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The skeleton accommodates changes in mechanical environments by increasing bone mass under
increased loads and decreasing bone mass under disuse. However, little is known about the adaptive
changes in micromechanical behavior of cancellous and cortical tissues resulting from loading or disuse.
To address this issue, in vivo tibial loading and hindlimb unloading experiments were conducted on 16-
week-old female C57BL/6J mice. Changes in bone mass and tissue-level strains in the metaphyseal can-
cellous and midshaft cortical bone of the tibiae, resulting from loading or unloading, were determined
using microCT and finite element (FE) analysis, respectively. We found that loading- and unloading-
induced changes in bone mass were more pronounced in the cancellous than cortical bone. Simulated
FE-loading showed that a greater proportion of elements experienced relatively lower longitudinal
strains following load-induced bone adaptation, while the opposite was true in the disuse model.
While the magnitudes of maximum or minimum principal strains in the metaphyseal cancellous and
midshaft cortical bone were not affected by loading, strains oriented with the long axis were reduced
in the load-adapted tibia suggesting that loading-induced micromechanical benefits were aligned pri-
marily in the loading direction. Regression analyses demonstrated that bone mass was a good predictor
of bone tissue strains for the cortical bone but not for the cancellous bone, which has complex microar-
chitecture and spatially-variant strain environments. In summary, loading-induced micromechanical
benefits for cancellous and cortical tissues are received primarily in the direction of force application
and cancellous bone mass may not be related to the micromechanics of cancellous bone.

� 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Mechanical stimuli play a key role in bone (re)modeling for
maintenance of the skeleton to resist fracture during habitual load-
ing. It has been demonstrated that bone (re)modeling is sensitive
to changes in habitual mechanical loading. For example, enhanced
mechanical stimuli (e.g. exercise) can improve bone mass while
reduced mechanical stimuli (e.g. space flight or prolonged bed-
rest conditions) may lead to bone loss (Gerbaix et al., 2017;
Haapasalo et al., 2000).
Experimental animal models have been widely used to study
the effects of mechanical loading or unloading on bone tissue
and to reveal the underlying mechanobiological mechanisms regu-
lating bone adaptation. In vivo loading models have been essential
in establishing the relationships between mechanical signals and
osteogenesis (Meakin et al., 2014; Robling et al., 2001; Turner,
1998). Early models enabling extrinsic control of load levels typi-
cally employed invasive surgical procedures, such as pinning and
external fixation (Lanyon and Rubin, 1984; Rubin and Lanyon,
1984), which could potentially induce infection and inflammation
and thus affect the interpretation of results (Bertram and Swartz,
1991). Non-invasive loading models, such as four-point bending
and cantilever bending of rodent tibiae and compressive loading
of ulnae, were developed (Baumann et al., 2015; Gross et al.,
2002; Robling et al., 2002). However, those models were mainly
used to investigate cortical bone response to loading. The in vivo
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mouse tibial axial compression loading model was developed to
investigate mechanical adaptation simultaneously in cancellous
and cortical bone tissues (De Souza et al., 2005; Fritton et al.,
2005; Silva et al., 2012). This model can induce a more physiolog-
ical strain distribution throughout the tibia compared to prior
avian and rodent models (Meakin et al., 2014). Conversely, the
most common in vivo unloading model used to achieve a mechan-
ical disuse environment for hindlimbs is tail suspension. This
model induces significant bone loss in both cancellous and cotical
bone in the hind limbs (Morey-Holton and Globus, 2002; Robling
et al., 2008).

