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Abstract
In this study, we evaluated the effect of functional disuse-induced bone remodeling on its mechanical properties, individually 
at periosteum and medullary endosteum regions of the cortical bone. Left middle tibiae were obtained from 5-month-old 
female Sprague–Dawley rats for the baseline control as well as hindlimb suspended (disuse) groups. Micro-nano-mechanical 
elastic moduli (at lateral region) was evaluated along axial (Z), circumferential (C) and radial (R) orientations using nanoin-
dentation. Results indicated an anisotropic microstructure with axial orientation having the highest and radial orientation 
with the lowest moduli at periosteum and medullary endosteum for both baseline control as well as disuse groups. Between 
the groups: at periosteum, an insignificant difference was evaluated for each of the orientations (p > 0.05) and at endosteum, 
a significant decrease of elastic moduli in the radial (p < 0.0001), circumferential (p < 0.001) and statistically insignificant 
difference in axial (p > 0.05) orientation. For the moduli ratios between groups: at periosteum, only significant difference in 
the Z/R (p < 0.05) anisotropy ratio, whereas at endosteum, a statistically significant difference in Z/C (p < 0.001), and Z/R 
(p < 0.001), as well as C/R (p < 0.05) anisotropy ratios, was evaluated. The results suggested initial bone remodeling impaired 
bone micro-architecture predominantly at the medullary endosteum with possible alterations in the geometric orientations of 
collagen and mineral phases inside the bone. The findings could be significant for studying the mechanotransduction path-
ways involved in maintaining the bone micro-architecture and possibly have high clinical significance for drug use against 
impairment from functional disuse.
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Introduction

Shear forces imparted by the movement of bone fluid 
on osteocytes inside the canaliculi is one of the possible 
mechanotransduction pathways, which further leads to 
increased bone formation [1–9]. Research indicates that 
cyclical loading causes a gain in the mechanical strength 
of bone, and the absence of loading causes loss of bone 
mechanical strength [1, 3, 10–16]. Previous studies also 
show that functional disuse impairs bone micro geomet-
rical properties and mineralization [17–19]. Patients of 
functional disuse could be astronauts on long-term space 
flights or patients of whole body paralysis or long-term 

bed rest [20]. At the micro level, the mechanical compe-
tence of bone is due to a combination of collagen fibrils 
and crystalline mineral hydroxyapatite [21]. Research has 
shown that an increase in mineralization density leads to 
an increase in bone elastic moduli [22]. It is also demon-
strated that regional collagen fiber orientation is positively 
correlated to the regional tensile strength of cortical bone 
[23–25]. Martin and Boardman showed that 62% of bone 
moduli variability was due to collagen fiber density, orien-
tation, and porosity [23]. More recently, Bouxsein in her 
studies, analyzing various contributory factors of fracture 
risk in the human hip bone, showed that not just areal bone 
mineral density (aBMD), but also the micro-architecture 
of the bones has a significant effect on fracture risk and its 
propagation [26]. It was proposed that the spatial distribu-
tion of bone mass, intrinsic properties of bone material and 
micro-architecture all together determine bone strength 
and its resistance to fracture [27]. Research by Fan’s group 
on sheep tibia bone recovering from a fracture, displayed 
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that bone microstructure and spatial distribution altered 
during remodeling from the healing process [28]. Other 
studies also show that trabecular bone exhibits an altered 
micro-architecture and variation in the degree of anisot-
ropy from changes in mechanical loading and generated 
adaptation [29]. These studies advance that it might not 
be just the bone mineral and collagen density, but also its 
micro-architecture, which determine the bone’s load bear-
ing ability. Being important indicators of bone health, how 
they are affected in the microscale by functional disuse, is 
one of the prime motives of this study.

