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Abstract
Progressive vertebral deformation increases the fracture risk of a vertebral body in the
postmenopausal patient. Many studies have observed that bone can demonstrate creep behavior,
defined as continued time-dependent deformation even when mechanical loading is held constant.
Creep is a characteristic of viscoelastic behavior, which is common in biological materials. We
hypothesized that estrogen deficiency-dependent alteration of the mineral distribution of bone at
the tissue level could influence the progressive postmenopausal vertebral deformity that is
observed as the creep response at the organ level. The objective of this study was thus to examine
whether the creep behavior of vertebral bone is changed by estrogen deficiency, and to determine
which bone property parameters are responsible for the creep response of vertebral bone at
physiological loading levels using an ovariectomized (OVX) rat model. Correlations of creep
parameters with bone mineral density (BMD), tissue mineral density (TMD) and architectural
parameters of both OVX and sham surgery vertebral bone were tested. As the vertebral creep was
not fully recovered during the post-creep unloading period, there was substantial residual
displacement for both the sham and OVX groups. A strong positive correlation between loading
creep and residual displacement was found (r=0.868, p<0.001). Of the various parameters studied,
TMD variability was the parameter that best predicted the creep behavior of the OVX group
(p<0.038). The current results indicated that creep caused progressive, permanent reduction in
vertebral height for both the sham and OVX groups. In addition, estrogen deficiency-induced
active bone remodeling increased variability of trabecular TMD in the OVX group. Taken
together, these results suggest that increased variability of trabecular TMD resulting from high
bone turnover influence creep behavior of the OVX vertebrae.

© 2012 Elsevier Inc. All rights reserved.
*For correspondence, Do-Gyoon Kim, Ph.D., Assistant Professor, Division of Orthodontics, College of Dentistry, The Ohio State
University, 4088 Postle Hall, 305 W. 12th Ave, Columbus, OH 43210, USA, kim.2508@osu.edu, Tel) (614) 247-8089, Fax) (614)
688-3077.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
Bone. Author manuscript; available in PMC 2013 November 01.

Published in final edited form as:
Bone. 2012 November ; 51(5): 868–875. doi:10.1016/j.bone.2012.08.124.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Keywords
Viscoelastic creep; Ovariectomized rat; Estrogen deficiency; Tissue mineral density; Vertebral
deformation

Introduction
One quarter of postmenopausal women are expected to have at least one osteoporotic
vertebral compression fracture in their lifetime [1–3]. Vertebral deformity is considered to
be responsible for about half of the age-related vertebral fractures that occur during daily
activities [4, 5]. Observations have shown that the risk of vertebral deformity was
significantly higher in postmenopausal osteoporotic patients than in healthy people [6]. It
was also observed that progressive vertebral deformation could lead to vertebral fractures [7,
8]. However, the detailed mechanism of how long-term vertebral deformation accumulates
has not been fully understood.

The vertebra is a load-bearing organ that sustains the constant load of body weight. This
prolonged constant loading on vertebral bone could produce creep, which is a time-
dependent continuous deformation observed in viscoelastic materials under a constant load
[9]. Many studies have examined the creep behavior of cortical bone [10–13], cancellous
bone [14–16], and animal and human vertebral bodies [4, 17, 18] under either fatigue or
constant long-term loading. It was observed that creep propagated even at physiological
levels of loading for human vertebral bone [15–17]. The developed creep was not fully
recovered by post-creep unloading, resulting in a permanent residual deformation. Thus, it is
reasonable to speculate that accumulation of residual deformation could lead to the
progressive development of vertebral deformity. However, the etiology of residual
deformation of a vertebral body remains unclear.