The majority of studies have investigated the effect of loading or
unloading on bone adaptation using micro-computed tomography
(microCT), dynamic histomorphometry and/or in vivo microCT/
fluorochrome-based 3D morphometry (Javaheri et al., 2018;
Carriero et al., 2018; De Souza et al., 2017; Lynch et al., 2010;
Sugiyama et al., 2012; Birkhold et al., 2014; Razi et al., 2015a;
Birkhold et al., 2017). These outcome measures are important to
assess how and where bone forms or resorbs in response to loading
or unloading as well as to determine the spatial relations between
mechanical stimuli and bone responses (Carriero et al., 2018;
Javaheri et al., 2018; Razi et al., 2015a; Robling et al., 2008). How-
ever, a beneficial or detrimental functional outcome of loading or
unloading is ultimately determined by bone’s mechanical perfor-
mance, including its tissue-level micromechanical behavior and
apparent-level bone strength. In addition to microCT and histo-
morphometry, some studies conducted three- or four-point bend-
ing to evaluate the effect of loading on apparent mechanical
behavior of a whole bone and showed a load-induced improve-
ment in bone strength (Berman et al., 2015; Robling et al., 2002).
Others used strain gauges placed on the medial surface of the tibial
midshaft to measure the in vivo stiffness and found a load-induced
increase in stiffness in 6-week-old mice but a decrease in 16-week-
old mice (Main et al., 2014). Finite element (FE) modeling in com-
bination with strain gauging and/or digital image correlation (DIC)
has been adopted as robust methods to determine the pre-adapted
cortical and cancellous strains engendered by applied load
(Lambers et al., 2015; Patel et al., 2014; Razi et al. 2015a; Razi
et al., 2015b; Yang et al., 2014; Carriero et al., 2014; Pereira
et al., 2015). DIC has also been used to measure surface strains
on post-adapted cortical bones (Sztefek et al., 2010). So far,
Fig. 1. Setups for the in vivo mouse tibial loading and hindlimb unloading experiments: (
through a custom loading device; (B) mice underwent hindlimb disuse via tail suspensi
relatively little is known about the adaptive changes in microme-
chanical environments within the cancellous and cortical bone fol-
lowing loading or unloading, which may not be proportional to
bone mass changes but could be important for understanding the
biomechanical outcomes of bone adaptation.

Therefore, the goal of this study was to examine the loading- or
unloading-induced alterations in tissue-level mechanical environ-
ments of cancellous and cortical bone using in vivo mouse tibial
loading and hindlimb unloading models. We hypothesized that
loading-induced bone adaptation would lead to a decrease in tis-
sue strain due to an increase in bone mass while decreased bone
mass with disuse would result in increased bone strains. Changes
in bone mass and tissue-level strain environments resulting from
loading (or unloading) were determined using microCT and a pre-
viously validated FE modeling approach (Yang et al., 2017a; Yang
et al., 2014), respectively.
2. Materials and methods

2.1. Study design and animals

Sixteen-week-old female C57BL/6J mice were used in this
study. Two individual experiments were conducted. For the load-
ing experiment, one group of mice underwent in vivo tibial com-
pressive loading for two weeks with the left limb being loaded
and the contralateral limb serving as nonloaded control. For the
unloading experiment, a second group of mice underwent hin-
dlimb disuse for 3 weeks via tail suspension and the third group
of mice served as an age-matched control group for the disuse
group and had normal cage activities for 3 weeks. All experimental
procedures were approved by Purdue University’s Animal Care and
Use Committee.
2.2. In vivo tibial loading experiment

Cyclic compressive loads were applied to the left tibia of each
mouse with a loading machine (TestBench, TA Instruments) fitted
with custom fixtures (Fig. 1A) (Fritton et al., 2005; Main et al.,
2014; Yang et al., 2014). The left tibia was maintained in
the loading device using a �1 N pre-load and 216 cycles of
A) cyclic compressive loads (�7 N, 4 Hz, 216 cycles) were applied to the mouse tibia
on.



H. Yang et al. / Journal of Biomechanics 89 (2019) 85–94 87
compressive triangle waveform loads with �7 N peaks were
applied at 4 Hz with a 5 s rest interval at �1 N inserted following
every fourth load cycle (Fig. 1A) (Willie et al., 2013). Based on
our strain gauge measures and finite element modeling performed
in a separate group of 16-week-old female C57BL/6 mice, the �7 N
peak force would induce peak strains of �2644 me and �2939 me in
the proximal metaphyseal cancellous and midshaft cortical bone,
respectively (Yang et al., 2014). This compressive load magnitude
has been shown to induce anabolic responses in the proximal can-
cellous and midshaft cortical bone of the tibiae of female C57BL/6
mice of similar age (Sugiyama et al., 2012; Weatherholt et al.,
2013). Following 2 weeks of in vivo tibial loading (5 days/week;
Monday through Friday), mice were euthanized at 18 weeks of
age and tibiae dissected, fixed in 10% neutral buffered formalin
for 48hrs, then stored in 70% ethanol at room temperature.