From the micro to the macro scale, bone has a complex 
hierarchical structure [30, 31]. In a single bone transverse 
cross-section, the range of micro-mechanical properties can 
be observed [32–34]. The outer periosteal side of bone is the 
bone-forming layer. The periosteum consists of two separate 
layers; the outer fibrous layer and the inner cellular layers 
[35, 36]. While the outer layer is highly vascularized, the 
inner layer has a high osteogenic potential [37]. The inner 
layer is formed by a thin membrane of connective tissue 
connected to the medullary cavity and termed as the endos-
teum. Investigations by Seeman and his group showed that 
osteoporotic conditions cause an increase in remodeling rate, 
which causes an increase in the endosteal resorption and 
thereby causing a further decrease in cortical thickness and 
loss of structural index [38, 39]. Mechanical loading has 
shown to increase bone surface remodeling at both periosteal 
and endosteal surface, as well as an increase in bone miner-
alization [40]. In another study, it was displayed that exercise 
and mechanical loading increased periosteal perimeter and 
periosteal mineral apposition rate in mice tibiae [41]. Con-
sidering the high remodeling sensitivity of the periosteum 
and endosteum, they were identified as the investigation 
regions for this study. For consistency, all indentations were 
carried out in the lateral side of all the bones.

In addition to a range of micro-mechanical properties 
in a cross-section, bones also have a high degree of ani-
sotropy. Usually, the weight-bearing bones have a higher 
modulus in the longitudinal orientation so that they can sus-
tain the high compressive loads being applied during walk-
ing, running, and other activities [42]. In addition to the 
macro anisotropy a distinct micro level anisotropy has also 
been observed. Nanoindentation makes the investigation of 
mechanical properties such as elastic moduli and hardness 
possible at micro and nano levels [34, 43–48]. Research by 
Fan and Khadaker [45, 49] showed that bone has a definite 
anisotropy in its mechanical properties at the micro level. 
Previous research by Reisinger et al., Franzoso et al., Fain-
gold and Carneli measured the anisotropy of single primary 
and secondary osteons in cortical bone using nanoindenta-
tion techniques [50–53]. Reisinger signified that in cortical 
bone, osteons have higher axial moduli, against the twisted 
plywood structure of collagen fibers. Fransozo’s group also 

measured single secondary osteon anisotropy and revealed 
they were too stiffer in the axial orientation.

In spite of the extensive past research, very few studies 
so far, have focused on the elastic moduli in the three orien-
tations-axial, circumferential and radial and the anisotropy 
ratios separately at periosteum and endosteum.

The central hypothesis behind the study was that disuse-
induced osteopenia would cause region specific bone remod-
eling with an initiating at the endosteum. Hence, the first 
objective of the study was to evaluate and compare the elas-
tic moduli at both periosteum and medullary endosteum for 
both our control and disuse groups. Our secondary hypoth-
esis was that functional disuse-induced osteopenia would 
cause an initial remodeling in the bone micro-architecture. 
Thus, the second objective was to analyze the effects of 
functional disuse on the micro-mechanical moduli ratios, 
i.e., the Z/C, Z/R, and C/R ratios for both the control and 
disuse bones. A significant difference between the moduli 
ratios between control and disuse bone would complement 
the result.

The model used in this study for the investigation of bone 
remodeling from functional disuse was a rat hind limb sus-
pension model. As during hind limb suspension, the hind 
limb bones experience gravity-free situations, they would 
suffer from disuse-induced osteopenia [54, 55].

Materials and methods

Left tibia bone samples were obtained from 5-month old 
virgin female Sprague–Dawley rats, including 1) baseline 
control (n = 9), and 2) hind limb suspended (HLS) (4 weeks, 
n = 9)from a previous study of the group [54]. During the 
hind limb suspension procedure in the previous study, rats 
were suspended using a tail harness and a swivel hook using 
surgical tapes. The rats had approximately 30° of head-down 
tilt and their hind limbs were approximately 2 cm from the 
ground. The body weight of the animals was monitored 5 
times per week throughout the study. Stony Brook Univer-
sity IUCAC had previously approved the animal study.

