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A B S T R A C T   

Functional adaptation refers to the active modification of bone structure according to the mechanical loads 
applied daily to maintain its mechanical integrity and adapt to the environment. Functional adaptation relates to 
bone mass, bone mineral density (BMD), and bone morphology (e.g., trabecular bone architecture). In this study, 
we discovered for the first time that another form of bone functional adaptation of a cortical bone involves a 
change in bone quality determined by the preferential orientation of apatite nano-crystallite, a key component of 
the bone. An in vivo rat ulnar axial loading model was adopted, to which a 3–15 N compressive load was applied, 
resulting in approximately 440–3200 με of compression in the bone surface. In the loaded ulnae, the degree of 
preferential apatite c-axis orientation along the ulnar long axis increased in a dose-dependent manner up to 13 N, 
whereas the increase in BMD was not dose-dependent. The Young's modulus along the same direction was 
enhanced as a function of the degree of apatite orientation. This finding indicates that bone has a mechanism that 
modifies the directionality (anisotropy) of its microstructure, strengthening itself specifically in the loaded di
rection. BMD, a scalar quantity, does not allow for load-direction-specific strengthening. Functional adaptation 
through changes in apatite orientation is an excellent strategy for bones to efficiently change their strength in 
response to external loading, which is mostly anisotropic.   

1. Introduction 

Bone structure is partly regulated by mechanical forces applied to the 
bone during daily physical activities. Roux and Wolff have previously 
recognized the functional adaptation of the bone to increased mechan
ical loading and the relationship between mechanical loading and bone 
structure [1]. Rubin and Lanyon have reported on the existence of a 
minimum strain threshold for this phenomenon, such that the applied 
loads that produce strains below this threshold induce no change in bone 
formation. In contrast, loads above this threshold increase bone 

formation in a dose-dependent manner [2]. Frost further articulated the 
importance of functional bone strain as a controlling stimulus for bone 
architecture, a relationship currently known as the mechanostat [3]. To 
date, numerous studies have been conducted on the functional adapta
tion of a cortical bone, most of which have focused on bone formation 
and resorption, i.e., increases or decreases in bone mass. Adaptive 
changes in bone microstructural anisotropy, such as the preferential 
orientation of the biological apatite c-axis/collagen under increased 
mechanical loading, remain unclear. 

Apatite has a hexagonal crystal structure (Supplementary Fig. 1S) 
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and shows anisotropy in Young's modulus; the modulus is higher along 
the c-axis compared to the a-axis [4]. Collagen molecules form fibers, 
which exhibit higher strength in the fiber direction [5]. Based on such 
anisotropy at the molecular level, bones as aggregates exhibit aniso
tropic mechanical properties such as Young's modulus [6,7], yield stress 
[6], and toughness [8,9] based on their orientation condition. Since 
bones have a hierarchical anisotropy in structure ranging from molec
ular scale to macroscopic shape [10], the form of anisotropic arrange
ments at each scale level is believed to govern the mechanical properties 
and their anisotropy of bones. We have been using microbeam X-ray 
diffraction (μXRD) to evaluate apatite orientation as average informa
tion within a region with ~100 μm length scale encompassing the 
multiple lamellar structures. The positive correlation between the de
gree of apatite c-axis orientation and the local Young's modulus obtained 
in the same region was reported [11]. Therefore, considering anisotropic 
microorganization is important to understand bone mechanobiology, 
including the adaptive response of the bone to the mechanical envi
ronment. According to a previous study [12], the apatite/collagen 
orientation is consistent with the principal in vivo stress direction and 
varies depending on the bone type, shape, and anatomical location in 

the body; the apatite/collagen orientation may be modified in response 
to in vivo stress conditions. To the best of our knowledge, no previous 
studies have addressed the relationship between apatite/collagen 
orientation and the elevated strain environment. We hypothesized that 
cortical bone changes its anisotropic microarrangement of the apatite c- 
axis and collagen to make the bone material mechanically anisotropic 
along the principally loaded direction under the mechanical environ
ment, which is thought to be a more effective strategy for bone strength 
adaptation to the altered load. We used an in vivo rat ulnar loading 
model, which is well accepted as a non-destructive animal model for 
investigating the adaptive response of the cortical bone [13–15], to 
elucidate the adaptive bone responses by altering the preferential 
apatite orientation and determining the functional strain range. 

2. Materials and methods 

2.1. Animals 

In vivo loading experiments were performed to clarify the adaptive 
bone responses to elevated loads in rats. Since rats do not undergo 
intracortical remodeling, it was assumed that, at an elevated load, bone 
would be added to the bone surface. The amount of bone added in long 
bones decreases monotonically with increasing age (e.g., approximately 
9–10, 5–6, and 2 μm/day at 4, 8, and 16 weeks of age in the femur and 
tibia, respectively) [16]. Eight-week-old rats were used for the analysis 
to ensure sufficient periosteal bone formation. 