2.3. Hindlimb unloading experiment

For the hindlimb disuse experiments, female 16-week-old mice
were individually housed in standard rat cages with a thin metal
bar spanning the length of the cage (Fig. 1B). Following one week
of normal cage activity acclimation to their cages, the mice were
anesthetized (2% isoflurane, 1.0 L/min O2) and the proximal half
of the tail taped to a metal key ring using elastic tape. Once the
mouse was removed from anesthesia, the key ring was attached
to a fishing swivel with ballchain running through its other end
and looped around the metal bar near the top of the cage. The ball-
chain easily slid along the bar and the length of the chain was
adjusted so that the hindlimbs were just unable to graze the cage
bottom when fully extended. Mice were suspended for 3 weeks
and euthanized immediately at the end of the experiment
(21 day) at 19 weeks of age. The security of the tail suspension
devices was checked 1–2 times per day throughout the experi-
ment. A group of control mice, simultaneously housed in similar
cages for 3 weeks, but left unsuspended, acted as age-matched,
non-suspended, normal activity controls. After the mice were sac-
rificed, the tibiae were dissected and stored.

2.4. MicroCT imaging and analysis

For the tibial loading experiment, tibiae from left (loaded) and
right (control) limbs of the mice were scanned by microCT (lCT
40, Scanco Medical AG). For the hindlimb unloading experiment,
tibiae from right limbs of both the suspended and non-
suspended control mice were scanned. Scans were made at an
isotropic voxel resolution of 10 lm (55 kVp, 145 mA, 300 ms
integration time, no frame averaging). The proximal metaphyseal
cancellous and midshaft cortical volume of interests (VOIs) were
analyzed (Lynch et al., 2011; Main et al., 2010) (Figs. 2 and 3).
Although whole-tibia analyses from previous studies have
observed relatively robust mechanoadaptive responses along
�10–60% of the tibia from its proximal end (Javaheri et al., 2018;
Carriero et al., 2018; De Souza et al., 2017; Galea et al.,2015;
Yang et al., 2017), the midshaft was chosen here because it is a
common location where strain gauging is performed and load-
strain relations are established. It is also a common volume of
interest for examining cortical bone adaptation in the tibial loading
model (Sugiyama et al., 2012; Weatherholt et al., 2013; Holguin
et al., 2014; Lynch et al., 2011; Main et al., 2014; Willie et al.,
2013; Berman et al., 2015; Yang et al., 2017). Thresholds of 0.41
and 0.34 g HA/cm3 were used to segment the proximal cancellous
and midshaft cortical bone, respectively, for all tibiae from the
loading experiment. Thresholds of 0.29 and 0.28 g HA/cm3 were
used to segment the proximal cancellous and midshaft cortical
bone, respectively, for the all tibiae from the disuse experiment.
The thresholds were determined according to previous methods
(Main et al., 2010; Melville et al., 2013; Willie et al., 2013) and con-
firmed by visual inspection. Midshaft cortical parameters including
cortical area (Ct.Ar), total area (Tt.Ar), marrow area (Ma.Ar), maxi-
mum and minimummoments of inertia (Imax and Imin) as well as
metaphyseal cancellous parameters including bone volume frac-
tion (BV/TV), trabecular thickness (Tb.Th), trabecular separation
(Tb.Sp) and trabecular number (Tb.N) were measured (Bouxsein
et al. 2010).

2.5. MicroCT-based finite element analysis

MicroCT-based FE analysis was performed to determine the
changes in tissue-level mechanical environments as a result of
loading or unloading, particularly in the proximal metaphyseal
cancellous and midshaft cortical VOIs of the tibia. The FE approach
has been developed and validated previously via strain gauge mea-
surement and comprehensive sensitivity analyses (Yang et al.,
2014). Briefly, tibial FE mesh models consisting of tetrahedral ele-
ments were bulit from microCT images. Heterogeneous isotropic
bone tissue material properties were assigned to the FE models
(Yang et al., 2010). All bone elements were assigned a Poisson’s
ratio of 0.3 (Silva et al., 2005). In order to make direct comparisons
in strain magnitude and distribution between control and loaded/
unloaded tibiae, the same loading and boundary conditions were
applied to all tibiae, replicating the in vivo tibial compressive load-
ing configuration (Yang et al., 2014). Linear elastic FE analysis was
performed in Abaqus 6.13.3 (Simulia). A total of 33 FE models were
created, including 14 FE models for the tibial loading experiment
(7 loaded and 7 control) and 19 FE models for the hindlimb unload-
ing experiment (9 unloaded and 10 control). All tibiae that were
evaluated by microCT were then used for FE modeling.