Sample preparation

For the axial orientation, 2 mm thick segments were cut 
from the middle of the tibia bone in the transverse plane, 
using a diamond coated rotating cutter saw blade (South 
Bay technology Inc., MODEL 650, Clemente, California, 
USA) under constant water irrigation (Fig. 1). For the cir-
cumferential orientation, 4 mm thick segments were cut 
again from the middle of the tibia but in the coronal plane 
(Fig. 1). An indent mark was made on the lateral side. And 
finally, for the radial orientation- 3 mm thick segments 
were again cut from the middle of the tibia bone in the 
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sagittal plane (Fig. 1). An indent mark was made on the 
periosteal region of the bone. Twice the numbers of cuts 
were made for the radial orientation to have the same num-
ber of radial orientation samples as other orientations both 
on the periosteal and endosteal side. The bone marrow was 
cleared using a water jet. As the bone segments were in 
the order of millimeters, differences of moduli along the 
length of the tibia were assumed to be minimal.

Embedding and polishing of samples

For complete dehydration, bone samples were stored in 
ethanol of subsequent higher concentrations of 70%, 80%, 
90% and then 100% each for 2 days. Afterward, the bone 
samples were embedded in epoxy resin and let to cure 
for a day. Subsequently, the embedded samples were first 
polished with silicon carbide papers (Buehler-Carbimet, 
Illinois, USA) of grit no. 320, 600, 1200, 2400 and finally 
by 4000 on a Buehler grinder Power pro 3000™ (Illinois, 
USA) in the respective ascending order. For the radial 
direction, directly grit no. 1200 silicon carbide was used 
for grinding and then subsequent higher order carbide 
papers were used, i.e., 2400 and 4000. Great care was 
taken to expose just the surface, and extremely shallow 
grinding was employed. Finally, the samples were pol-
ished by Polycrystalline Diamond Suspensions (Buehler 
MetaDi™ Supreme) of roughness 3 μm, 1 μm, 0.25 μm 
and finally by 0.05 μm in the given descending order.

Nanoindentation

The distribution of elastic modulus was measured on a micro 
scale by Nanoindentation (Hysitron Triboindenter TI-950, 
Minneapolis, Minnesota) at precise locations. Tip of the 
nanoindenter was a Berkovich tip. All indentations were 
carried out on the lateral region of bone for consistency.

For the axial and circumferential orientations, indents 
were made near the periosteum, middle and also near the 
endosteum of the bone in the lateral side, as shown in 
Fig. 2a, b. In the radial orientation for both the periosteal 
and endosteal regions, indents were made at 4 sites which 
were more than at least 100 μm away as shown in Fig. 2c. 
The points of indentation on the bone were chosen after 
viewing the cross-section under the imaging system of the 
Triboindenter (Hysitron, Inc.), which comprised of an objec-
tive of magnification 10× and an eyepiece of magnification 
2×. No further magnification was needed to select points 
for indentation. The tip area function was calibrated from 
indentation analysis on fused quartz, and drift rates in the 
system were measured prior to each indentation using stand-
ard indentation testing procedures. A preload of 2 μN was 
used before indentation. The indentation consisted of 10 s 
of loading period at a constant loading rate of 100 μN/s. A 
constant load segment at the peak load of 1000 μN followed 
this for a time of 30 s. Afterward, the tip was retracted in the 
unloading segment for another 10 s at a constant unloading 
rate of 100 μN/s. The total indentation time was 50 s. The 
indentation procedure consisted of a 3 × 3 pattern, for each 

Fig. 1  Showing the schematic 
of cutting of a tibia bone in 
three mutually orthogonal 
planes, i.e., the axial, coronal 
and sagittal planes so that the 
axial, circumferential and radial 
orientations are obtained for 
indenting. A diamond saw cut-
ter blade was used for cutting of 
the tibia bone
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indent point. The elastic response was calculated from the 
20–90% portion of the unloading curve. Elastic modulus was 
calculated assuming an elastic response during unloading 
and using Oliver Pharr Method [56]. The values of elastic 
modulus were noted for each indent.