Bone mineral density (BMD) and architecture have been widely examined to help estimate
the mechanical properties of bone [19]. While BMD and bone architecture showed strong
positive correlations with the elastic and fracture properties of bone, they were not able to
explain the viscoelastic creep of bone [15, 17]. On the other hand, it was suggested that
tissue mineral density (TMD) is another important parameter that can influence the
mechanical properties of bone [20]. While BMD is defined as the mineral content within an
apparent volume of bone, including porosity and bone marrow as well as bone matrix, TMD
represents the mineral content only in the hard tissue of bone [21]. A recent study found that
variability of TMD could account for the creep response of human vertebral trabecular bone
to a small compressive loading [16]. It was also shown that the TMD variability of
postmenopausal osteoporotic bone increased as a result of estrogen deficiency-induced
active bone remodeling [22, 23]. Together, these findings suggest that the creep behavior of
bone is likely altered following the change in TMD variability that occurs with
postmenopause. However, no study has been performed to investigate the relationship
between altered TMD distribution and the viscoelastic creep behavior of postmenopausal
vertebral bone.

In the current study, we hypothesized that estrogen deficiency-dependent alteration of the
mineral distribution at the tissue level could influence the progressive postmenopausal
vertebral deformity that is observed as the creep response at the organ level. Thus, the
objective of this study was to examine whether the creep behavior of vertebral bone is
changed by estrogen deficiency, and to determine which bone property parameters are
responsible for the creep response of vertebral bone at physiological loading levels using an
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OVX rat model. The parameters to be examined were BMD, TMD and the architectural
parameters of rat vertebral bone.

Materials and Methods
Specimen preparation

Following an experimental protocol approved by the Institutional Animal Care and Use
Committee (IACUC) of The Ohio State University, two groups of Sprague-Dawley female
rats (6 months old, 288±24 g) were obtained from Harlan Sprague Dawley, Inc.
(Indianapolis, IN). One rat group received a bilateral ovariectomy (OVX) operation and the
other group received a sham operation. After an 8-week post-operation period, the rats were
euthanized and vertebrae were obtained. After the removal of all soft tissue and posterior
processes, the vertebral specimens were stored at −21°C until utilization.

Micro-computerized tomography
After thawing at room temperature, specimens were scanned by a micro-computerized
tomography (micro-CT) scanner (SkyScan 1172-D, Kontich, Belgium) with the scanning
and reconstruction voxel sizes set at 16×16×16 µm3. The same scanning conditions (49 kV,
200 µA, 0.4° rotation per projection, 8 frames averaged per projection, and 40 ms exposure
time) were used for all specimens. Using a calibration curve based on known density
phantoms scanned under the same micro-CT conditions, the CT attenuation value of each
bone voxel was converted to the tissue mineral density (TMD) of bone, as introduced in a
previous study [24]. Non-bone voxels outside the vertebral cortex were cleaned using a
heuristic algorithm [25], while all voxels inside the vertebral cortex were maintained (Fig.
1). The entire three-dimensional (3D) region of vertebral centrum was masked using a
compartmentalizing method that we modified based on a procedure used in a previous study
to isolate a region of femoral trabecular bone [26]. After bone voxels inside each vertebral
image were segmented from non-bone voxels using the heuristic algorithm, bone voxels of
the vertebral cortex (CB) were digitally separated from those of the trabecular bone (TB) in
the centrum using the masked image of the vertebral centrum (Fig. 1). All of the masking
and compartmentalizing steps were performed using Image J software (NIH).

The masked volume represented the total volume (TV) of TB (Fig. 1). Bone mineral density
(BMD) was calculated by dividing the sum of TB TMD by TV. Mean value (Mean) of TMD
was computed by dividing the sum of TMD values by the total number of voxels in each
region using the TMD histograms of TB and CB (Fig. 2). Variability of TMD was
represented by the standard deviation (SD) and coefficient of variation (COV), which was
computed by dividing the SD by the Mean. Low and high TMD (Low and High) were
determined at the lower and upper 5th percentile values, respectively (Fig.2b). Total TB
fraction (BV/TV) was obtained by calculating the volume ratio of TB to TV. In addition, TB
architectural parameters were measured in the largest possible cylindrical region of interest
(ROI) in the vertebral centrum. The volume of the ROI was the same for all specimens.
Commercial micro-CT software (Microview, GE) was used to compute trabecular surface-
to-volume ratio (BS/BV), thickness (Tb.Th), number (Tb.N), separation (Tb.Sp), and
connectivity density (Conn.D) as defined in a previous study [25].

