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Abstract

Creep, the time dependent deformation of a structure under load, is an important viscoelastic
property of bone and may play a role in the development of permanent deformity of the vertebrae
in vivo leading to clinically observable spinal fractures. To date, creep properties and their
relationship to geometric, microstructural, and material properties have not been described in
isolated human vertebral bodies. In this study, a range of image-based measures of vertebral bone
geometry, bone mass, microarchitecture and mineralization were examined in multiple regression
models in an effort to understand their contribution to creep behavior. Several variables, such as
measures of mineralization heterogeneity, average bone density, and connectivity density
persistently appeared as significant effects in multiple regression models (adjusted rZ: 0.17-0.56).
Although further work is needed to identify additional tissue properties to fully describe the
portion of variability not explained by these models, these data are expected to help understand
mechanisms underlying creep and improve prediction of vertebral deformities that eventually
progress to a clinically observable fracture.

Keywords
Creep; vertebral body; material properties; geometry; microstructure

INTRODUCTION

Creep, the time-dependent deformation of a structure under prolonged load, is understood to
play an important role in deformity of vertebral bone due to progressive accumulation of
residual strain (Pollintine et al., 2009). To date, aspects of creep have been studied in animal
trabecular bone (Bowman et al., 1998; Bowman et al., 1994; Manda et al., 2016; Rimnac et
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al., 1993; Shepherd et al., 2011; Xie et al., 2017), animal vertebrae and motion segments
(Bailey et al., 2014; Kim et al., 2012; van der Veen et al., 2008), and demineralized bone
(Bowman et al., 1999; Summitt and Reisinger, 2003). Creep properties have also been
studied in isolated human cancellous (Kim et al., 2011; Novitskaya et al., 2014; Yamamoto
et al., 2006; Zilch et al., 1980) and cortical bone (Caler and Carter, 1989; Fondrk et al.,
1988), and vertebral motion segments (Busscher et al., 2011; Kazarian, 1975; Keller et al.,
1987; Luo et al., 2012; Pollintine et al., 2009). It has been shown that creep behavior is
sensitive to mechanical damage to the bone (Fondrk et al., 1988), disc health (Adams et al.,
2006) and is suggested to play a role in fracture healing (Goodship et al., 1998). It has also
been suggested that permanent deformation resulting from creep may develop at
physiological load levels and contribute to the fatigue behavior of vertebral bone (Yamamoto
et al., 2006), resulting in progressive loss of strength and ultimate failure of the bone tissue
(Bowman et al., 1998; Bowman et al., 1994).

Despite the importance of creep in bone, no previous study has specifically examined creep
behavior and addressed the relationship between microstructural organization and creep in
human vertebral bodies. Engineering theories suggest that the viscoelastic behavior of
cellular materials such as cancellous bone is affected by the distribution of material densities
and voids (Ajdari et al., 2009; Andrews and Gibson, 2001; Huang and Gibson, 2003).
Correspondingly, previous studies demonstrated that creep is associated with microstructural
properties in human and bovine cancellous bone (Kim et al., 2011; Manda et al., 2016). In
addition, significant relationships have been demonstrated between uniaxial compressive
creep rate and both average and variability of grey values within the bone phase of
segmented UCT images (a measure of bone tissue mineralization), in human vertebral
cancellous cores (Kim et al., 2011). However, no such relationship was found between bone
tissue mineralization and nanoindentation creep rate in femoral cortical bone (Wu et al.,
2012).

With results varying between anatomical site, species, and outcomes from different
measurement methods, the extent to which the abovementioned findings can be directly
applied to isolated human vertebrae remains unknown. Therefore, the current study aims to
establish relationships between creep of human cadaveric vertebral bodies and clinically
available measures of vertebral geometry and bone mineral density as well as
microstructural and hard tissue properties measured using microcomputed tomography.