Forty-five male Sprague-Dawley rats (age: 7 weeks; body weight: 
200 g) were purchased from Japan SLC (Shizuoka, Japan). The animals 
were individually housed in a cage with a 12:12 h light: dark cycle. They 
were provided with a standard diet (CRF-1; Oriental Yeast, Tokyo, 
Japan) and tap water ad libitum and acclimated for one week before 
experimentation. At eight weeks of age, three rats were used to deter
mine the relationship between mechanical strain on the ulna and the 
applied load. Twelve rats were used for the in vivo loading experiment to 
analyze bone apposition and microdamage formation for two weeks. 
The remaining thirty rats were used for the in vivo loading experiment 
for eight weeks to analyze the adaptive changes in bone mass, BMD, 
apatite orientation, and Young's modulus to elevated load. The overall 
experimental design is shown in Supplementary Fig. 2S. All procedures 
were approved by the Animal Experiment Committee of Osaka Univer
sity Graduate School of Engineering (approval number: 22-1-0). Before 
and after the loading, the rats were allowed unrestricted cage activity. 

2.2. In vivo ulnar loading model and bone site for analyses 

In vivo ulnar loading was performed as previously described (Fig. 1a) 
[13–15] under anesthesia (pentobarbital sodium; Dainippon Sumitomo 
Pharma, Osaka, Japan). The anesthetized rats were placed on a mat, and 
the right forelimb was held in rounded cups between the olecranon 
process of the ulna and the flexed carpus. The right forelimb was 
cyclically loaded in the compression mode with a peak compression load 
of 3, 5, 7, 10, 13, and 15 N at 2 Hz for 1200 cycles/day, five days/week, 
using a micro-material testing machine (MMT-101 N; Shimadzu, Kyoto, 
Japan) (loaded group). The load frequency of 2 Hz corresponds to the 
stride frequency during natural locomotion [17,18]. The left forelimb 
received no treatment, considering it was the control (CTL) group. 

Adaptive bone formation in the ulna under an elevated load is site- 
specific and depends on the magnitude of the locally generated strain 
[19]. According to previous reports, the magnitude of the generated 
strain owing to the in vivo loading and the amount of bone formation 
peaked at the medial surface, approximately 3–4 mm distal to the ulnar 
midshaft [19–21]. Therefore, in this study, the analyses were performed 
at comparable locations on the ulna (Point 6, as shown in Fig. 1b), ac
cording to these studies. 

Fig. 1. Description of in vivo rat ulnar loading model. (a) Schematic of in vivo 
rat ulnar loading model, (b) definition of bone portion, and (c) cross-sectional 
image at Point 6 with strain gauge on the medial surface. 
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2.3. Load-strain relationship measurements 

Three animals were used to establish an artificial load-strain rela
tionship. Following anesthesia, the medial surface of the right ulna at 
Point 6 was minimally exposed. The periosteum and any attached tissue 
were gently removed. The medial surface was cleaned with 70 % ethanol 
and dried, and a single-element strain gauge (KFRS-020120-C1- 
13L1M3R; Kyowa Electronic Instruments, Tokyo, Japan) was bonded 
longitudinally on this area with a cyanoacrylate adhesive (CC-33A, 
Kyowa Electronic Instruments) (Fig. 1c). Gentle pressure for 1 min 
facilitated a strong attachment of the gauge to the bone surface. The 
incision was then sutured. The forearm was axially loaded for each peak 
load to be investigated in the order of 3, 5, 7, 10, 13, and 15 N, followed 
by 3 N at a frequency of 2 Hz for approximately ten cycles; the generated 
strain was recorded using a sensor interface (PCD-300B, Kyowa Elec
tronic Instruments). The magnitude of the generated strain recorded in 
the second exposure to 3 N was not reduced, suggesting that no damage 
was induced during series of loading; therefore, the obtained strains 
were valid. This loading regimen allowed us to create a dose-response 
relationship between load magnitude and strain. 

2.4. In vivo ulnar loading 

Thirty rats were randomly divided into six groups (n = 5) for the in 
vivo loading experiment with each load, and the right forelimb of each 
animal was subjected to 1200 loading cycles (10 min) per day at a fre
quency of 2 Hz, five days/week for eight weeks. The left forelimbs were 
not loaded and served as controls. All rats were euthanized on Day 56 
using an overdose of pentobarbital sodium, and the ulnae and radii were 
immediately removed and immersed in a 10 % formalin-neutral buff
ered solution for chemical fixation. 