2.6. Data analysis

The maximum and minimum principal and longitudinal strains
were calculated for each bone element of the proximal metaphy-
seal cancellous and midshaft cortical VOIs as well as cortical bone
at a distance 37% of the tibia’s length from its proximal end. To
explore how load or disuse affected the overall strain distribution
(occurrence of different strain magnitudes) in the post-adapted
bones we examined the frequency distributions of strain magni-
tudes throughout the cortical and canellous VOIs (Ozcivici et al.,
2007; Razi et al., 2015b). To determine how load or disuse altered
the overall strain magnitudes, we ranked the maximum principal
strain, minimum principal strain or longitudinal strain values and
analyzed and compared their percentiles (5th, 10th, 25th, 50th,
75th, 90th and 95th) between loaded/unloaded and control cortical
or cancellous VOIs (Ozcivici et al., 2007). The strain percentile (e.g.
95th) represents the strain value for cutting off the relevant per-
centage (e.g. top 5%) of bone elements (Yang et al., 2014; Yang
et al., 2012). The effect of loading was examined by paired t-tests
and the effect of unloading was assessed by unpaired t-tests. Rela-
tionships between strain magnitudes and each cancellous or corti-
cal microCT parameter were determined by linear regression
analyses. All statistical analyses were performed in SPSS (IBM SPSS
22.0) and significance was set as p < 0.05.
3. Results

3.1. Bone mass changes with loading/unloading

Loading or unloading significantly altered cancellous and corti-
cal bone mass and the change in bone mass was more pronounced
in the proximal metaphyseal cancellous than midshaft cortical
bone of the tibia. BV/TV and Tb.Th of the metaphyseal cancellous



Fig. 2. Changes in microCT-measured parameters of the proximal metaphyseal cancellous bone of the tibiae with applied compressive loading or hindlimb unloading. The
proximal metaphyseal cancellous volume of interest (VOI) began approximately 0.5 mm distal to the proximal growth plate, excluding the primary spongiosa and cortical
shell, and extended 5% of the total tibial length. *p < 0.05 (paired t-test for control vs. loaded limbs or unpaired t-test for control vs. unloaded tibiae). Bars: mean + SD.

88 H. Yang et al. / Journal of Biomechanics 89 (2019) 85–94
bone increased by 18% and 12% with applied load, respectively
(Fig. 2), while Ct.Ar and Tt.Ar of the tibial midshaft increased by
6% and 2% with loading, respectively (Fig. 3; Table A1 in Appendix).
Loading had no effect on Tb.N and Tb.Sp. There was a
non-significant decrease of 3% in Ma.Ar (p = 0.25; Table A1 in
Appendix), indicating a periosteal expansion with loading. In the
proximal cancellous bone, unloading led to a marked reduction
of BV/TV (-58%) and was associated with decreased Tb.Th
(�22%), reduced Tb.N (�15%) and increased Tb.Sp (15%) (Fig. 2).
In the midshaft, unloading led to a decrease of 12% in Ct.Ar and
an increase of 24% in Ma.Ar without significant changes in Tt.Ar
(Fig. 3; Table A1 in Appendix), indicating an endocortical erosion
with unloading. Loading or unloading did not affect Imax and Imin
(Fig. 3).

3.2. Altered tissue-level mechanical environments with loading/
unloading

In the longitudinal loading direction, there was a shift in the
metaphyseal cancellous VOI toward lower strains for the loaded
relative to control tibiae (Fig. 4). The percentage of bone elements
in the cancellous VOI was significantly decreased in the loaded
tibia relative to the control limb in the longitudinal strain range
from �2000 to �1500 le (12% vs. 9%), while the percentage of ele-
ments in the longitudinal strain range from �1200 to �300 le was
significantly increased (38% vs. 48%) (Fig. 4). In addition, there was
a load-induced decrease in the percentage of elements in tension
(200 to 894 le) in the loaded relative to the control tibia (13%
vs. 9%), which may correspond to an increased percentage of low
compression elements due to the increased bone mass (Fig. 4). In
the midshaft, there was a significant load-induced decrease in
the percentage of elements at strain values of �3400 and 2900
le (Fig. 5). A significant increase in the percentage of element
was observed at strain values around �1400 le. There were no sig-
nificant differences in the proportion of elements between control
and loaded tibiae for the rest of the strain ranges (Fig. 5). The
unloading-induced alteration of the strain distributions in both
cancellous and cortical VOIs was opposite that for the loading
(Figs. 4 and 5). The percentage of high strain elements increased
and the percentage of low strain elements decreased following
unloading (Figs. 4 and 5).