Creep test
Following micro-CT scanning, creep tests were performed using a commercial loading
device (ELF 3230, Bose, MN) with a 450 N load cell. An environmental chamber system
installed on the loading machine was used to control temperature (37°C) and maintain
specimen moisture during the creep tests. The solution used was 0.9% normal saline with
57.5 mg/l Ca++ to prevent mineral dissolution during long-term creep testing, as suggested

Kim et al. Page 3

Bone. Author manuscript; available in PMC 2013 November 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



in a previous study [27]. Before mechanical testing, machine compliance was measured
following a procedure from a previous study [28] and later taken into account in the
calculation of creep displacements. The height of each vertebra was measured using the
micro-CT image. Each isolated vertebral body was aligned in the loading cups following a
procedure that was used in a previous study for compressive mechanical testing of whole
human vertebral bodies [29]. Dental cement was mixed with water until it reached a doughy
stage. A small portion of the doughy dental cement was placed into the loading cup. Next,
the vertebral specimen was placed into the doughy dental cement of one loading cup and
aligned in the craniocaudal direction. We ensured that the bone cement covered the entire
endplate of the vertebra. Before the dental cement was completely cured, the position of the
vertebral body was adjusted so that the surface of its endplate was parallel to the loading
cup. The loading cup with the vertebral body was mounted on the upper axis of the loading
machine. The other loading cup containing the doughy dental cement was mounted on the
lower axis of the loading machine. The vertebral specimen potted in the upper loading cup
was lowered, by operating the loading machine, until the entire surface of the opposite
endplate was covered by the doughy bone cement in the lower loading cup. The vertebral
specimen was kept hydrated while the bone cement cured. The initial compressive stiffness
of each bone specimen was determined by applying 10 pre-cycles of a small apparent strain
(2000 µε) to each rat vertebra under displacement control. All displacement data were
obtained using a high-resolution (15 nm) displacement transducer, which was integrated
with the loading machine. After the pre-cyclic loading, all other mechanical tests were
performed under load control. The specimens were compressed at a load level corresponding
to a randomly assigned initial static apparent strain level, set at 2377.5±1226.4 µε, for both
the sham and OVX groups. This strain range was determined to be comparable to the peak
physiological compressive strain of bone, which is in the range of 2100 to 3100 µε, as
measured and estimated in previous studies [30, 31]. After determining the physiological
initial static apparent strain level, the applied initial static displacement was estimated by
multiplying the strain by the vertebral height. As a result, the applied initial displacement
levels were estimated to be 0.016±0.009 mm in the current study, which was about 5% of
the yield displacement (over 0.3 mm) of a rat lumbar vertebra measured in a previous study
[32]. Finally, the applied initial static load value, consistent with the estimated initial static
displacement, was computed by multiplying the initial static displacement and the initial
stiffness as estimated during the pre-loading cycles. Loads were applied at a rate that
corresponded to a strain rate of 0.01 ε/sec. Following 2-hour compressive creep loading,
each specimen was fully unloaded at the same loading rate and allowed to recover for 2
hours (Fig. 4). The durations of the loading-unloading cycles were the same as those used
for the creep tests performed on whole human vertebral bodies in a previous study [17]. The
applied static displacement (dl), corresponding to the applied static load (fl), was measured
during loading. The variable dl represents the elastic displacement of a specimen under the
physiological loading. Loading creep (Cl) was computed by subtracting the initial
displacement from the displacement measured at the end of 2 hours of creep loading. The
variable Cl accounts for the gradual displacement of a specimen under the prolonged,
constant, and physiological constant loading. Unloading creep recovery (Cul) was obtained
by subtracting the final displacement (residual displacement (dres)) at the end of the 2-hour
unloading process from the displacement measured at the end of the static unloading. During
the process of static unloading, while each specimen was still contained within the loading
pot of the machine, the creep loading on the specimen was released. Then, Cul was measured
as the gradual displacement of each specimen during the 2-hour holding period following
the static unloading process. Although the displacement of each specimen was partially
recovered upon unloading, it was not fully recovered, leaving the residual displacement,
dres. The creep parameters were normalized to the applied static displacements (dl) to
compare the creep response under a uniform displacement condition between specimens.
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Statistical Analysis
Of the total number of lumbar vertebrae (41) obtained from 36 rats, 15 vertebrae were not
available for analysis due to data acquisition errors. This experimental error rate was
comparable to that of previous fatigue-creep experimental studies [4, 33]. Excluding those
specimens, the creep data from 26 lumbar vertebrae (9 L3, 9 L4 and 8 L5) from 24 rats (12
rats for each group) were analyzed. As one vertebra from each rat was used, with the
exception of one rat from each group from which two vertebrae were obtained, data from 13
vertebrae from each group were successfully analyzed in the current study. Analysis of
variance (ANOVA) was performed to compare data between the sham and OVX groups for
BMD, TMD (TBMean, TBSD, TBCOV, TBlow, TBhigh, CBMean, CBSD, CBCOV, CBlow,
CBhigh), TB architectural parameters (BV/TV, Tb.N, Tb.Th, Tb.Sp, BS/BV, and Conn.D),
the initial conditions of the creep test (fl and dl), creep (Cl, Cul, dres) and the normalized
creep (Cl/dl, Cul/dl, dres/dl) parameters. For each group, Pearson’s correlation coefficients
were used to examine correlations between creep parameters and between normalized creep
parameters. If significant correlations were found for both groups, analysis of covariance
(ANCOVA) was used to test whether the correlations were different between the two
groups. To identify the parameter that best explained the vertebral creep behavior, stepwise
regressions were performed when comparisons of the creep parameters and the normalized
creep parameters with BMD, TMD and the architectural parameters were significantly
different between the sham and OVX groups. Significance was set at p<0.05 for all
statistical tests.