2.5. Assessment of bone length by radiography 

Soft X-ray photographs were taken after removing the ulnae using 
XIE (Chubu Medical, Mie, Japan) at 40 kV, 40 μA and 71 msec radiation. 
An antero-posterior projection was performed, and the ulnar length was 
measured to determine the analytical portion (Point 6). 

2.6. Assessment of bone formation in response to elevated loading 

To assess bone formation in response to elevated load and micro
damage, 12 rats were loaded with each load for 1200 cycles/day for two 
weeks. Calcein (Dojindo, Kumamoto, Japan) was administered intra
peritoneally at a dose rate of 8 mg/kg before the onset of the loading 
experiment (Day 1) and on Day 15. On Day 18, all animals were 
euthanized, and the ulnae were harvested and stored in 70 % ethanol 
overnight. Bones were stained en bloc with basic fuchsin (Wako, Osaka, 
Japan) to stain the induced microdamage using an established protocol 
[22]. Following staining, the bones were rinsed in 100 % ethanol, fol
lowed by 100 % Clear-Rite 3 (Richard-Allen Scientific, MI, USA) for 12 h 
under vacuum, and then embedded in methyl methacrylate (Mager 
Scientific, MI, USA). Serial cross-sections of 1 mm thickness were cut 
using a diamond saw (BS-300CP; Exakt Apparatebau, Norderstedt, 
Germany). The sections were ground using emery paper (800, 1200, and 
2000 grids) to a final thickness of approximately 500 μm. 

Confocal laser scanning microscopy (CLSM) (FV1000D-IX81; 
Olympus, Tokyo, Japan) was used to examine the bone sections stained 
with calcein and fuchsin dyes. Two-dimensional images were taken from 
near the section surface. Fluorescence images showing calcein labelling 
were captured using a UPlanSApo 10× (numerical aperture = 0.4) 
magnification objective lens and 488 nm excitation to utilize the fluo
rescence of calcein and eliminate background autofluorescence of the 
bone. Basic fuchsin also acts as an excellent fluorochrome and fluoresces 
strongly at 585 nm under 568 nm excitation. Microcracks or micro
damages stained with basic fuchsin were visualized using CLSM with a 

UPlanSApo60× (numerical aperture = 1.35) magnification oil immer
sion objective lens. A single researcher performed all imaging and an
alyses under non-blinded conditions. The same applies hereafter. 

2.7. Assessment of bone area and geometry using microfocus X-ray CT 

For the removed bone, CT images were obtained using a microfocus 
X-ray CT (SMX-100CT; Shimadzu, Kyoto, Japan) under 70 kV and 80 μA 
radiation with a spatial resolution of 19.53 μm. To ensure sufficient 
spatial resolution for quantitative evaluation, the Point 6 area was 
enlarged and photographed. After the CT images were binarized, the 
cortical bone area (mm2) and second moment of inertia (I) (mm4) with a 
neutral axis were assumed to be along the mediolateral and craniocau
dal directions (IM-L and IC-C, respectively) and calculated using 3D image 
analysis software (Tri/3D-BON, Ratoc System Engineering, Tokyo, 
Japan). For each individual animal, the relative ratio of the second 
moment of inertia in the artificially loaded group to the CTL group was 
calculated. 

2.8. Assessment of BMD by peripheral quantitative computed tomography 
(pQCT) 

Volumetric BMD (mg/cm3) was measured using pQCT (XCT 
Research SA+; Stratec Medizintechnik, Birkenfeld, Germany). The ulna 
was placed in a plastic tube filled with 10 % formalin. After performing a 
scout view to enable scan localization, a cross-sectional scan was per
formed using a 70 × 70 × 460 μm resolution. The data for each pixel (70 
× 70 μm) was exported in ASCII format into Microsoft Excel software. 
The bone cross-section at the end of the eight-week experiment (16 
weeks old) was overlaid on the bone cross-section at the onset of the 
study (eight weeks old), using the small marrow cavity as a landmark to 
identify the bone areas that had formed during the eight-week experi
mental period (Supplementary Fig. 3S). The BMD of the bone region 
newly formed during the experimental period was calculated in an area 
of 70 × 350 μm near the medial surface. The cortical bone was judged to 
be above a threshold value of 690 mg/cm3. The BMD values were cali
brated using phantoms. 