Consistent with the loading- or unloading-induced alterations
in the strain distribution, the longitudinal strain levels were gener-
ally reduced with loading and increased with unloading (Table 1).



Fig. 3. Changes in microCT-measured parameters of the midshaft cortical bone of the tibiae with applied compressive loading or hindlimb unloading. The midshaft cortical
VOI was centered at the middle of the tibia and spanned a total of 2.5% of the total tibial length. *p < 0.05 (paired t-test for control vs. loaded tibiae or unpaired t-test for
control vs. unloaded tibiae). Bars: mean + SD.
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Interestingly, there was no significant change in the maximum or
minimum principal strain magnitudes as a result of loading for
either the proximal cancellous or midshaft cortical VOIs (Figs. 6
and 7). Unloading had a greater effect on the relative increases in
strain magnitudes in the metaphyseal cancellous tissues than the
midshaft cortical tissues. Unloading resulted in increases in maxi-
mum and minimum principal strains at 50th (68% and 78%, respec-
tively), 75th (106% and 78%), 90th (128% and 132%) and 95th
percentiles (137% and 165%) for the metaphyseal cancellous bone
(Fig. 6). The unloaded tibia had increased maximum and minimum
principal strains in the midshaft cortical bone at the 25th (28% and
24%), 50th (36% and 20%), 75th (22% and 35%), 90th (21% and 33%)
and 95th percentiles (20% and 31%) relative to the control (Fig. 7).
The loading- or unloading-induced alterations in strain magnitude
and distribution at 37% cortical bone were similar to 50% midshaft
(see Appendix).
3.3. Relationship between bone mass and tissue-level strains

Bone mass was a good predictor of bone tissue strains for the
midshaft cortical bone but not for the metaphyseal cancellous
bone. For loading or unloading experiments, there were moderate
or strong correlations between cortical parameters and the magni-
tudes of the percentiles for maximum or minimum principal
strains in the tibial midshaft (Table 2). In contrast, very poor or
no correlations were found for the metaphyseal cancellous bone
between trabecular parameters and maximum or minimum princi-
pal strains (Table 3).
4. Discussion

The goal of this study was to determine the adaptive changes in
tissue-level mechanical environments of metaphyseal cancellous
and midshaft cortical bone of the tibia in response to in vivo load-
ing or disuse. We found that loading or unloading significantly
altered cancellous and cortical bone mass and the changes in bone
mass seemed more pronounced in the metaphyseal cancellous
than midshaft cortical bone of the tibia. The loading- or
unloading-induced changes in cancellous and cortical bone mass
were accompanied by altered micromechanical environments
when the tibiae were virtually loaded in compression. Loading
led to an increased percentage of bone tissue experiencing lower



Fig. 4. Changes in longitudinal strain distribution of the proximal metaphyseal cancellous bone of the tibiae with applied loading or hindlimb unloading when the tibiae were
virtually loaded in axial compression of �7 N. *p < 0.05 (paired t-test for control vs. loaded tibiae or unpaired t-test for control vs. unloading tibiae). Bars: mean + SD. The area
under each curve is equal to 100%.

Fig. 5. Changes in longitudinal strain distribution of the midshaft cortical bone of the tibiae with applied loading or hindlimb unloading when the tibiae were virtually loaded
in axial compression of �7 N. *p < 0.05 (paired t-test for control vs. loaded tibiae or unpaired t-test for control vs. unloaded tibiae). Bars: mean + SD. The area under each curve
is equal to 100%.
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strains in the longitudinal loading direction relative to the non-
loaded limb. Unloading caused an opposite effect where a greater
percentage of the cancellous volume experienced greater strains
compared to age-matched controls. Interestingly, the maximum
or minimum principal strains of cortical and cancellous bone of
the tibia were not affected by loading, indicating that the load-
adapted tissue-level mechanical benefits were gained primarily
in the primary loading direction. In addition, regression analyses
demonstrated that bone mass was a good predictor of bone tissue
strains for the midshaft cortical bone but not for the metaphyseal



Table 1
Longitudinal strains (le) in the metaphyseal cancellous and midshaft cortical bone of the control and loaded/unloaded tibiae when virtually subjected to a compression load of
�7 N.