METHODS

Human cadaveric thoraco-lumbar spines were acquired from tissue banks under local IRB
approval and T12 vertebrae were harvested from 23 donors. Donors with a history of HIV,
hepatitis, diabetes, renal failure, metastatic cancer, osteomalacia, hyperparathyroidism,
Paget’s disease of bone, spine surgery, cause of death involving trauma, and corticosteroid,
anticonvulsant or bisphosphonate use were not included. Vertebral bodies were dissected,
soft tissue and posterior elements were removed, and specimens were stored wrapped in
saline-soaked gauze at —20 °C until imaging and testing were performed. The donor set
consisted of 13 men and 10 women between the ages of 41 and 97.
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The prepared specimens were scanned using a custom-built uCT system and reconstructed at
an isotropic voxel size of 40 micrometers (Kim et al., 2015). Specimens were wrapped in
saline-soaked gauze throughout scanning to maintain hydration. The largest possible cubical
volume of interest (VOI) consisting of only cancellous bone was cropped from the center of
the reconstructed bone volume and the VOI was segmented using global thresholding within
Microview (GE Healthcare, Illinois, USA). Grey values were preserved during segmentation
for calculation of average (UCT.GV.Av), standard deviation (LCT.GV.SD) and coefficient of
variation (WCT.GV.CV= UCT.GV.SD/UCT.GV.Av) of grey values as mineralization
parameters (Figure 1). Scan-to-scan consistency was assured by normalizing grey values
using a material density phantom present in each scan. Images were then binarized and
processed using CT-Analyzer (v1.12.0.0; Bruker, Kontich, Belgium) to obtain 3D measures
of bone volume fraction (BV/TV), trabecular thickness (Th.Th), trabecular number (Th.N),
trabecular spacing (Th.Sp), degree of anisotropy (DA), connectivity density (Conn.Dn), and
structure model index (SMI). Standard deviation (SD) of BV/TV (BV/TV.SD), Th.Th
(Tb.Th.SD), Th.N (Th.N.SD) and Th.Sp (Th.Sp.SD) were calculated as measures of
microstructural heterogeneity from the distribution of 2D stereology results from axial
slices, indicating a slice to slice variation of the corresponding variable in the superior-
inferior direction (Yeni et al., 2011).

In order to measure volumetric BMD, the same specimens were scanned using high
resolution computed tomography (HRCT) and reconstructed at 0.7 mm axial pixel spacing
with 0.75 mm slice thickness (Siemens Sensation 64). The vertebrae were mounted and
consistently aligned via a custom, radiolucent clamping tray in the center of a scanning tank
filled with 0.9% saline to simulate surrounding soft tissue. A single, unique threshold value
that delineates bone from soft tissue was determined for each vertebral body and applied
within a custom segmentation algorithm to produce a closed surface gray value mask of the
vertebral body (Zauel et al., 2005). Volume masks representing cancellous and cortical bone
were prepared from HRCT images using a previously described semiautomatic segmentation
method (Buie et al., 2007; Oravec et al., 2015). The segmented volume masks were
multiplied with the original gray value images, from which integral cancellous+cortical
(iBMD), volumetric cancellous (cBMD), and shell (shBMD) bone mineral density (BMD)
were calculated (Figure 2a). Integral cancellous+cortical volume (CT-Vol), area of anterior-
posterior (AP) and lateral-medial (LM) projections (Area.AP, Area.LM), height and width in
AP (Height.AP, Width.AP) and LM (Height.LM, Width.LM) were also recorded using the
prepared binary masks (Figure 2b).

The vertebral bodies were then scanned using dual x-ray absorptiometry (DXA) in AP and
LM orientations using a fast array lumbar spine protocol (Hologic Discovery-A). Specimens
were again aligned to imaging axes using a radiolucent tray immersed in 0.9% saline. BMD
and bone mineral content (BMC) were measured for two views of each vertebra (BMD.AP,
BMC.AP, BMD.LM, BMC.LM) within Hologic Discovery software using standard clinical
analysis techniques. Area in AP (DXA-Area.AP) and LM (DXA-Area.LM) directions were
also recorded.

Following imaging studies, creep tests were conducted in a materials test machine (Model
8850; Instron, Canton, MA) with specimens fully submerged in saline at 37°C. Vertebral
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endplates were left intact (i.e., not cut) and potted using a parallel plate jig using dental stone
to ensure flat and parallel boundary conditions. The vertebra-endcap construct was
constrained in metal platens. The specimens were loaded to 1000 N in uniaxial compression
(Point A, Figure 3) in order to apply a physiologic load level representative of that
experienced during standing (Ignasiak et al., 2017; lyer et al., 2010; Pollintine et al., 2009;
Sato et al., 1999) and kept at that level for 2 hours. After 2 hours (Point C, Figure 3),
specimens were unloaded to a finite minimum load of 100 N and displacement was recorded
during recovery for another 2 hours. Loading and unloading was performed under force
control at 10 N/second. Elastic displacement before creep (D), creep displacement (D),
total displacement (Dyq1), elastic recovery (Rgy), creep recovery (R¢r) and residual
displacement (Dy.s), and residual displacement from creep alone (Dyes.cr) Were calculated
using load vs. time data (Figure 3). In order to examine creep independently from its
association with stiffness, creep displacements corrected for their dependence on elastic
displacements were also calculated by normalizing with Dg (€.9., D¢r-norm» Rernorm, and
Dres-norm)- In order to characterize the time dependence of the creep behavior, a modified
Kohlrausch-Williams-Watts (KWW) function of the form “D¢, = a(1-EXP(-(t/t¢)") + Ct”
was fit to the creep portion of the displacement vs. time data (points A—C in Figure 3), and
T¢r (the time constant, a measure of viscoelasticity and fast response to a load), n (the stretch
exponent, a measure of the rate of change of the decay function), and C (added to the KWW
function as the steady state creep rate) were recorded as outcome variables (lyo et al., 2004;
Sasaki et al., 1993). Displacement values were normalized to a range of 0-1 using the
maxima and minima of creep data prior to curve fitting. If tertiary creep or failure occurred,
the creep function was fit until the steady state portion of the creep curve became nonlinear.
Curve fitting was performed in TableCurve 2D (Systat Software Inc., Chicago, IL, USA).