Statistical analysis

The data from the Tribo Scan software of Hysitron Triboin-
denter were exported into Microsoft Excel (Microsoft Excel 
2011, version 14.0.0). Two-tailed unpaired Student’s t-test 
was performed when the control and disuse groups were 
compared for each of the circumferential, radial and axial 
orientations. One-way ANOVA test, IBM statistical software 
SPSS 22.0, was performed for comparing the elastic moduli 
of all the three-axial, circumferential and radial orientations 
in both the control and disuse groups. Further Tukey test 
post hoc pairwise testing was performed to find statistically 
significant differences amongst the orientations (axial, cir-
cumferential and radial) after One-way ANOVA in SPSS. 
To compare the Z/C, Z/R or C/R ratios between the control 
and the disuse groups at both the periosteum and medullary 
endosteum, unpaired Student’s t test was performed. The 
significance level was set at 0.05 for the t-tests, One-way 
ANOVA tests, and Tukey post hoc analysis tests. All the bar 
charts were plotted in Excel.

Results

Animal weight

The animal weight results are reported from the previous 
study of the group. The average weight of the animals 

of the control and functional disuse groups was not sta-
tistically different at the beginning of the study and was 
roughly 305 ± 16 g. The control group rats maintained a 
steady weight throughout the study and had an average dif-
ference of + 4.7% between the start and end dates. But the 
disuse group after 4 weeks of hind limb suspension lost a 
significant amount of weight (− 5%; p < 0.05).

Variation of moduli at periosteum and endosteum 
in different orthogonal orientations

In both the control and disuse groups, it was observed 
that the Z or axial orientation had the highest modulus, 
followed by circumferential and then least in the radial as 
shown in Fig. 3. The mean modulus values in the axial, 
circumferential and radial orientation were 27.20 GPa, 
22.58 GPa, and 20.24 GPa, respectively for the control 
group and 27.85 GPa, 22.16 GPa, and 18.79 GPa, respec-
tively for the disuse group. The mean moduli were calcu-
lated as the average of the periosteal, middle and endosteal 
indent for a particular orientation. Figure 3a shows the 
periosteal moduli in both control and disuse groups and 
Fig. 3b shows the endosteal moduli for both the control 
and disuse groups. The pattern was similar for both the 
periosteal and endosteal sides of the bone. There was a 
statistically significant difference among the elastic moduli 
of the three orientations (p < 0.05) from the results of the 
one-way ANOVA test. Pairwise post hoc analysis further 
showed that each orientation was statistically significantly 
(p < 0.05) different. Similar trends were observed at both 
the periosteal and the endosteal regions of the bone and 
also for both the control and disuse groups.

Fig. 2  Schematic showing the three orientations-axial, circumferen-
tial, and radial for indenting. The black dots resemble the indentation 
points. All indents are performed on the lateral region of the bone. In 

the radial orientation indentation points were at least 100  μm away 
from each other
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Variation of periosteal moduli in the orthogonal 
orientations between control and disuse groups

The elastic moduli of each orientation at the periosteal 
region were compared between the control and disuse groups 
as shown schematically in Fig. 4a. The results showed the 
statistically insignificant difference of the E values between 
the control and disuse group for all three orientations-radial 
(p > 0.05), circumferential (p > 0.05) and axial (p > 0.05).

Variation of endosteal moduli in the orthogonal 
orientations between control and disuse groups

The elastic moduli data of each orientation at the endosteal 
region was compared between the control and disuse groups 
as shown schematically in Fig. 4b. The results showed a 
statistically significant difference of E values in the radial 
(p < 0.001) and circumferential (p < 0.001) and the  sta-
tistically insignificant difference in the axial orientation 
(p > 0.05).

Variation of periosteal Z/C, Z/R and C/R moduli 
ratios between control and disuse groups

The tests showed statistically insignificant differences for 
the periosteal Z/C and C/R ratios between the control and 
disuse groups (p > 0.05). But a statistically significant dif-
ference was concluded for the periosteal Z/R ratios between 
the control and disuse groups (p < 0.05), as shown in Fig. 5.

Variation of endosteal Z/C, Z/R and C/R moduli ratios 
between control and disuse groups

The tests showed statistically significant differences for the 
endosteal Z/C (p < 0.001), Z/R (p < 0.001) as well as C/R 
(p < 0.05) moduli ratios between the control and disuse 
groups as shown in Fig. 5.