2.9. Assessment of preferential orientation of the apatite c-axis (bone 
quality) using μXRD 

The degree of apatite c-axis orientation as a bone quality parameter 
was analyzed using a μXRD system (R-axis BQ, Rigaku, Tokyo, Japan) 
equipped with a transmission-type optical system and an imaging plate 
(storage phosphors) (Fujifilm, Tokyo, Japan) placed behind the spec
imen. The crystallographic c-axis of apatite aligns almost parallel to the 
collagen fiber direction because of an epitaxial crystallization of apatite 
on the collagen template; therefore, the degree of apatite c-axis orien
tation reflects that of collagen fiber [23]. Mo-Kα radiation with a 
wavelength of 0.07107 nm was generated at a tube voltage of 50 kV and 
a tube current of 90 mA. The incident beam was focused on a beam spot 
of 100 μm in diameter by a double-pinhole metal collimator and radi
ated along the mediolateral axis, grazing the medial bone surface such 
that half of the incident beam passed through the bone specimen 
(Supplementary Fig. 4S) [24]. In this case, diffraction information from 
the bone tissue within 50 μm of the cranial bone surface alone was 
collected to determine the degree of apatite orientation solely in the 
newly formed bone owing to in vivo artificial loading. Diffraction data 
were collected for 900 s. The measurement was performed on the medial 
surface of the distal ulnae diaphysis (Point 6), at which new bone for
mation peaked (see Results). 

From the obtained diffraction intensity pattern (Debye ring), the 
degree of preferential orientation of apatite c-axis was determined as the 
relative intensity ratio of two representative diffraction peaks for 
apatite, (002) and (310) [11,25]. The apatite c-axis preferentially ori
ents along the longitudinal axis of long bones [11,25]. Therefore, in this 
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study, the diffracted information along the long axis of the ulna was 
analyzed (Supplementary Fig. 4S). The upper and lower parts of the 
Debye ring corresponded with the long axes of the ulnae. The diffraction 
intensities were azimuthally integrated in the range of 100 pixels to 
obtain an X-ray diffraction profile. The degree of preferential orientation 
of the c-axis in the apatite crystals was determined from the relative 
intensity ratio of the (002) diffraction peak to the (310) peak in the X-ray 
profile. The intensity ratios calculated for the upper and lower parts of 
the Debye ring were averaged. Randomly oriented hydroxyapatite (NIST 
#2910: calcium hydroxyapatite) powder had an intensity ratio of 0.8; 
therefore, detected values >0.8 indicated the presence of anisotropic 
apatite c-axis orientation in the analyzed direction. 

2.10. Analysis of Young's modulus by nanoindentation 

After the samples were dried, Young's modulus was measured along 
the ulnar longitudinal direction using a nanoindentation system (ENT- 
1100a; Elionix, Tokyo, Japan) with a Berkovich diamond indenter at 
25 ◦C, as described in a previous study [26]. Five indentations were 
created on the medial region within 50 μm from the periosteal surface, 
in which the μXRD analysis was performed, and the results were 

averaged. The loading/unloading rate and maximum load were 400 μN/ 
s and 6000 μN, respectively. A constant maximum load was held for 180 
s before unloading to minimize the effects of the viscoelastic behavior of 
bone [26]. All measurements included a second constant load held for 
30 s at 10 % of the maximum load to establish the thermal drift rate and 
obtain the correct data. Young's modulus was determined using the 
method described by Oliver and Pharr [27]. BMD, apatite orientation, 
and Young's modulus were analyzed under the most similar region and 
dimension conditions possible. 

2.11. Statistical analyses 

Quantitative data are presented as mean ± standard deviation in the 
text and box-and-whisker plots in the figures. For the data comparison 
between the CTL and loaded groups, a two-tailed paired t-test was used. 
The significance of load magnitude-dependent changes was tested using 
a one-way analysis of variance (ANOVA). A Tukey's post hoc significant 
difference (HSD) multiple comparison test was conducted. Pearson's 
correlation and multiple linear regression analyses were used to estab
lish the significant determinants of Young's modulus. The BMD and 
degree of apatite c-axis orientation were considered independent vari
ables in multiple linear regression analysis. A multiple regression coef
ficient (β) was used to identify the dominant determinant. p < 0.05 was 
considered statistically significant. 

3. Results 

During the loading experiment, three 15 N-loaded ulnae fractured in 
the first and second weeks. Data for the remaining two 15 N-loaded 
animals will be presented but excluded from the statistical analyses. 

3.1. In vivo load-strain relationship 

The relationship between the applied load and strain at the distal 
ulnar diaphyseal surface (point 6) is shown in Fig. 2. The strain values 
due to loading at 3, 5, 7, 10, 13, and 15 N were determined to be 442 ±
232 με, 947 ± 162 με, 1310 ± 127 με, 2000 ± 128 με, 2708 ± 114 με, 
and 3200 ± 197 με, respectively. Thus, we obtained the relation be
tween the ulnar strain and peak load, which represented a highly sig
nificant (p < 0.001) linear regression with r2 = 0.98. 