Results
The BMD and TB TMD parameters were significantly higher for the sham group than for
the OVX group (p<0.021), except for TBSD and TBCOV, which were significantly lower for
the sham group than for the OVX group (p<0.05) (Table 1). While CBmean and CBlow were
significantly higher for the sham group than for the OVX group (p<0.016), CBSD, CBCOV
and CBhigh were not significantly different between the two groups (p>0.232). The TB bone
volume fraction (BV/TV) and thickness (Tb.Th) were significantly higher for the sham
group than for the OVX group (p<0.002), but the surface-to-volume ratio of bone (BS/BV)
was significant lower for the sham group than for the OVX group (p<0.002). Other TB
architectural parameters were not significantly different between the two groups (p>0.140).

Original vertebral height was not significantly different between the sham (6.720±0.223
mm) and OVX (6.666±0.341 mm) groups (p=0.635). The creep test initial condition
parameters (applied load and displacement) were not significantly different between the two
groups (p>0.136, Table 1). A substantial loading creep was observed in both groups under
the constant physiological loading conditions over 2 hours (Fig. 4). Total vertebral
deformation, caused by the combination of initial static displacement and creep, was not
fully recovered during the 2 hour unloading duration, resulting in a substantial residual
displacement for both groups. None of the creep parameters were significantly different
between the two groups (p>0.619).

For correlations between the creep parameters, the loading creep had significant correlations
with residual displacement for both the sham and OVX groups (p<0.005), while other
correlations were not significant for both groups (p>0.335). The correlations between creep
and residual displacement were not significantly different between the two groups
(ANCOVA, p=0.435). The correlation between creep and residual displacement for all of
the vertebrae (sham and OVX) was significantly positive (r=0.735, p<0.001). Correlations
between the normalized creep parameters followed the same trends as the creep parameters.
The only significant correlation was between normalized creep and residual displacement
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for both groups (Fig. 5, r=0.868, p<0.001 for the pooled groups), while no other correlations
were significant (p>0.06).

