum, or changes in the cortical compart-
ment may be dominated by physiological factors not directly con-
trolled here that overshadow the influence of loading.

This study has several limitations. First, the labeling of adapta-
tion from HRpQCT images is subject partial volume and registra-
tion error, which leads to some bone being erroneously labeled as
formation or resorption. Our 10–11% error rates in the trabecular
compartment are approximately double those reported by Schulte
et al. using micro-CT with a 10.5 lm voxel size [43]. While micro-
CT is not safe for use in humans, future studies may be improved
by using newer, higher resolution HRpQCT scanners, which cur-
rently scan at a 61 lm voxel size [45]. Looking at other technolo-
gies used in humans, clinical resolution CT can be registered to
measure regional changes in apparent density and bone mineral
content with high repeatability (coefficient of variation< 0.7% in
Ref. [26]), but cannot capture adaptation at the submillimeter, tis-
sue level. Despite relatively high short-term precision errors, we
found that the amount of formation and resorption observed longi-
tudinally was at least 1.7 times that for a short-term precision data-
set. Additionally, there was no bias toward mislabeling formation
or resorption, suggesting that precision error may limit the
strength, but not the direction of the measurable relationship
between strain and adaptation. Overall, this supports the validity of
the significant trends we have observed, but it is possible that we
have underestimated absolute differences in strain parameters and
the spatial association between strain and adaptation. Second, our
findings may overestimate strain/adaptation relationships due to
selection of “responders” within the loading group. However, the
relationships between local strain and adaptation type were con-
sistent in both loading and control subjects. Third, the FE model
boundary conditions used participant-specific load magnitudes but
assumed an axial direction. While we instruct participants to per-
form loading with their arm directed axially, measuring the exact
positioning was outside the scope of this investigation. The poten-
tial influence of variability in loading position on FE-estimated
bone strain is part of our ongoing work. We focused on the magni-
tude and norm of the spatial gradient of energy equivalent strain,
as energy equivalent strain is a scalar representative of the multi-
axial strain state, and has been shown to relate to adaptation in our
pilot study [24]. Additionally, the norm of strain gradients in the
axial and transverse directions as a scalar representation of spatial
variability has been used in previous studies [39,46]. However, it
is possible that other bone strain parameters have a controlling role
in functional bone adaptation. Bone tissue strain gradient was
selected as an upstream measure of fluid flow, as spatially varying
strains yield pressure gradients and therefore flow within lacunar-
canalicular and marrow spaces. More direct estimates of fluid flow
using poroelastic modeling [47–49] or inclusion of marrow as a
separate material [19] may provide a more detailed description of
the local mechanical environment and have shown potential in pre-
dicting adaptation in animal loading models, but are outside the
scope of this study.

In summary, we related tissue-level bone strain to 12-month
changes in radius microstructure in young healthy women who
performed axial forearm loading or participated as nonloading
controls. We found that local regions of high strain magnitude and
gradient are associated with increased trabecular formation and
remodeling, while low strain magnitude and gradient are associ-
ated with trabecular bone resorption. Cortical strain gradient was
higher near formation versus resorption in the control group, and
both adaptation types occurred preferentially near high strain gra-
dients at the periosteal surface. While we observed a significant
measurable relationship between strain and adaptation, only half

of very high and low strain elements were near formation or
resorption only. The similarity of the strain/adaptation relation-
ship between loading and control groups suggests that, at a local
level, the same mechanical cues drive tissue remodeling, regard-
less of the net stimulus or change. Overall, our results show that
participant-specific bone strain and adaptation can be estimated
using currently available noninvasive imaging techniques. Our
results also highlight that bone strain has a measurable, control-
ling influence on the adaptive response in healthy adult women.
To the best of our knowledge, this is the first study to relate pro-
spectively measured changes in human bone structure to subject-
specific bone strain, based on real force measurements. This is an
important first step toward defining loading thresholds above or
below which bone formation or resorption occur, quantifying the
extent to which changes in human bone structure can be predicted
based on strain, and characterizing the influence of physical activ-
ity history, age, and other physiological factors on these thresh-
olds. Ultimately, such knowledge could inform predictive models
of bone adaptation, enabling the in silico comparison and optimi-
zation of targeted loading interventions to maximize bone strength
and prevent fragility fractures.
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