1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

s NIH Public Access
I‘E@" Author Manuscript

Rrens®

Published in final edited form as:
JBiomech. 2011 June 3; 44(9): 1660-1665. doi:10.1016/}.jbiomech.2011.03.025.

Variability of Tissue Mineral Density Can Determine
Physiological Creep of Human Vertebral Cancellous Bone

Do-Gyoon Kim”*, Daniel Shertok?, Boon Ching Teel, and Yener N. Yeni2
1 Division of Orthodontics, College of Dentistry, The Ohio State University, Columbus, Ohio, USA

2 Bone and Joint Center, Henry Ford Hospital, Detroit, Michigan, USA

Abstract

Creep is a time-dependent viscoelastic deformation observed under a constant prolonged load. It
has been indicated that progressive vertebral deformation due to creep may increase the risk of
vertebral fracture in the long-term. The objective of this study was to examine the relationships of
creep with trabecular architecture and tissue mineral density (TMD) parameters in human
vertebral cancellous bone at a physiological static strain level. Architecture and TMD parameters
of cancellous bone were analyzed using microcomputerized tomography (micro-CT) in specimens
cored out of human vertebrae. Then, creep and residual strains of the specimens were measured
after a two-hour physiological compressive constant static loading and unloading cycle. Creep
developed (3877+2158 pe) resulting in substantial levels of non-recoverable post-creep residual
strain (1797+1391 pe). A strong positive linear correlation was found between creep and residual
strain (r=0.94, p<0.001). The current results showed that smaller thickness, larger surface area,
greater connectivity of trabeculae, less mean tissue mineral density (TMD, represented by gray
levels) and higher variability of TMD are associated with increasing logarithmic creep rate. The
TMD variability (GLcoy) was the strongest correlate of creep rate (r=0.79, p<0.001). This result
suggests that TMD variability may be a useful parameter for estimating the long-term deformation
of a whole vertebral body. The results further suggest that the changes in TMD variability
resulting from bone remodeling are of importance and may provide an insight into the
understanding of the mechanisms underlying progressive failure of vertebral bodies and
development of a clinical fracture.
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1. Introduction

Many clinical studies have indicated that progressive vertebral deformation of elderly
patients results in long-term vertebral height loss and back pain (Briggs et al., 2004;
Fechtenbaum et al., 2005; Keller et al., 2003; Melton I11 and Kallmes, 2006) and can
eventually lead to a clinically established vertebral fracture (Keller et al., 2003; Sone et al.,
1997). This loss of height implies that permanent deformations during prolonged mechanical
loading of vertebral bodies are relevant to the tendency of a vertebra to collapse.

Creep is a continuous, time-dependent deformation observed in viscoelastic materials under
a constant load (Lakes, 1999). Bone is a viscoelastic material in which mechanical
properties change over the duration of loading (Currey, 1965; George and Vashishth, 2005;
Kim et al., 2004b; Lynch and Silva, 2008; Rimnac et al., 1993; Sasaki and Enyo, 1995).
Yamamoto et al. (2006) applied a physiological static creep (1500 ug) on human vertebral
cancellous bone and found a substantial creep development up to approximately 180% of the
applied initial elastic strain. Of post-creep deformation, about half was not recovered,
remaining as a residual strain. Furthermore, similar levels of creep and residual strain were
measured during a physiological creep loading (1kN, corresponding to a range of strains
between 1246 and 2018 ue)-unloading cycle on whole human vertebrae (Pollintine et al.,
2009). These findings suggested that progressive vertebral deformation would develop even
at the physiological loading level over years, which may increase the risk of vertebral
failure. However, very little is known about the factors that determine creep and recovery
behavior of cancellous bone.