Longitudinal strain Loading Unloading

Control (n = 7) Loaded (n = 7) Diff (%) Control (n = 9) Unloaded (n = 10) Diff (%)

Metaphyseal cancellous bone �2698 ± 551 �6999 ± 1888 159
5th percentile �2062 ± 292 �1916 ± 359 �7 �2258 ± 442 �5051 ± 1370 124
10th percentile �1735 ± 235 �1570 ± 269 �10 �1494 ± 162 �2480 ± 639 66
25th percentile �1135 ± 137 �1028 ± 128 �9 �625 ± 136 �651 ± 328 4
50th percentile �454 ± 89 �508 ± 89 12 �36 ± 38 �10 ± 35 �72
75th percentile �24 ± 22 �102 ± 55 324 381 ± 141 374 ± 214 �2
90th percentile 242 ± 59 96 ± 59 �61 807 ± 250 956 ± 544 18
95th percentile 557 ± 98 356 ± 122 �36

Midshaft cortical bone
5th percentile �2899 ± 329 �2630 ± 100 �9 �3183 ± 402 �4185 ± 776 31
10th percentile �2656 ± 302 �2416 ± 96 �9 �2917 ± 365 �3890 ± 733 33
25th percentile �2056 ± 236 �1888 ± 92 �8 �2272 ± 285 �3057 ± 582 35
50th percentile �569 ± 51 �558 ± 49 �2 �613 ± 69 �689 ± 91 12
75th percentile 1182 ± 150 1075 ± 90 �9 1393 ± 219 1709 ± 355 23
90th percentile 1975 ± 236 1802 ± 148 �9 2200 ± 312 2672 ± 492 21
95th percentile 2300 ± 278 2097 ± 170 �9 2544 ± 348 3070 ± 541 21

Data are presented as mean ± SD.
Bold indicates p < 0.05 by paired or unpaired t-tests.

Fig. 6. Loading- or unloading-induced changes in the magnitudes of the maximum and minimum principal strains of the proximal metaphyseal cancellous bone tissues.
*p < 0.05 by paired or unpaired t-tests. Bars: mean + SD.
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cancellous bone. In summary, loading-induced biomechanical
benefits for cancellous and cortical bone are received primarily in
the direction of force application and bone mass may not relate
to micromechanics of cancellous bone.

Our results show that cancellous tissues are more sensitive to
changes in external mechanical environment compared to cortical
tissues. With applied two-week tibial loading, the increase in bone
volume of the metaphyseal cancellous bone (BV/TV) was greater
than that of the midshaft cortical bone (Ct.Ar). This result is consis-
tent with previous observations of tibial loading studies (Holguin
et al., 2014; Main et al., 2014; Sugiyama et al., 2012; Willie et al.,
2013; Yang et al., 2017b). Our current and previous studies show
that the peak and average strains are significantly lower in the
proximal cancellous bone than in the midshaft cortical bone in this
tibial loading model (Yang et al., 2014), suggesting that the greater
response of the proximal cancellous bone relative to midshaft cor-
tical bone to loading is not directly related with tissue strain levels.
Also, the different degrees of response to loading between cortical
and cancellous tissues are not specific to the tibial loading model
as our unloading experiment demonstrated that three-week



Fig. 7. Loading- or unloading-induced changes in the magnitudes of the maximum and minimum principal strains of the midshaft cortical bone tissues. *p < 0.05 by paired or
unpaired t-tests. Bars: mean + SD.

Table 2
Correlation (R squares) between percentiles of principal strains and microCT parameters of the midshaft cortical bone.

Strain Percentiles Loading Unloading

Control Loaded Control Unloaded

Ct.Ar Imin Imax Ma.Ar Ct.Ar Imin Imax Ma.Ar Ct.Ar Imin Imax Ma.Ar Ct.Ar Imin Imax Ma.Ar

Maximum Principal Strain
5th 0.61 0.64 0.65 0.50 0.70 0.88 0.84 0.67 0.78 0.65 0.75 0.29 0.86 0.80 0.68 0.12
10th 0.76 0.80 0.81 0.69 0.75 0.87 0.89 0.64 0.75 0.61 0.71 0.28 0.91 0.84 0.75 0.14
25th 0.65 0.73 0.77 0.75 0.89 0.49 0.63 0.37 0.78 0.48 0.69 0.15 0.91 0.84 0.79 0.16
50th 0.65 0.73 0.79 0.77 0.40 0.07 0.20 0.00 0.67 0.39 0.62 0.15 0.87 0.75 0.73 0.10
75th 0.69 0.73 0.87 0.78 0.67 0.23 0.33 0.10 0.79 0.44 0.68 0.11 0.78 0.76 0.77 0.20
90th 0.70 0.71 0.82 0.70 0.64 0.21 0.31 0.15 0.77 0.49 0.68 0.16 0.73 0.71 0.73 0.20
95th 0.71 0.69 0.80 0.67 0.66 0.22 0.34 0.17 0.76 0.49 0.66 0.16 0.72 0.70 0.72 0.19