Discussion

This study was undertaken to investigate the effects of 
bone remodeling from functional disuse of not just specific 
regions of the bone, but also in different orientations. Both 
periosteum as well as endosteum, at a lateral side of the 
cortical mid-tibia, were investigated with the use of nanoin-
dentation, to evaluate changes in elastic moduli to give hints 
in elucidating the underlying bone remodeling process.

Bone anisotropy

The data from the control group (Fig. 3) showed that bones 
had highest elastic moduli in the axial orientation, which 
is in agreement with previous research by other groups 
who used nanoindentation for measuring the elastic modu-
lus [50–52, 57]. Inside the bone, hydroxyapatite mineral 
deposition and orientation, as well as collagen fiber orien-
tation, determine the mechanical modulus [58, 59]. Bone 
adapts itself to the mechanical loads it faces and remodels 

Fig. 3  a Graph charts display-
ing the periosteal elastic moduli 
values for both the control 
and disuse groups in the three 
orientations or the periosteal 
anisotropy. b Graph charts 
displaying the endosteal elastic 
moduli values in the control 
and disuse groups in all three 
orientations or the endosteal 
anisotropy. Statistical analysis 
performed in ANOVA (SPSS) 
and significance was set at 
0.05. For both periosteum and 
endosteum regions, all orienta-
tions had statistically significant 
differences, confirmed with 
a Tukey pairwise post hoc 
analysis test
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accordingly [60, 61], also stated in Wolff’s law and later 
modified by Frost [16, 62]. Strain-based remodeling theory 
suggests that bones remodel and form more bone to make 
it stronger in the orientation of higher strains [63]. Thereby 
with the theory, our results suggest that the load and strain 
distribution is maximum in the axial and least in the radial 
orientation at the cortical mid-tibia diaphysis. The trend is 
similar for both the periosteum and medullary endosteum 
layers, suggesting similar strain and load patterns experi-
enced by both the regions. This result is in agreement with 
some of the results on the macro scale where a load anisot-
ropy is presented [64, 65].

Variation of periosteal moduli and their ratios 
between control and disuse groups

Previous research on the macro scale has demonstrated 
that remodeling from functional disuse causes a loss of 
mechanical moduli due to alteration and reduction in min-
eral deposition, and an alteration in collagen fiber density 
and strength [66, 67]. In this study, separately investigating 
the periosteum region, shows that periosteal moduli in all 
orientations are unaffected from initial periods of functional 

disuse. No significant changes of principle orientations of 
elastic moduli at periosteum suggest that mineral and col-
lagen fiber density was preserved. To account for the micro-
architecture of the periosteum, ratio analysis of the moduli 
was also conducted for the periosteum. Significant differ-
ences between the groups were found for the Z/R ratio only. 
The Z/C and C/R ratios, however, remain unaffected from a 
month of disuse (Fig. 5). The analysis suggested the begin-
ning of remodeling and only slight remodeling activity to 
have taken place along the periosteum.

Variation of endosteal moduli and their ratios 
between control and disuse groups

Reduction in micro-mechanical elastic moduli at the med-
ullary endosteum hints towards possible resorption of the 
bone occurring along the endosteal region (Fig. 4b). This 
is in agreement with much of previous research, which has 
demonstrated that remodeling from functional disuse causes 
endosteal resorption [38]. The preservation of elastic moduli 
in the axial orientation, however, hinted at an insignificant 
loss in mineral and collagen fiber density. A diminution 
in mineral or collagen density would have resulted in an 