Bone mass or bone mineral density (BMD) is the strongest single determinant of cancellous
bone mechanical properties (Keaveny et al., 2001; Kopperdahl and Keaveny, 1998). Thus, it
is not surprising that less bone mass is associated with higher fracture risk of bone.
However, it was indicated that bone mass alone can not fully explain bone fragility (Heaney,
2003; McCreadie and Goldstein, 2000) and creep of trabecular bone (Yamamoto et al.,
2006). While BMD is defined to be the mineral content within an apparent volume of bone
(including porosity and bone marrow, as well as bone matrix), the tissue mineral density
(TMD) represents mineral content contained only in the matrix of bone (Tassani et al.,
2011). Previous studies showed that TMD distribution of trabecular bone is altered after
antiresorptive treatment with bisphosphonates in postmenopausal osteoporosis patients
(Boivin et al., 2003; Borah et al., 2006). It has been also reported that TMD distribution is
an important parameter in determining strength and elastic mechanical properties of bone
matrix (Busse et al., 2009; Jaasma et al., 2002; van der Linden et al., 2001; van Ruijven et
al., 2007; Yao et al., 2007). In addition to the bone tissue mineralization parameters,
trabecular architectural parameters were also widely investigated for their association with
mechanical properties of cancellous bone (Hernandez and Keaveny, 2006). However, to
date, association of physiological creep behavior with architectural and TMD parameters of
trabecular bone has not been investigated.

Because microstructural organization and tissue mineralization are strong determinants of
the apparent and hard tissue mechanical properties of bone, we expect that the
microstructural and mineralization parameters can contribute in determining the time-
dependent mechanical behavior of bone. Therefore, we hypothesized that creep parameters
strongly correlate with microstructure and TMD parameters in cancellous bone. The
objective of this study was to examine the relationship of creep with trabecular architecture
and mineralization in human vertebral cancellous bone at a physiological load level.

J Biomech. Author manuscript; available in PMC 2012 June 3.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Kim et al.

Page 3

2. Materials and Methods

Thirteen vertebrae (T10: 1, T12: 3, L1: 3, L2: 3, L4: 2, and L5: 1) were prepared from 6
human cadavers (63~85 yrs, 3 males, and 3 females). Sixteen cylindrical cancellous bone
specimens (J 7.54+0.13 mm x 9.39+0.2 mm) were obtained from the 13 vertebral
cancellous centrums (one specimen per vertebra using 10 vertebrae and two specimens per
vertebra using 3 vertebrae) under irrigation (Fig. 1a). The cored cylindrical specimens were
stored at —21°C until utilized. After thawing at room temperature, the marrow and inter-
trabecular water were removed by water- and air-jetting. Specimens were scanned by an in-
house micro-CT scanner (20 um) following previously developed protocols (Hou et al.,
1998; Reimann et al., 1997). Bone voxels were digitally segmented from background noise
in the three-dimensional (3D) reconstructed (20 um) micro-CT images using commercial
micro-CT software (Microview, GE). In the process of segmentation, the CT attenuation
value (gray level (GL)) of a bone voxel, which is equivalent to bone tissue mineral density
(TMD), was maintained in the micro-CT image (Fig. 1a and b). After segmentation, gray
level density (GLD) and mean gray level (GLpjean) Were calculated by dividing the sum of
gray levels of bone voxels by an apparent total volume (TV) of the cylindrical specimen and
by the total number of bone voxels, respectively. Variability (coefficient of variation) of
gray levels (GLcoy) was determined by dividing GL standard deviation (GLgp) by GLean
for each specimen. A customized code for morphological analysis was used to compute
trabecular bone volume fraction (BV/TV), trabecular number (Th.N), thickness (Th.Th),
separation (Th.Sp), surface-to-volume ratio of bone (BS/BV), and connectivity density
(Conn.D) using the segmented micro-CT images of cylindrical cancellous bone specimens
(Kim et al., 2004a).