3.2. Bone formation in response to artificial loading 

Fig. 3a–e shows the double-labeled calcein ulnar cross-section rep
resenting new bone formed during the experiment at the distal diaphysis 

Fig. 2. Artificial loading-induced compressive strain along the ulnar long axis 
on the medial surface at point 6. Data are displayed in a box-and-whisker di
agram. n = 3. 

Fig. 3. Bone formation induced by artificial loading. (a–e) Confocal fluorescence images of cross-sections at Point 6 showing calcein labeling. (f) Change in mineral 
apposition rate at the medial periosteum as a function of applied artificial load determined by the distance between the first (inner) and second (outer) labeling. n 
= 2. 
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(Point 6). In the CTL group, after two weeks of normal growth, the 
medial ulnar periosteal surfaces showed clear evidence of bone resorp
tion, with no continuous fluorochrome incorporation (Fig. 3a). In 
contrast, in the equivalent regions of the loaded ulnae, except for the 3 
N-loaded bones (Fig. 3b), continuous incorporation of the second 

fluorochrome label was observed, clearly indicating loading-induced 
bone formation at the medial periosteal surface (Fig. 3c–e). Fig. 3f 
shows the mineral apposition rate on the medial periosteal surface as a 
function of the applied load, calculated from the confocal fluorescence 
images. Because of the absence of double labeling, the 3 N load group 
was not used for this analysis. The mineral apposition rate in the loaded 
bone gradually increased as the applied load increased. With 13 N 
loading, the mineral apposition rate reached almost 10 μm/day, which is 
approximately twice the reported apposition rate in the long bone 
diaphysis of rats at eight weeks of age [16]. In the 15 N-loaded group, a 
drastic increase in the mineral apposition rate was observed, and the 
newly formed bone under an artificial load was woven (Fig. 3e). 

3.3. Effect of load magnitude on bone area and geometry 

Fig. 4a shows the change in cortical bone area after the in vivo 
loading experiment. No discernible responses were observed in the 3 N 
group. In the 5–13 N groups, the cross-sectional area of the ulnae sub
jected to loading increased significantly with increasing load magnitude 
(p < 0.001 by one-way ANOVA). With 13 N loading, the bone area 
increased approximately 1.3-fold compared to the CTL group. 

Fig. 4b and c show the loading-related change in the second moment 
of inertia, which reflects the bone structure's resistance to bending by 
considering the cross-sectional area and material geometry. The effects 
of loading on the second moment of inertia with respect to the medio- 
lateral (IM-L) and cranio-caudal (IC-C) axes are different. There was no 
significant difference in IM-L between the CTL and loaded groups at 3–13 
N (Fig. 4b). However, IC-C in the loaded bone increased significantly 
from loads of 5–13 N, and the 3 N loading had no significant effect 
(Fig. 4c). The relative ratio of the second moment of inertia in the 
artificially loaded group to the CTL group is represented in Fig. 5. The 
ratio of increase in IC-C exhibited a load magnitude dependence (p <
0.001 by one-way ANOVA) corresponding with that of bone addition, 
reaching approximately 2.5-fold over the CTL bone in the 13 N-loaded 
group. Namely, the 1.3-fold increase in bone area produced a 2.5-fold 
increase in IC-C. 

Fig. 4. Artificial loading-related change in bone mass. Change in (a) cortical 
bone area, (b) second moment of inertia (I) with respect to the medio-lateral 
(M-L) axis, and (c) that with respect to the cranio-caudal (C-C) axis, 
measured at Point 6 after loading for eight weeks. Quantitative data is dis
played in a box-and-whisker diagram. Horizontal bars indicate significant dif
ferences in Tukey's HSD test. 

Fig. 5. Relative ratio of the second moment of inertia in the artificially loaded 
group to the CTL group. IM-L: the second moment of inertia with respect to the 
medio-lateral (M-L) axis; IC-C: the second moment of inertia with respect to the 
cranio-caudal (C-C) axis. Data are displayed in a box-and-whisker diagram. The 
horizontal bar indicates significant differences in Tukey's HSD test. n = 5 for 
5–13 N, and n = 2 for 15 N. 
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3.4. Effect of load magnitude on bone material properties 

The BMD after eight weeks of loading is shown in Fig. 6a. No sig
nificant increase was observed in the loaded bone compared to the CTL 
group. Furthermore, no load-magnitude dependence was observed (p =
0.69, one-way ANOVA). 

Fig. 6b shows the degree of preferential apatite c-axis orientation, 
calculated as the relative intensity ratio of the (002) diffraction peak to 
the (310) peak. A significant increase was observed in the bones loaded 

at 5–13 N compared to that in the CTL group; the ratio was 1.6 times 
higher at 13 N loading. Further, the apatite orientation was significantly 
higher in the 13 N-loaded bone than in the 7 N-loaded bone (p = 0.046 in 
Tukey's HSD test). 