Within each variable type (i.e., uCT, HRCT and DXA-derived geometric, microstructural,
and material parameters), candidate parameters causing high multicollinearity (as
determined by a variance inflation factor>5) were eliminated (Table 1). Multiple regression
models were constructed using a stepwise procedure to examine relationships between
measures of creep and parameters which passed the multicollinearity test. Pearson product-
moment correlations were evaluated between creep and BMD variables. For all models, if
BMD variables were found to be significantly correlated to a creep variable, the most
significant BMD variable was introduced first and forced to stay in the model. Significance
in multiple regression models and pairwise correlations was considered as P<0.05. All
analyses were performed in JMP (v10.0, SAS Institute, Inc., Cary, NC).

RESULTS

Three of 23 specimens experienced catastrophic failure during the test. Creep deformations
were not calculated for these three specimens. The three failed specimens constituted the
three lowest bone densities (BMD from anterior-posterior DXA was 0.176-0.196 g/cm? for
the three specimens, vs. 0.265-0.786 g/cm? for the remaining specimens). Average and
standard deviation of measured parameters, as well as normalized displacement values, are
presented in Table 2.
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Among the creep variables, Dyeg_cr and Dres-cr-norm Were positively associated with age
(p<0.03 and p<0.04, respectively) but none were associated with sex (p=0.06-0.88). Among
the predictors that passed the VIF test, only Area.AP was associated with sex, with greater
values for males than for females (p<0.05) but none were associated with age (p=0.06-0.98).
Therefore, age and sex were not considered further in multiple regression models.

Significant positive correlations were found between creep displacement and recovery
(r?=0.68, p<0.002) and residual displacements (r?=0.80-0.96, p<0.0001), as well as creep
rate (r2=0.46, p<0.05) (Table 3). In addition, creep rate had significant positive correlations
with residual displacements (r?=0.55-0.56, p<0.02) and the stretch exponent (r2=0.52,
p<0.02). Finally, a significant positive correlation was found between the stretch exponent
and recovery displacement (r=0.46, p<0.05). All other correlations between measured creep
parameters were nonsignificant.

Measures of bone mass and size (BMD.LM, BMD.AP, and Area.AP) were the most
significant contributors among candidate variables in the most explanatory multiple
regression models of Dy (r2,¢j=0.56, Figure 4), Dres-cr (12agj=0.56), and C (r2,j=0.45)
(Table 4). Rer (r23j=0.17) and 77 (r?,4j=0.27) had only single BMD terms in their models.

GV.SD significantly contributed to models for D¢y, Dyes, and Dyes.cr, independently from the
DXA-based BMD or area variables. In fact, Dygg (rzadj:O.17) had only variability of tissue
mineral density (GV.SD) as a significant effect. Connectivity density also significantly
contributed to models of creep, residual from creep, and creep rate, independently from
BMD or area variables, and for D and Dygg.¢r, independently from GV.SD.

When normalized for stiffness to account for the contribution of elastic displacement,
GV.SD was persistent in the most significant models for both stiffness-normalized residual
displacement and residual displacement from creep alone (Dyes-norm and Dres-cr-norm:
respectively). No significant model was calculated for D¢.porm- BV/TV, rather than
BMD.AP, was present in the most significant model for R¢r-norm (rzadj:0.17).