Following micro-CT scanning, creep tests were performed using a loading device (ELF
3200, EnduraTec, MN) with a 450 N load cell. An environmental chamber system installed
on the loading machine was used to control temperature (37°C) and specimen moisture
during creep tests. Before mechanical testing, machine compliance was measured following
a previous study (Kalidindi et al., 1997) and accounted for later in calculation of creep
displacements. After thawing, each specimen was mounted on a flat compressive loading
jig. To avoid a sliding artifact during mechanical testing, both ends of the cancellous bone
specimen were glued on metal jigs (Yeni and Fyhrie, 2001). The specimens were preloaded
up to 0.01 MPa in order to glue the specimen on the metal jig surface. The initial
compressive modulus (Eg) of each bone specimen was determined by conducting 10 pre-
cycles at a small elastic compressive strain range up to about 2000 pe under displacement
control. All other mechanical tests were performed under load control. The specimens were
compressed at the stress level corresponding to 2000 pe with a loading rate corresponding to
a strain rate of 0.01 e/sec. Using the initial modulus, an apparent stress corresponding to an
apparent strain of 2000ue (o= 2000ue x Eg) was prescribed. This strain value was estimated
as close to in vivo strains of human vertebral trabecular bone (Kopperdahl and Keaveny,
1998; Yamamoto et al., 2006). Following 2 hour compressive creep loading, the specimen
was fully unloaded with the same loading rate and allowed to recover for 2 hours (Fig. 2).
These durations for the loading-unloading cycle were the same as used for the whole
vertebral body creep tests (Pollintine et al., 2009). The data sampling rates were 100 Hz for
the static loading/unloading periods and down to 0.003 Hz for the creep periods. We did not
use a smoothing process. Specimen moduli were determined using slopes of stress-strain
curves during the whole static loading (E;) and unloading (E,) ranges of the creep cycle
(Fig. 2a), and static strains were measured during loading (gj) and unloading () (Fig. 2b).
Loading creep (C,;) was computed by subtracting the initial strain from the strain measured
at the end of 2 hours of creep loading and unloading creep recovery (C;) was obtained by
subtracting the final strain at the end of 2 hours of unloading recovery from the strain
measured at the end of static unloading. Residual strain (gres) Was measured as the final
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strain at the end of a 2 hour unloading recovery process. Slopes of logarithmic time-to-creep
curve for the 2 hour loading and unloading creep cycles were separately measured to obtain
creep rates for loading (a;) and unloading (ay;) processes (Fig. 3).

Paired t-tests were performed to compare between loading and unloading periods for
modulus (E; vs Ey), static strain (g vs g), creep (C; vs Cy) and creep rate (aj vs a,). Linear
regression was used to characterize the logarithmic time-to-creep curve. Pearson’s
correlation coefficients were used to examine correlations between creep parameters (E;, Ey,
C1, Cuiy @1, ay and grq5) and correlations of the creep parameters with architectural (BV/TV,
Th.N, Th.Th, Th.Sp, BS/BV, and Conn.D) and TMD (GLD, GLpjean, GLsp, and GL¢cop)
parameters. For the architectural and TMD parameters that had significant correlations with
the creep parameters, stepwise regressions were performed to find the best parameter to
explain the creep behavior. Significance was set at p<0.05 for all statistical tests.

The initial static loading strain (g;) values (19984148 ) were close to the targeted value
(2000 pe). The initial static stresses to achieve these strain values were 0.53+0.26 MPa.
Creep (C)) increased with time for all cancellous bone specimens under loading for 2 hours
(3877+2158 pe) (Fig. 2). The unloading modulus (E;) was significantly higher than the
loading modulus (E;) (p<0.013) (Table 1). The static unloading strain (g;) was significantly
lower than the static loading strain (g)) (p<0.041). The creep was not fully recovered after a
two-hour unloading, as indicated by the significantly lower value of unloading creep
recovery (Cy) than that of loading creep (C) (p<0.001). Combination of these incomplete
recoveries of static strain and creep resulted in substantial residual strain (17971391 pg)
after the loading-unloading creep cycle. A linear fit to the log-log plot of creep vs. time
curves was used for both creep loading and unloading creep recovery for each specimen
(Fig. 3, r=0.95~0.99, p<0.001). The loading creep rate (aj) was significantly higher than the
unloading recovery rate (a,) (p<0.001).