3.5. Microdamage induced by axial compressive loading 

Fuchsin staining of transverse sections of the ulnar medial surface is 
shown in Fig. 7. Bone matrix microcracks or microdamage were 

Fig. 6. Effects of artificial loading on the material properties of the newly formed bone. Comparison of (a) BMD and (b) degree of apatite c-axis orientation along the 
ulnar long axis. Data are displayed in a box-and-whisker diagram. The horizontal bar indicates significant differences in Tukey's HSD test. n = 5 for 5–13 N, and n = 2 
for 15 N. 

Fig. 7. Confocal images of basic fuchsin-stained transverse sections in medial surface (indicated by the white rectangle in a) at Point 6. In the 15 N-loaded bone, the 
microcracks (indicated by the yellow arrows in f and g), microdamage (indicated by the white arrows in f), and resorption cavity (shown in g) induced by loading are 
clearly seen. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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observed only in the 15 N-loaded bone. Microdamage presented as ul
trastructural matrix damage, as evident in the patches of diffuse basic 
fuchsin staining within the cortex and linearly stained microcracks 
(Fig. 7f, g). Microcracks (yellow arrow) or diffuse damage (white arrow) 
occurred principally on the ulnar medial surface, and a resorption cavity 
was also observed (Fig. 7g). 

3.6. Effect of load magnitude on bone mechanical properties 

The association between Young's modulus and peak load is presented 
in Fig. 8. The Young's modulus of the new bone was higher than that of 
the CTL, and a dose-response trend of the Young's modulus was observed 
in the 5–13 N groups. In bones loaded with 13 N, Young's modulus 
showed a maximum of about 32 GPa, 1.2 times that of the CTL group. 

3.7. Contribution of BMD and apatite orientation to Young's modulus 

Fig. 9 shows correlations between Young's modulus and BMD, or the 
degree of apatite c-axis orientation. We found that Young's modulus was 

significantly correlated with the apatite orientation (Fig. 9b), with a 
higher r2 of 0.80. In contrast, the r2 for the correlation between Young's 
modulus and BMD was quite lower, although the correlation was sta
tistically significant (Fig. 9a). Based on a multiple linear regression 
analysis, Young's modulus can be expressed as a function of the BMD and 
apatite c-axis orientation as follows: 

Young's modulus = 11.3 + 0.007 (BMD) + 0.87 (apatite c-axis orientation)
(1) 

The statistics derived by multiple regression analysis are summarized 
in Table 1. The adjusted r2 for this multiple regression was 0.80 with p <
0.001. The multiple regression coefficients (β) and p-values for the BMD 
and apatite c-axis orientation were (0.05, 0.51) and (0.87, < 0.001), 
respectively, indicating that the degree of apatite c-axis orientation 
contributes more to the variation in Young's modulus than it does the 
BMD. 

4. Discussion 

The formation of strong bones specific to the loaded direction should 
be an efficient mode of functional adaptation to mechanical environ
ments. We used an in vivo artificial loading model of the rat ulna that can 
produce uniaxial compressive strain on the bone surface along the ulnar 
longitudinal axis. Because of the inherent curvature of the ulna, bending 
and compression are induced by in vivo artificial loading [19]. Bending is 
converted to axial stress in the longitudinal direction; therefore, the 
bone is loaded with the axial strain from bending and compression. The 
magnitude of the peak load (strain) is believed to affect bone mass and 
architecture [17]. The results of this study support those of previously 
reported experiments that used the same loading model, demonstrating 
that compressive axial strain superimposed on normal activity engen
ders an adaptive change in bone structural properties [17,19,21]. 

In this study, load magnitude-dependent changes were observed in 

Fig. 8. Comparison of Young's modulus along the ulnar long axis of newly 
formed bone at Point 6. Data are displayed in a box-and-whisker diagram. The 
horizontal bar indicates significant differences in Tukey's HSD test. n = 5 for 
5–13 N and n = 2 for 15 N. 

Fig. 9. Relationship between bone material properties and Young's modulus. Correlation of (a) BMD and (b) degree of apatite c-axis orientation with Young's 
modulus along the ulnar long axis. The r2 and p values for each correlation (single regression) are presented together. 

Table 1 
Summary of the statistical outcomes of the multiple regression analysis 
expressed in Eq. (1).  