Minimum Principal Strain
5th 0.56 0.68 0.75 0.72 0.82 0.77 0.82 0.61 0.69 0.66 0.74 0.39 0.86 0.80 0.72 0.14
10th 0.61 0.69 0.85 0.81 0.89 0.53 0.67 0.40 0.72 0.62 0.74 0.32 0.87 0.80 0.75 0.14
25th 0.60 0.66 0.80 0.77 0.47 0.08 0.18 0.05 0.75 0.41 0.62 0.09 0.76 0.74 0.75 0.20
50th 0.64 0.64 0.78 0.69 0.79 0.37 0.52 0.30 0.74 0.51 0.65 0.17 0.75 0.74 0.75 0.21
75th 0.61 0.66 0.78 0.74 0.50 0.19 0.38 0.03 0.64 0.32 0.53 0.09 0.86 0.74 0.69 0.08
90th 0.65 0.71 0.79 0.74 0.77 0.47 0.67 0.21 0.69 0.43 0.64 0.17 0.86 0.74 0.70 0.09
95th 0.67 0.71 0.79 0.72 0.87 0.65 0.80 0.38 0.70 0.46 0.66 0.20 0.86 0.76 0.71 0.11

Data are presented as R2 values. Ct.Ar: cortical area. Imin and Imax: minimum and maximum moments of inertia. Ma.Ar: marrow area.
Bold indicates p < 0.05.
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hindlimb unloading led to a reduction of 58% in cancellous bone
volume fraction vs. a decrease of only 12% in midshaft cortical area.
Our results together with others imply that cancellous tissues are
more sensitive to the changes in mechanical environments than
cortical bone. Riggs et al. reported that women experienced 37%
and men experienced 42% of their total lifetime trabecular bone
loss before the age of 50, compared to 6% and 15%, respectively
for cortical bone (Riggs et al., 2008). Whether or not the different
sensitivities between cortical and cancellous bone tissues to the
changes in mechanical environments could contribute to the dif-
ference between cortical and cancellous bone loss remains a ques-
tion and may require further research.

Our results indicate that load-induced micromechanical out-
comes occur mainly in the direction of force application for the tib-
ial loading model. Post-adaptive reduction in strain in the
longitudinal loading direction was also observed on diaphyseal
surfaces of the tibia based on DIC measurements (Sztefek et al.,
2010). Since loading can enhance bone mass and unloading can



Table 3
Correlation (R squares) between percentiles of principal strains and microCT parameters of the metaphyseal cancellous bone.

Strain Percentiles Loading Unloading

Control Loaded Control Unloaded

BV/TV Tb.Th Tb.Sp Tb.N BV/TV Tb.Th Tb.Sp Tb.N BV/TV Tb.Th Tb.Sp Tb.N BV/TV Tb.Th Tb.Sp Tb.N

Maximum Principal Strain
5th 0.03 0.17 0.15 0.08 0.00 0.45 0.72 0.47 0.26 0.00 0.06 0.17 0.01 0.14 0.23 0.45
10th 0.03 0.34 0.12 0.08 0.09 0.71 0.41 0.20 0.21 0.01 0.02 0.13 0.03 0.22 0.09 0.23
25th 0.04 0.40 0.11 0.08 0.43 0.86 0.10 0.00 0.13 0.04 0.00 0.08 0.05 0.21 0.02 0.16
50th 0.11 0.32 0.02 0.01 0.25 0.78 0.08 0.01 0.01 0.38 0.10 0.00 0.00 0.00 0.10 0.02
75th 0.29 0.23 0.01 0.03 0.07 0.56 0.06 0.05 0.12 0.61 0.27 0.09 0.14 0.34 0.29 0.00
90th 0.28 0.27 0.00 0.02 0.05 0.49 0.05 0.06 0.19 0.67 0.34 0.14 0.42 0.63 0.19 0.01
95th 0.29 0.29 0.00 0.03 0.05 0.52 0.06 0.06 0.20 0.70 0.33 0.14 0.53 0.59 0.08 0.05