Significant positive correlations were found between loading and unloading moduli (E; vs
Eu), creep (Cy vs Cyy), unloading creep recovery and loading creep rate (Cy vs a;), and creep
and residual strain (C; vs greg and Cy VS grgg) (r=0.52~97, p<0.04) (Table 2) while the
correlations between other creep parameters were not significant (p>0.086).

The unloading modulus (E;) had a significant negative correlation with variability of gray
levels (GLcoy) (r=—0.52, p<0.038). The creep rate (aj) had significant or marginally
significant positive correlations with BS/BV, Conn.D, GLgp and GLcov (p<0.001 to
p<0.067) but negative correlations with Th.Th and GLpean (p<0.054 for both) (Table 3). All
other correlations of creep parameters with architectural and gray level parameters were not
significant (p>0.095). The GL¢coy had the strongest correlation with a; (r=0.79, p<0.001)
(Fig. 4). The stepwise regression including all of the architectural and TMD parameters that
had significant correlations with a; in Table 3 confirmed that the GLcoy was the only
parameter to explain aj (p<0.001). The GL¢oy significantly correlated with the parameters
that had significant or marginal correlations with a; (Table 3).

4. Discussion

The creep (C;) was observed in human vertebral cancellous bone under the physiological
compressive loading level resulting in the substantial non-recoverable post-creep residual
strain (greg). The strong positive linear correlation between creep and residual strain
indicated that the physiological creep could determine the permanent decrease in ancellous
bone height. We found that smaller thickness, larger surface area of trabeculae, greater
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connectivity, less mean tissue mineral density (TMD, represented by gray levels), and higher
variability of TMD, are associated with increasing logarithmic creep rate (a). Of the
architectural and TMD parameters, the TMD variability (GLcoy) turned out to be the
strongest parameter that correlated with the creep rate. It was previously indicated that
higher rates of bone turnover increase the variability of TMD (Yao et al., 2007). Combined
together, these observations suggest that increased variability of TMD in association with
high bone matrix turnover would contribute to the long-term deformation of cancellous bone
under physiological creep.

The initial static strains used in this study was higher than those used in the previous study
(Yamamoto et al. (2006)) but the creep loading duration was shorter. Despite these
differences in loading protocols, we found substantial residual strain after the creep-recovery
loading cycle of bone consistent with those observed in the previous studies (Currey, 1965;
Pollintine et al., 2009; Yamamoto et al., 2006). Yamamoto et al. (2006) measured creep and
residual strains of human L3 vertebral cancellous bone developed under prolonged static
loading corresponding to 750 pe (169 pe for creep and 5154255 pe for residual strain) and
1500 pe (1198 pe for creep and 1565590 pe for residual strain) static strains for a 125,000
sec load-unload period. They estimated that the residual strain would be recovered within 26
days and 63 days in the 750 pe and 1500 pe loading groups, respectively. Compared with
their study, the current creep tests applied higher loading corresponding to a higher static
strain (1998 ue) and a shorter load-unload period (7200 sec). The loading conditions of the
current study produced higher creep and residual strains (3877+2158 pe and 1797+1391 pe,
respectively) than those of the previous study (Yamamoto et al. (2006)). However, the full
recovery time for the higher amount of strain resulting from the current loading condition
was estimated shorter (11 days) based on the unloading equation in Fig 3. Overall, these
results indicate that the amount of creep and residual strains would strongly depend on the
applied initial loading level whereas full recovery time would depend on combination of
loading-unloading duration and the initial loading level. This finding suggests that a
complex interaction between activity level and duration, and rest periods in determining
long-term creep in real life.