Regression Contribution to Young's modulus 

BMD Apatite orientation 

r2 p β p β p 

0.80 < 0.001 0.05 0.51 0.87 < 0.001  
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bone apposition and in the related changes in the ulnar cross-sectional 
area and second moment of inertia under artificial loading. Calcein la
beling patterns suggestive of bone resorption were observed in the 3 N- 
loaded and CTL bones. This indicates growth-related drift from medial 
to lateral in the mid-diaphysis, presumably establishing the medial-to- 
lateral curvature of the bone [13]. Bone apposition at the medial peri
osteum occurred in the bones loaded to 5–13 N, and the cortical bone 
area increased. These results indicate that the minimum effective load 
magnitude was 5 N, corresponding to a 947 ± 162 με strain. This agrees 
well with the existing literature, as previous studies reported that the 
minimum effective strain for load-driven bone adaptation was approx
imately 1000 με [19,28]. 

The observed preferential bone apposition to the medial surface 
dramatically increased only IC-C, while IM-L remained relatively constant. 
Bone apposition to the medial surface had little effect on IM-L because the 
bone apposition site was located on the medio-lateral axis. This asym
metrical change in the second moment of inertia suggests that in vivo 
compressive loading on the ulna causes bending where the neutral plane 
is defined as the plane containing the cranio-caudal and bone longitu
dinal axes. Previously characterized strain patterns at the diaphysis 
during external loading have shown that bending occurs in the medio
lateral direction owing to the natural curvature of the ulnar diaphysis 
[13]. By preferentially adding bone to the surface where the bending 
stress is greatest, bone can improve its resistance to mechanical stimuli 
in a geometrically efficient manner. 

Such in vivo strain (load)-dependent changes in bone mass would be 
the general perception of functional adaptation in long bones to date. On 
the other hand, there is limited knowledge regarding the change in 
material properties (and thus quality) of bone under elevated loads. 
Therefore, in this study, we investigated the volumetric BMD and pref
erential apatite orientation as material features of bone. Many studies 
have reported that BMD measured using dual-energy X-ray absorpti
ometry (DXA) increases owing to exercise. However, DXA-measured 
BMD is area-based and reflects increased bone mass, while the volu
metric BMD analyzed in this study reflects bone material density. We 
found that the volumetric BMD values of the newly formed bones in the 
loaded groups were not significantly higher than those in the CTL group. 
Similar bone adaptive changes with exercise have been reported in the 
human humerus, with the associated study concluding that exercise- 
induced bone gain is not due to volumetric BMD but to bone size 
[29]. In our study, the magnitude of the load had no significant effect on 
the volumetric BMD, indicating that the volumetric BMD was not sen
sitive to load. This differed from the response of the bone structural 
properties (e.g., cross-sectional area and second moment of inertia), 
which tended to increase with the load magnitude. 

Another important aspect of this study related to the material 
properties of bone was the preferential orientation of the apatite c-axis 
as the bone quality parameter, which is an essential contributor to the 
mechanical function of bone [11]. This study is the first of its kind to 
address the relationship between the load magnitude and apatite c-axis 
orientation. BMD showed no load magnitude dependence, whereas the 
enhancement in apatite orientation along the long bone axis tended to 
be dependent on load magnitude. The apatite orientation can thus be 
said to vary more significantly than BMD under elevated load and, 
moreover, to do so somewhat more sensitively than BMD with respect to 
the change in load magnitude. Functional adaptation by apatite orien
tation changes in rat ulna was found to have an adaptive window, 
including a strain range of at least 947 (5 N) to 2708 (13 N) με. On the 
other hand, peak loads of 15 N resulted in the formation of a woven bone 
exhibiting a less organized microstructure; hence, the corresponding 
strain of 3200 με might be outside the adaptive window. However, 
although apatite orientation tended to increase with the magnitude of 
the applied load (and thus strain), it is unclear whether this increase 
truly correlates to the load (strain) magnitude. This is because, as 
mentioned below, strain varies dynamically with changes in cross- 
sectional area and second moment of inertia, even when bone is 

exposed to loads of the same intensity. To accurately estimate the strain 
magnitude-dependency of apatite orientation increase, it is necessary to 
repeat the acquisition of bone geometry and analysis of strain using 
finite element calculations and to control the magnitude of strain at the 
bone surface to a constant value by adjusting the loading magnitude, 
which requires further research. 

Accordingly, the mechanism by which mechanical loading in
fluences the apatite c-axis orientation remains unclear. Takano et al. 
[30] and Turner et al. [31] have suggested that functional loading 
(below the magnitude of physiological loading) may influence the 
orientation of collagen fibers, which serve as a template for apatite 
precipitation and crystals. Paterson et al. [32] used non-hydrostatic 
thermodynamics to predict that tissue strain influences the crystal 
growth of inorganic minerals in a direction parallel to the principal 
strain. However, since recent studies have shown that apatite c-axis 
orientation in the direction of the principal strain does not increase in 
the absence of osteocalcin in vivo, even in mice undergoing normal ac
tivity [25], it appears that the non-hydrostatic thermodynamics of 
crystal growth cannot explain the increase in apatite orientation. 