Minimum Principal Strain
5th 0.01 0.11 0.27 0.16 0.00 0.48 0.52 0.47 0.24 0.00 0.04 0.15 0.01 0.16 0.26 0.47
10th 0.05 0.15 0.11 0.05 0.10 0.66 0.19 0.17 0.21 0.00 0.02 0.10 0.03 0.20 0.07 0.24
25th 0.25 0.19 0.00 0.02 0.12 0.54 0.03 0.10 0.17 0.01 0.00 0.06 0.08 0.22 0.00 0.11
50th 0.32 0.34 0.03 0.06 0.10 0.52 0.00 0.08 0.11 0.01 0.00 0.01 0.19 0.05 0.11 0.01
75th 0.34 0.20 0.11 0.13 0.03 0.41 0.00 0.09 0.03 0.25 0.25 0.13 0.01 0.22 0.60 0.24
90th 0.46 0.13 0.20 0.24 0.00 0.32 0.00 0.13 0.25 0.60 0.44 0.29 0.21 0.65 0.32 0.03
95th 0.46 0.13 0.20 0.24 0.00 0.32 0.00 0.13 0.25 0.60 0.44 0.29 0.21 0.65 0.32 0.03

Data are presented as R2 values. BV/TV: bone volume fracture. Tb.Th: trabecular thickness. Tb.Sp: trabecular separation. Tb.N: trabecular number.
Bold indicates p < 0.05.
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result in bone loss, one would expect that tissue-level strains
would be reduced following loading and increased with unloading.
Interestingly, we find that either maximum or minimum principal
strain magnitudes that may be related to risk of tissue failure (Yang
et al., 2012) are not significantly affected by loading. These findings
suggest that mechanical loading could lead to an increased bone
mass that might not be associated with an general improvement
of biomechanical behavior of bone tissue, but is instead a specific
response to load applied in a specific consistent direction. To this
end, we see an alteration in the proportion of cancellous bone ele-
ments from high to low strain ranges in the longitudinal loading
direction, indicating the overall level of the longitudinal strains
are reduced due to loading. Since the effect of unloading is not
direction-specific the alterations in maximum or minimum princi-
pal strains are similar to the longitudinal strains.

We find no correlation between bone mass and tissue-level
strains for the proximal cancellous bone, suggesting that cancel-
lous bone mass, itself, cannot predict the micromechanics of can-
cellous bone. The association between bone mass and tissue-
level strains in the midshaft cortical bone of the tibia can be
explained by beam theory. The midshaft undergoes a combined
bending and compression loading when the tibia is loaded axially
in compression in vivo. Thus, the distribution and magnitude of tis-
sue strains depend on the geometry (or mass) of the midshaft’s
cross-section. However, for the proximal cancellous bone, the
mechanical behavior of the cancellous tissues depends largely on
its complex microarchitecture (Goff et al., 2015; Morgan et al.,
2004) and may not be explained simply by one or multiple mor-
phological parameters. Therefore, computational approaches like
finite element analysis might be useful to evaluate the effects of
mechanical stimuli on biomechanics of bone tissues, particularly
for cancellous bone, as relatively simple measures of bone volume
may not be indicative of risk for cancellous bone failure.

There was a disparity in experimental length between the load-
ing and unloading experiments. For the unloading experiment, we
did not see a significant disuse response at 2 weeks of hindlimb
suspension in a preliminary study (DBV/TV = �8.5%, p = 0.06,
n = 10/group) and therefore decided to pursue 3 weeks of hindlimb
unloading. For the loading experiment, the two-week loading term
was chosen since it has been commonly used for this tibial loading
model in previous studies (Holguin et al., 2014; Lynch et al., 2011;
Main et al., 2014; Willie et al., 2013; Berman et al., 2015; Yang
et al., 2017). It remains unclear if another week of loading would
enhance the bone formation described here and future studies
may be required to address this issue. However, our goal was not
to compare head-to-head the amount of bone lost or gained by a
specific period of unloading or loading. The primary goal of this
study was to examine how the micromechanical environments of
cancellous and cortical tissues alter following the adaptive changes
in their bone mass resulting from loading or unloading, separately
— both loading and unloading protocols used here induced signif-
icant changes in cortical and cancellous bone mass, as was required
for our analysis.

In summary, we find in the tibial loading model that cancellous
tissues are more sensitive to mechanical environments compared
to cortical tissues; loading-induced micromechanical benefits for
cancellous bone are received primarily in the direction of load
application and cancellous bone mass may not be related to the
micromechanics of cancellous bone.
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