The stepwise regression indicated that BV/TV had the best positive correlation with loading
creep for the sham group (p=0.05), and that TBSD had a strong negative correlation with the
unloading creep recovery for the OVX group (p<0.001) (Table 2 and Fig. 6). When the
creep parameters were normalized with applied displacement (dl), BMD and CBlow had the
best positive correlations with normalized loading creep and residual displacement,
respectively, for the sham group (p<0.043) (Table 2). For the OVX group, TMD variability
(TBSD and TBCOV) was the parameter with the best positive correlation with normalized
loading creep and residual displacement (p<0.038), and a negative correlation with
normalized unloading creep recovery (p<0.023). The TBSD had a strong positive correlation
with TBCOV for both groups (r=0.925, p<0.001).

Discussion
The observed time-dependent vertebral deformation was not fully recovered during the post-
creep unloading period, resulting in substantial residual displacement (dres) for both the
sham and OVX groups. The strong positive correlation between loading creep (Cl) and dres
indicated that the creep caused by prolonged loading at a modest elastic level could give rise
to the progressive permanent reduction in vertebral height for both groups. The TMD
variability was the parameter that best determined the unloading creep recovery (Cul) and
the normalized creep parameters (Cl/dl, Cul/dl, dres/dl) for the OVX group. It was observed
that higher rates of trabecular bone turnover due to active bone remodeling amplify the
variability of TB TMD in an OVX rat model [22, 34]. Taken together, these results suggest
that an increase in the variability of TB TMD resulting from high bone turnover plays an
important role in controlling the viscoelastic creep behavior of the OVX rat vertebrae.

Estrogen deficiency has been shown to stimulate excessive osteoclast resorption activities in
an OVX rat model [22, 35]. An imbalance between bone resorption and formation can cause
a net loss of bone tissue, resulting in a lower bone mass (BMD and BV/TV) in the OVX rat
group when compared to the control rat group [22, 35, 36]. Consistent with the previous
results, we found that TB BMD and BV/TV of the OVX group were lower than they were in
the sham group. To be sure these parameters were measured based on the entire region of
vertebral cancellous centrum, we isolated the centrum by following the digital separation
between the vertebral centrum and the vertebral cortex in the 3D micro-CT images (Fig. 1).
Thus, the current results should provide a comprehensive analysis that avoids a potential
measurement bias due to the regional variation of trabecular bone mass in the vertebral
centrum [37, 38].

Recently, it was found that creep had a significant positive correlation with post-creep
residual deformation in human vertebral cancellous bone after a constant physiological level
of loading [16]. In the current study, we also found that substantial creep development was
significantly correlated with the permanent residual deformation of the vertebrae in both the
sham and OVX rat groups. This result indicated that creep is responsible for the progressive
accumulation of permanent damage in vertebrae during long-term loading at the relatively
modest physiological level.

Bone mass parameters have been accepted as strong surrogates for stiffness and strength of
bone [19, 39]. Because creep is a time-dependent deformation that continues with constant
loading, we speculated that creep would be reduced by increasing the bone mass parameters.
However, contrary to our expectations, the amount of creep increased with increasing BV/
TV and BMD for the sham group. Furthermore, these bone mass parameters did not account
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for changes in other creep parameters in either the sham or OVX group. Yamamoto et al.
[15] indicated that there was no significant correlation between apparent density and creep
in human vertebral cancellous bone. Pollintine et al. [17] also observed no significant
correlation between BMD and the anterior wedge angle (deformation) of a human vertebral
body during creep loading. Their results suggested that the mechanism involved in
controlling the viscoelastic creep behavior of bone is different from that involved in the
elastic and fracture response of bone. Thus, new parameters, other than the traditional
parameters that have been used to explain the elastic and fracture properties of bone, are
needed to describe the viscoelastic creep behavior of a whole vertebra.