Fig. 4  a Schematic representing the damage from functional disuse 
for the periosteum. The image shows insignificant damage in all the 
three orientations from 1  month of hind limb suspension, by same 
sized arrows. b Schematic representing the damage from functional 
disuse for the endosteum. The image shows a significant reduction 

in the circumferential and radial orientations from 1  month of hind 
limb suspension. The comparison is made between control and dis-
use groups where a thin arrow represents an insignificant difference 
(p > 0.05), whereas a thick arrow represents a significant difference 
(p < 0.05)
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increased porosity of the bone, which would have resulted 
in a reduced modulus in all the three orientations. How-
ever, a significant change in all the three moduli ratios (Z/C, 
Z/R, C/R) between the control and disuse groups suggested 
significant microstructural remodeling of the endosteum. 
Thus, the results signify a remodeling in the orientations 
of the mineral lattice and collage fibers without an overall 
significant loss in density in the initial periods of functional 
disuse. Such impairment of bone microstructure could have 
resulted in a decrease in the mechanical moduli for the radial 
and circumferential orientations, leaving the elastic modulus 
along the axial orientation unaffected.

Site‑specific bone micro‑architecture alteration 
resulting from functional disuse

Collagen, the main organic component of the bone, is ini-
tially secreted in globular domains and finally stabilized 
by the formation of cross-links [68, 69], either enzymatic 
or non-enzymatic [70, 71]. Cross-linking is a major deter-
minant of bone strength and fracture propagation [71–73] 

and is shown to have possible dependence on loading, 
age, and exercise for post-translational modifications [72, 
74–77]. The orientation of collagen fibers and the cross-
linking also govern the alignment of hydroxyapatite min-
eral crystals [70–72, 75].

Alterations in the organization of collagen fiber and 
packing of the mineral lattice may result in compromised 
bone moduli along specific orientations [71]. The results 
demonstrated region specific compromise of bone moduli, 
thus highlighting the importance of the day to day load-
ing for the maintenance of the bone micro-architecture, 
collagen cross-linking and lattice structure. These results 
suggest the design of drugs against the deterioration of 
the bone micro-architecture. A loss in the quantity of bone 
mineral and collagen might be precluded if the structure 
is preserved. The study has a high clinical significance for 
studying the mechanotransduction pathways involved in 
the necessity of loading for the preservation of the geomet-
ric packaging of collagen and mineral lattice. The study 
also highlights the nature of the mechanotransduction 

Fig. 5  Charts are showing the Z/C (a), Z/R (b) and C/R (c) ratio analysis for both periosteal and endosteal regions of bone between the control 
and disuse groups. *Represent p < 0.05, whereas **Represent p < 0.001
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pathway keeping the periosteal region of the bone unal-
tered from initial periods of functional disuse.

Future direction

To further shed light on micro-bone remodeling from the 
effects of functional disuse on the bone micro-architecture, 
one of the immediate next steps would be to analyze the 
protein and mineral phases of the bone separately. Collagen 
fiber orientation can be assessed by studying the rotation of 
plane polarized light (PPL) at the periosteum and endos-
teum sites of nanoindentation for both control and disuse 
groups [71, 78]. Similarly, for investigating effects on bone 
mineral density distribution, backscatter electron imaging 
at the nanoindentation sites be adopted [66]. Another future 
work of the research will be to investigate the effects of func-
tional disuse on other mechanical properties such as bone 
hardness.

Limitations

The study conducted had some limitations in the method and 
in the amount of data collected for forming the appropriate 
conclusion. For the methods, nanoindentation was carried 
out for measuring the mechanical properties after dehydra-
tion of the bone samples. Dehydrating the samples causes 
elastic moduli to increase and is a major limitation for any 
nanoindentation experiment [34, 79]. The other major limita-
tion in forming a conclusion is that the study was conducted 
only for the lateral side of bone. As investigated earlier by 
the group, different sides in a bone cross-section remodel 
differently to disuse conditions [80]. To ascertain the initial 
structural remodeling of first the endosteum region, similar 
studies would also have to be conducted on the other sides 
(anterior, posterior and medial) of the bone as well.

Conclusion

While disuse adversely affects bone mechanical competence, 
the study showed that initial bone remodeling from osteope-
nia leads to an early alteration in the bone micro-architec-
ture. The assessment of elastic moduli in the three orthogo-
nal orientations and their ratios concluded that this effect on 
the bone micro-architecture, initially affected the medullary 
endosteal and not the periosteal layers of the bone.
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