The amount of residual strain was dependent on the level of creep development. No
traditional parameters related to mechanical properties of cancellous bone including
modulus (E; and E,;j), bone volume fraction (BV/TV) and bone mineral density (GLD) could
explain the creep parameters measured in the current study. This result agreed with
Yamamoto et al. (2006) who found no significant correlations between apparent density and
any outcome variables of creep in human vertebral cancellous bone. On the other hand, the
logarithmic creep rate (a;) was significantly associated with trabecular thickness (Th.Th) and
all of TMD parameters examined in the current study. Increase in the logarithmic creep rate
accounts for non-linear (power law) acceleration of creep in a given duration of loading. The
stronger correlations of TMD parameters with the creep rate suggests that degree of
mineralization at the tissue level is involved in the time-dependent creep mechanisms and
may be a significant source of the apparent viscoelastic behavior in trabecular bone.

Perhaps most noteworthy is the finding that TMD variability (GLcoy) showed a strong
positive linear correlation with the creep rate independent of architectural measures. It was
previously found that the TMD variability of bone increased by active bone remodeling that
produces more newly forming (less mineralized) bone matrix (Ames et al., 2010; Roschger
et al., 2008; Ruffoni et al., 2007; Yao et al., 2007). Yao et al. (2007) observed that estrogen
deficiency elevated bone turnover of ovariectomized (OVX) rat vertebral trabeculae
resulting in higher TMD variability, mineralizing surface and connectivity density, and
lower mean TMD and trabecular thickness compared to sham surgery. Similar changes of
the architectural and TMD parameters were also observed in association with active bone
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remodeling in postmenopausal human patients (Borah et al., 2005; Parfitt et al., 1997;
Roschger et al., 2001; Seeman, 2003; Sornay-Rendu et al., 2009). Although many studies
indicated that increase in TMD variability leads to inferior static mechanical properties of
bone (Jaasma et al., 2002; van der Linden et al., 2001; van Ruijven et al., 2007; Yao et al.,
2007), no study has investigated the correlation of the TMD variability with a viscoelastic
property of bone. To our knowledge, the current study is the first experiment that examined
the effect of TMD variability on time-dependent viscoelastic creep behavior of human
trabecular bone. The current results reinforce the notion that residual strains due to the
compressive creep of vertebral trabecular bone may be a mechanical cause for the
progressive height loss vertebrae observed postmenopause. The strong positive correlation
between the TMD variability with the creep rate suggests changes in bone turnover rate and/
or targeted remodeling that may result in increased TMD variability could cause
acceleration of creep and contribute to the development of vertebral deformities.

Mechanism of creep behavior of bone under a small physiological load level has not been
fully understood. It was indicated that trabecular bone damage may start at the load level
corresponding to as small as 2000 ue (Morgan et al., 2001; Morgan et al., 2005). If the bone
specimens were damaged by loading, the unloading modulus should decrease relative to the
loading modulus (Joo et al., 2007). In contrast, we found that the post-creep unloading
modulus of the specimen was significantly greater than the pre-creep loading modulus. This
increase of post-creep modulus was accompanied by, as expected under a constant load
level, a significantly lower post-creep unloading static recovery strain (g) than the static
loading strain (gf). These results imply that a reorganization of micro- or ultrastructural
components of bone matrix is caused by compressive creep and this new organizational state
is not fully released at unloading. Lakes and Saha (1979) showed that creep developed at
cement lines of bone under a prolonged constant loading. They suggested that internal
friction at cement lines would be a source of the creep (Lakes and Saha, 1979). The number
of inter-packet cement lines inherently increases while more new trabecular packets are
produced by rapid bone turnover (Boyde, 2002; Marcus, 1996; van der Linden et al., 2001).
It was found that newly forming bone matrix develops more creep than existing bone matrix
(Kim et al., 2010). These observations suggest that creep behavior of trabecular bone also
would be controlled by the degree of bone remodeling. This suggestion is supported by the
current finding of the strong positive correlation between the creep rate and the TMD
variability that is likely accelerated by active bone remodeling.