DISCUSSION

This study examined relationships between image-based measures of geometric,
microstructural and material properties and creep behavior of human vertebral bodies.
Measures of bone mineral density, size, variability of tissue mineral density, and
connectivity density presented as persistent effects in multiple regression models of creep
deformations. Most measured creep parameters contained density or size as covariates in
their models as expected. Relationships for residual displacements included connectivity
density and variability of tissue mineral density but not bone mineral density.

To our knowledge, this is the first report on the creep behavior of isolated human vertebral
bodies. As such, direct numerical comparison of descriptive data (Table 2) to literature
values is difficult due to the difference in specimen type as well as considerable
experimental differences including load level, duration, and methodological details such as
strain measurement techniques, specimen preparation, hydration and temperature regulation
during testing. Characteristics of measured load-deformation curves were generally

J Biomech. Author manuscript; available in PMC 2019 May 17.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Oravec et al.

Page 6

consistent with published data from human trabecular bone and motion segments (Kim et
al., 2011; Pollintine et al., 2009; Yamamoto et al., 2006). That is, following initial elastic
loading, a gradual, time-dependent height loss characteristic of creep was observed until
load was removed, at which point immediate height recovery was followed by gradual, time-
dependent height recovery.

Models of creep deformations including a size or density term demonstrated inverse
relationships with measures of BMD and vertebral area, consistent with findings of previous
work in which creep deformation was negatively correlated with BMD in human vertebral
motion segments (Luo et al., 2012). As such, bones that are larger and denser, not
surprisingly, deform and recover less in the creep process. However, BMD variables were
not significant in models of displacements normalized by stiffness (Table 4), suggesting that
the ability of BMDs to predict creep behavior may be limited by the strength of the
relationship between creep and elastic behavior. Therefore, identification of clinically
measurable predictors of creep behavior could enhance the assessment of vertebral fracture
risk above that can be done using BMD alone if, as laboratory evidence supports, creep is a
distinct contributor to deformities observable as clinical fractures.

Consistent with earlier work, heterogeneity of a gray value based measure of mineralization,
but not its average, presented as a common variable in models of several creep parameters.
In previous correlational studies, UCT.GV.CV has been shown to be associated with creep
behavior of human vertebral cancellous bone (Kim et al., 2011) and rat vertebral bodies
(Kim et al., 2012). Kim et al. (2011) observed that creep rate (calculated using a power law
fit to the creep data) of cancellous vertebral bone cores, but not creep deformations, was
significantly correlated with both pCT.GV.SD and pCT.GV.CV. Results from the current
study indicate significant, positive correlations between the variability of gray values
(GV.SD), but not their average, and creep deformation parameters (i.e., D¢y, Dresy Dres-cry
Dres-norm» @nd Dres-cr-norm) but not creep displacement rate (calculated as the linear
coefficient Cadded to the stretched exponential function). It is important to note the
differences that may lead to this discrepancy. The rate calculated using power law is the
slope of the log-log plot of strain vs. time, while the rate calculated in this study is the
coefficient of the linear term added to the stretched exponential fit. Power law, therefore,
models both the “fast” creep and quasi-steady state creep with a single term, whereas the
stretched exponential plus linear function separates the types of creep to explicitly calculate
a steady state rate. As a result, it is difficult to comment on differences between whole bone
and cores in terms of creep rate. However, the differences between creep in cored and intact
vertebral bodies, in regard to the relationship of creep displacements and gray value
variability (which were calculated the same way between the two studies), suggest that
excised tissue may not fully reflect the creep behavior of the whole vertebra. The portions of
the vertebra excluded by coring (i.e., the relative contribution of mineralization distributions
in the cancellous, shell, and endplate components) may thus be important in both the
development and recovery of deformations in bone during physiological creep. Similarly,
although the focus of the current work was creep behavior of isolated vertebral bodies under
uniaxial compression, creep may be modulated by different load distributions facilitated by
other structures of the vertebral column such as the posterior elements. Although inclusion
of posterior elements is understood to contribute little to the compressive properties of
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vertebrae (Hutton and Cyron, 1978), they are suggested to play a role in the development
and spatial distribution of creep deformations in the vertebral body, with anterior creep strain
more than twice that of the posterior aspect in vertebral motion segments (Pollintine et al.,
2009). In addition, while the current study finds density variability to be associated with
creep deformations, the spatial relationships of densities with creep were not specifically
addressed.