Previous studies suggested that the trabecular architecture of vertebral centrum could affect
the mechanical properties of vertebral bone [22, 40]. The trabecular thickness (Tb.Th) and
fracture strength of rat vertebrae were shown to have significantly decreased 2 months post-
OVX, while trabecular formation and resorption surface area were increased [22]. In the
current study, we also observed that Tb.Th decreased and BS/BV increased 2 months after
OVX, but the viscoelastic creep parameters did not change in association with those
architectural parameters. Brouwers et al. [4] found no correlation between centrum
trabecular architecture and fatigue-creep development in rat vertebrae. In addition,
architectural variation did not explain continuous creep in human vertebral trabecular bone
[16]. Taken together, these results indicated that the bone architecture-dependent mechanism
involved in static fracture is not applicable to the explanation of the long-term viscoelastic
deformation of vertebrae.

It has been thought that bone quality plays an important role in determining the mechanical
stability of bone, as well as the overall bone quantity [41]. Bone quantity can be estimated
by the bone mass parameters (BV/TV and BMD). On the other hand, the distribution of the
TMD parameters, which is a result of bone turnover at different time points, can reflect one
of the many different aspects of bone quality [42, 43]. Bone remodeling removes pre-
existing (more mineralized) bone tissue while adding immature (less mineralized) bone
tissue, and the long-term process of mineralization of the newly formed tissue is started [43].
As such, TMD variability inherently increases while the overall amount of TMD decreases
under active bone remodeling. Estrogen deficiency accelerated this process of bone
turnover, which is commonly observed in both human and animal bone [22, 23, 34, 43, 44].
Consistent with previous results, we found that TB TMD variability (TBSD and TBCOV) was
significantly higher in the OVX group than in the sham group, while the parameters of TB
TMD (TBMean, TBlow, and TBhigh) were lower. On the other hand, the CB variability was
not significantly different between the two groups, while some parameters of CB TMD
(CBMean and CBlow) were significantly lower in the OVX group. These findings indicate
that the active bone remodeling triggered by OVX had a greater effect on the TB component
of the vertebrae than the CB component by significantly increasing both new bone formation
in regions of low mineralization (TBlow) and pre-existing bone resorption in highly
mineralized regions (TBhigh) in the OVX TB. Consequently, the TB TMD histogram for the
OVX group moved toward lower values than the histogram for the sham group (Fig. 2b).
The higher bone turnover rate in the trabecular bone could arise from the fact that the
surface area to be remodeled is larger than that in the cortical bone region, as indicated in
previous studies [21, 45].

The TB TMD variability was the parameter that controlled the creep parameters. As
significant correlations were found only in the OVX group and not in the sham group, it is
clear that estrogen deficiency-induced alteration of TB TMD variability has an effect on the
creep behavior of an entire OVX vertebra. In order to account for the creep behavior of
individual specimens, the creep parameters were normalized via the applied static initial
displacement. This uniform displacement condition allows for identification of the roles of
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the bone tissue properties in determining the mechanical response of bone, independent of
structural variation between specimens [4]. Based on the normalized creep parameters, we
found that the increased TB TMD variability of the OVX vertebrae resulted in more
permanent residual displacement as a result of the combination of increasing creep and
decreasing post-creep recovery. Taken together, the current results suggested that the creep
behavior at the organ level of an OVX vertebra could be controlled by the degree of mineral
distribution at the tissue level, which is altered by estrogen deficiency-induced active bone
remodeling.

The exact mechanism of the creep behavior of bone associated with physiological loading
levels has not been clearly understood. Nanoindentation tests on bone tissue showed that
more creep occurred in newly forming (less mineralized) bone tissue than in old pre-existing
(more mineralized) bone tissue [46]. As such, overall creep at the organ level increases
when regions of newly forming bone tissue are added. On the other hand, the TMD-
dependent creep development may produce shear movement between adjacent tissues with
different mineral densities [47]. If these local micromotions at the tissue level of bone are
not fully recovered by unloading, the permanent residual displacement will accumulate with
time. The current results reflected these concepts because the creep and residual
displacement both increased with increasing TB TMD variability in the OVX group.
However, the creep parameters were not significantly different between the sham and OVX
groups. We performed an additional analysis to test the correlations between TB TMD
variability and the creep parameters of a pooled group, which included both the sham and
OVX groups. The same trend of significant correlations was obtained for the pooled group
(p<0.037) as was found for the OVX group, while the correlation coefficients became
weaker when compared to those from the OVX group alone. These results indicate that the
creep behavior of the sham group was, in general, controlled by the TMD variability, while
some outliers did not follow this trend. Based on these results, we hypothesize that
additional creep will develop with further increases in TMD variability resulting from the
continued progression of estrogen-deficient postmenopausal osteoporosis in the OVX group,
while creep will not continue to develop in the sham group without the estrogen deficiency-
induced changes in TMD variability. This additional creep may result in more cumulative
post-creep vertebral deformation, which would eventually become distinguishable from
what occurs in the sham group. Further studies that include visualization of creep
development at the tissue surface are necessary to test this hypothesis.