Although vertebral cortex would substantially share mechanical stress applied on vertebra
with trabecular centrum (Eswaran et al., 2006), the current measurements did not include the
creep behavior of cortex. Recently, Pollintine et al. (2009) applied 2 hour creep-unloading
cycles corresponding to physiological strain (1246~2018 pe) on a whole vertebral body.
They measured creep (2867~3133 pe) and residual strain (up to 2540 ue) values in the
anterior vertebral region, which are comparable to those from the current creep tests of
vertebral cancellous bone only. These results suggest that the cancellous centrum rather than
the cortex is largely responsible for the creep behavior of the anterior vertebral region in
which a greater creep was observed in comparison to other vertebral regions as the previous
study measured (Pollintine et al., 2009).

Some limitations must be noted. First, the sample size of 16 used in the current study was
small but it was comparable with that in Yamamoto et al. (2006) who succeeded to show the
creep development with a sample size of 12 human vertebral cancellous bones. However,
larger scale studies are necessary for further confirmation of the significant observations
found in the current study. Second, the specimens were preloaded (0.01 MPa) to ensure the
contact between the surfaces of loading jig and trabecular bone. As the amount of preload
was less than 2% of loading stress, we ignored the effect of preload on creep development.

J Biomech. Author manuscript; available in PMC 2012 June 3.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Kim et al.

Page 7

Third, we did not apply cyclic loading which would be more realistic for simulating daily
activities. We feel our static loading condition was justified because Yamamoto et al. (2006)
clearly demonstrated that no significant differences in creep and residual strain developed
between static loading corresponding to 1500 pe and cyclic loading corresponding between
0 and 1500 pe at 8Hz for the same loading duration. Fourth, this study was not designed to
examine the possible biological activities including bone remodeling that may be stimulated
while creep develops. Pattin et al. (1996) suggested that 4000 pe in compression is within a
strain range to trigger bone remodeling (Pattin et al., 1996). As such, the sum of
compressive static strain and creep that was measured 5875 pe in the current study likely
stimulates bone remodeling in a live patient. The newly forming bone matrix during the
bone remodeling may accelerate local creep development leading to increase in overall
apparent creep. If the structure of cancellous centrum bone deformed due to creep becomes
permanent by continuous bone remodeling, the accumulation of such deformation may
contribute to the development of clinically observable whole vertebral deformities. On the
other hand, it is possible that the residual creep deformation is released by bone remodeling.
Pollintine et al. (2009) noted that creep deformation can not always lead to bone fracture
because bone creep can be reversed in living tissues (Lynch and Silva, 2008). However,
investigating these biological activities during creep in vivo was beyond the scope of the
current study.

In conclusion, viscoelastic creep development in vertebral trabecular bone caused residual
strain, accumulation of which could be a mechanical cause of time-dependent vertebral
height loss. We examined several architectural and mineralization parameters and identified
TMD variability as a possible determinant of creep rate in cancellous bone. This result
suggests that the changes in TMD variability, potentially resulting from bone remodeling, is
of importance in providing a useful parameter for estimating the long-term deformation and
understanding the mechanisms underlying progressive failure of a whole vertebral body.
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Fig. 1.
a) An axial view after micro-CT scanning and reconstruction, and b) a detailed view of the
gray levels of bone-only voxels. More gray color represents less TMD.
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Fig. 2.

a) A typical stress-strain curve of creep and b) strain development with time during loading
and unloading periods. The terms related to mechanical creep testing were defined using the
typical creep curves.
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A typical log-log plot for a time-to-creep curve (=0.22+0.03 (ue/sec) and bj=2.67+0.17 pe,
and a,=0.16+0.02 (ue/sec™1) and b,=2.65+0.16 pe for all specimens (n=16)).
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Fig. 4.
Correlation of loading creep rate (a;) with variability of gray levels (GL¢qy) (n=16).
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The correlation coefficient (r) and p-values of significant correlation between mechanical parameters (n=16).

Y X r p-values
Eu(MPa) | E (MPa) | 0.97 | <0.001
Cyi (ue) C (ne) 0.89 | <0.001
Cu (ne) a (uefsec) | 0.52 | <0.039
€res (1E) Ci (ue) 0.94 | <0.001
€res (1€) Cu (ne) 0.70 | <0.003
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