Alternatively, osteocytes may be involved in functional adaptation 
related to the change in apatite orientation. Osteocytes are well known 
as the major responsive cells in functional adaptation due to mechanical 
stimulation [33,34]. The response of osteocytes to mechanical stimuli 
has been extensively investigated in terms of their lacunar-canalicular 
network architecture, expression of biochemical factors, and, thus, 
osteogenic and resorptive activities. We have previously reported that 
the elongation (aspect ratio) and alignment of osteocyte lacunae to the 
long bone axis show a significant positive correlation with the degree of 
apatite orientation [35]. Kerschnitzki et al. [36] have also reported that 
the direction of the mineral particle (parallel to the crystallographic c- 
axis) alignment is always parallel to the osteocyte lacunar long axis, 
perpendicular to the direction of the canalicular alignment. The more 
the osteocyte lacunae are elongated with their major axis parallel to the 
long axis of the bone, the more the canaliculi are aligned perpendicu
larly to the long axis of the bone [35]. Therefore, it is possible that the 
more the osteocyte lacunae are elongated parallel to the long axis of the 
bone, the more the apatite orientation along the long axis of the bone 
increases. Grünewald et al. [37] investigated various properties of 
apatite minerals as a function of distance from the osteocyte lacuna. 
They reported a slight but significant distance dependence on mineral 
properties, including mineral orientation, which indicates that osteo
cytes are involved in the formation of mineral orientation. 

The BMD generally accounts for a substantial proportion of the 
mechanical function of a bone and is strongly correlated with its me
chanical performance. However, certain evidence suggests that an 
increased BMD does not necessarily lead to stronger bones; for instance, 
the BMD and bone strength are dissociated under conditions such as 
osteopetrosis [24,38] and fluorosis [39]. Bone strength depends not only 
on bone mass but also on the material properties of the bone tissue and 
its spatial arrangement. Therefore, bone quality should be considered 
when assessing the mechanical properties of bone. The apatite c-axis 
orientation, as a measure of bone quality, is an essential contributor to 
its mechanical functions. Apatite orientation would be an important 
factor in studies of bone mechanobiology and mechanical stimuli- 
related bone disorders. 

Regarding the cancellous bone, apatite orientation also plays an 
important mechanical role. It is well documented that cancellous bone 
adaptively changes its trabecular strut structural anisotropy along stress 
lines [40]. In addition, inside a single trabecula, the apatite is prefer
entially oriented parallel to the trabecular beam direction [41], i.e., the 
direction of applied stress [40]. In other words, the cancellous bone is 
strengthened by a hierarchical anisotropic structure: anisotropy of the 
trabecular strut structure and crystalline orientation within the trabec
ula. Although adaptive changes in cancellous bone are not the focus of 
this study, its analysis may reveal the nature of functional adaptation of 
bones, such as competing changes between the trabecular structure and 
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crystalline orientation in response to elevated mechanical stimuli and 
their contribution to enhancing trabecular bone strength, such as 
Young's modulus. 

Finally, some limitations of this study should be mentioned. First, 
this study analyzed the adaptive response as average information within 
a region with ~100 μm length scale encompassing the lamellar struc
ture. This study did not capture structural changes at scales below that 
which influence the mechanical properties of bones. For example, the 
twisted plywood structure, which was not captured in the scale of 
analysis in this study, contributes to crack propagation inhibition and, 
thus, energy absorptivity [42]. Future work is expected to elucidate the 
adaptive responses occurring at smaller scale lengths than analyzed in 
this study and their contribution to the mechanical properties. Secondly, 
it is necessary to clarify the effect of changes occurring in the newly 
formed bone on the overall bone strength, e.g., the bending modulus and 
strength of the whole bone. Third, and related to the second limitation, 
the magnitude and distribution of generated strain by artificial loading 
should be dynamically changed owing to adaptive changes occurring on 
bone during the test period, which was not considered. 

5. Conclusions 

Using an in vivo rat ulnar loading model, we elucidated that quan
titative changes in the bone mass, as previously established, and changes 
in bone quality determined by the bone apatite orientation are involved 
in the functional adaptation of the bone. The apatite c-axis oriented 
more in the direction of the principal strain in a strain magnitude- 
dependent manner (Fig. 10), and Young's modulus in the same direc
tion increased correspondingly with the degree of apatite orientation. 
However, there was no strain magnitude dependence in the BMD. The 
change in apatite orientation is a very efficient and reasonable mode of 
functional adaptation that can strengthen bones, specifically in the 
loading direction. The discovery of this new mode of functional adap
tation will provide new insights into the biomechanical performance of 
bones, the formation of anisotropic bone material, and the development 
of orthopedic and dental implants to recover bone functionality. 
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