There are limitations to the current study. First, the vertebral structure of the rat model is not
identical to that of human vertebrae. The OVX rat vertebral model has been most commonly
used for controlled estrogen deficiency-dependent osteoporosis research [48]. Many
previous static and dynamic mechanical tests were performed using OVX rat vertebrae [4,
18, 22]. However, the differences in vertebral structure between rats and humans may give
rise to a different distribution of the amount of stress in the bone. It was observed that the
variation of trabecular architecture did not influence the creep behavior of human vertebral
trabecular bone [16], just as we found using the current rat model. Thus, while the current
results were limited to a comparison of the absolute magnitude of the creep parameters to a
human vertebral model, it was possible to examine the role of TMD distribution in
controlling the creep behavior of bone, independent of its architecture. The second limitation
of this study was that creep data from some of the vertebrae were excluded because of the
detection of an unstable displacement signal during the prolonged creep period. This data
acquisition error may have arisen from a micro-slipping motion at the mechanical
interlocking interface between the dental cement and the irregular endplate surface of each
rat vertebra. The high-resolution displacement transducer, with a resolution of 15 nm, was
able to detect this minute variation in the displacement signal. Thus, only the creep data with
a smooth creep curve were included in the current results. Third, we did not attempt to
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analyze microcrack development in the bone matrix. Microcracks may have occurred in the
current animal vertebral specimens, as it has been observed in human cortical bone under
creep as a result of the physiological cyclic loading [49]. In addition, we did not analyze the
collagen component of the bone, which has been widely accepted as a key element in
determining the viscoelasticity of bone [50, 51]. Recently, Sasaki et al [52] found that the
dissolution of mineral from bone reduces its elastic modulus and changes its viscoelastic
properties. Furthermore, Pathak et al [53] found a higher viscoelastic response occurred in
bone matrix that had a lower mineral-to-matrix ratio. These findings suggest that the
viscoelastic properties of bone are likely controlled by a combination of the mineral and
collagen components in the bone matrix. We focused on examining the mineral density
distribution at the tissue level, so histological analysis of microcracks and the collagen
component of the bone matrix were beyond the scope of the current study. If the microcrack
and collagen component analyses could be performed on the post-creep vertebral specimens,
in combination with the current tissue mineral analysis, it would help to further elucidate the
mechanism of the creep behavior of bone.

In conclusion, variability of trabecular tissue mineral density influences the viscoelastic
creep behavior of an OVX rat vertebra under long-term compressive loading at the
physiological level. It is well known that estrogen deficiency-induced active bone
remodeling changes bone mass and architecture, decreasing the elastic and fracture
mechanical properties of postmenopausal osteoporotic bone. In addition, we suggest that the
distribution of tissue mineralization, which accounts for bone quality, should be considered
in the assessment of the time-dependent mechanical response of osteoporotic bone. The
current results provide an insight into how bone quality contributes to the accumulation of
residual deformation following prolonged compressive creep, which, through aging, is an
active process of postmenopausal, osteoporotic vertebral body deformity.
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Highlights

- Effect of estrogen deficiency on the creep behavior of vertebral bone was
examined.

- Correlations of creep parameters with bone mineral density, tissue mineral
density and architectural parameters of vertebral bone were tested.

- Viscoelastic creep of vertebral bone under physiological loading was not
fully recovered during the post-creep unloading period.

- A strong positive correlation was found between loading creep and residual
displacement.

- Variability of tissue mineral density was the parameter that best determined
creep parameters of estrogen deficient vertebrae.
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Fig. 1.
The procedure used to identify the vertebral centrum (Centrum) in masking region, the
trabecular bone (TB) in the centrum, and the cortex (CB). In this figure, the endplate of the
vertebra was digitally removed to show the trabecular centrum inside the vertebra, while the
whole vertebral body was included in the analysis.
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Fig. 2.
a) Detailed TMD distribution in TB. A darker color represents less TMD. b) A typical TMD
histogram of a micro-CT image. The TMD distribution was different between the sham
(black) and OVX (gray) groups.
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Fig. 3.
Loading machine with the environmental chamber and a specimen secured with dental
cement.
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Fig. 4.
A typical displacement-time creep curve. Creep developed with time during loading (7200
sec) and unloading (7200 sec) periods. The terms related to mechanical creep testing were
defined using the typical creep curves. ➀; loading origin, ➁-➀; static loading displacement
(dl), ➂-➁; loading creep (Cl), ➃-➂; static unloading displacement (dul), ➄-➃; unloading
creep recovery (Cul), and ➄; residual displacement (dres).
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Fig. 5.
A strong positive correlation between normalized creep (Cl/dl) and residual displacement
(dres/dl) for both groups (r=0.868, p<0.001 for pooled group, n=26).
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Fig. 6.
A correlation between unloading creep recovery (Cul) and variability of trabecular tissue
mineral density (TBSD). The TBSD of the OVX group has a significant, strong negative
correlation with the unloading creep (r=-0.942, p<0.001, n=13), while that of the sham
group does not have a significant correlation (p=0.563, n=13).
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Table 1

Comparison of parameters between the sham (n=13) and OVX (n=13) groups. Significantly different (p<0.05)
parameters are highlighted in bold.

Parameters sham
(mean±SD)

OVX
(mean±SD)

p

TB BMD parameter BMD (mg/cm3) 847.29±98.19 718.35±53.27 <0.001

TMD parameters

TBmean (mg/cm3) 1819.0±45.4 1754.7±29.7 <0.001

TBSD (mg/cm3) 146.03±7.30 153.61±11.02 <0.05

TBCOV 0.080±0.003 0.088±0.006 <0.001

TBlow (mg/cm3) 1570.7±39.9 1499.4±28.7 <0.001

TBhigh (mg/cm3) 2043.6±54.0 1998.0±38.5 <0.021

CBmean (mg/cm3) 1777.4±32.2 1744.2±32.4 <0.016

CBSD (mg/cm3) 164.72±9.00 165.65±10.51 0.810

CBCOV (mg/cm3) 0.093±0.004 0.095±0.006 0.232

CBlow(mg/cm3) 1466.2±14.5 1445.5±12.6 <0.001

CBhigh(mg/cm3) 2009.0±41.9 1992.7±41.9 0.331

TB architectural parameters

BV/TV 0.465±0.045 0.409±0.026 <0.001

Tb.N (mm−3) 4.885±0.536 4.719±0.261 0.325

Tb.Th (mm) 0.079±0.004 0.073±0.004 <0.002

Tb.Sp (mm) 0.128±0.028 0.139±0.014 0.196

BS/BV (mm−1) 25.30±1.342 27.41±1.672 <0.002

Conn.D (mm−3) 51.85±8.205 56.76±8.198 0.140

Initial condition parameters
fl (N) 25.19±16.74 16.80±10.23 0.136

dl (mm) 0.015±0.008 0.017±0.009 0.657

Creep parameters

Cl (mm) 0.018±0.010 0.017±0.007 0.703

Cul (mm) 0.004±0.003 0.003±0.003 0.619

dres (mm) 0.027±0.012 0.025±0.011 0.775

Normalized Creep Parameters

Cl/dl 1.463±0.733 1.249±0.678 0.449

Cul/dl 0.246±0.194 0.164±0.099 0.187

dres/dl 1.945±0.684 1.672±0.734 0.336
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