Increased mineralization heterogeneity may lead to an increased potential for the presence of
“point defects” on the trabecular lattice which could provide a mechanism for increased
creep and residual deformation, such that dislocation occurs at the cement line in trabeculae,
similar to that demonstrated in cortical bone during prolonged creep loading (Lakes and
Saha, 1979). This phenomenon is analogous to grain boundary migration which is well
described in slip creep of engineering materials (Herring, 1950; Nabarro, 2002). In addition,
as the range of tissue mineral density is increased, a larger portion of trabecular structure
with high mineralization may stifle defect diffusion, in essence reaching a percolation
threshold (Sasaki et al., 1986). In bone, defect diffusion is understood to be affected by
changes in mineralization variability due to, for example, mineral inclusions in the collagen
matrix (Sasaki et al., 1993). In the current study, all measured deformations except recovery
deformations (R¢r and Rernorm) Showed significant positive correlations with GV.SD and
residual displacements did not contain average BMD in their models (Table 4). Increased
creep and residual deformation may be attributed to the modification of defect dynamics
within the bone tissue related to increased mineralization heterogeneity, for example due to a
state of rapid turnover (Ciarelli et al., 2009). Recovery deformations were only correlated
with measures of average bone mass, suggesting that the processes of creep and recovery
after creep are likely governed by different mechanisms in human vertebrae, possibly arising
from multiple levels of bone’s hierarchal structure.

In addition to GV.SD, both creep and residual from creep had trabecular connectivity
(Conn.Dn) in their most significant models. After taking into account BMD and tissue
mineral heterogeneity, Conn.Dn was positively correlated with creep deformation and
residual from creep, suggesting that, all things being equal, decreased connectivity results in
more desirable creep characteristics (i.e., less creep with lower residual deformation). This
finding seems counterintuitive but not entirely unfounded, as previous studies have
demonstrated negative correlations between stiffness and Conn.Dn (Ding et al., 2002; Yeni
etal., 2011). The negative correlation found between creep rate and Conn.Dn and the
positive correlation found between C and n (Table 3) suggest that this effect is due to a faster
response to load in vertebrae with higher connectivity, and creep displacement may
eventually get higher for vertebrae with less connectivity. In the case of high connectivity,
the majority of creep deformation would take place earlier (i.e., increasing n is related to a
faster rate of primary creep), while deformation in vertebrae with lower connectivity would
continue to increase at a higher rate. However, the time required for creep deformation in
low connectivity bone to surpass that of high connectivity bone may be longer than a day-
night cycle (Yamamoto et al., 2006). When the dependence of creep on elastic displacement
is minimized by normalization, Conn.Dn was no longer present in the models, suggesting
that the association of Conn.Dn with D¢, and Dyeg.¢r is Not independent from its association
with stiffness.
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A relatively slow ramp (10 N/sec) was applied to avoid overshoot under load control. At low
loading rates the instantaneous response may be biased by contribution of the viscous
component (Wu et al., 2011). Despite this, curve fitting of the “hold” portion of the creep
experiment is understood to be unaffected by initial loading rate (Oyen and Ko, 2007) and
deformations subsequent to the initial elastic loading used in multiple regression models
were calculated relative to the starting displacement of the creep hold period (Dg). The target
load level of 1000 N was based on that used effectively in Pollintine et al., 2009, which is
the closest specimen construct in the vertebral creep literature. In the Pollintine at al. study,
in several cases these load levels yielded high creep and elastic deformations (>5% strain),
which was attributed to pre-existing damage. Despite being in line with theoretical estimates
of load levels encountered during physiological tasks (Ignasiak et al., 2017; lyer et al.,
2010), this load level was too high for the lowest density specimens. The current findings are
expected to help inform loading protocols for future creep studies of vertebral bodies.

Although we found statistically demonstrable effects of vertebral geometry and
mineralization heterogeneity on vertebral creep, the explained variation is relatively low.
While the use of a solid phantom in normalizing uCT-derived grey values allows for highly
precise measurement of tissue mineral density (Kazakia et al., 2008), future studies more
directly measuring composition of the hard tissue and organization of the collagenous matrix
may identify additional determinants of vertebral creep. Most measured parameters could
have potentially been derived from microcomputed tomography alone, however we chose to
use a combination of readily available clinical imaging approaches where available and
appropriate, especially for geometric measurements. In other words, laboratory imaging was
used to identify features of microstructure and mineralization additional to those that can be
measured using clinical imaging modalities. The T12 level was selected for use in this study
as vertebral fractures are commonly observed at this level. While this is considered a
strength of the current study, examination of additional levels in future studies could provide
further insight into the mechanisms that uniquely affect fracture-critical vertebral levels.
Finally, uniaxial compression was simulated in this cadaver study and the extent to which
the current findings apply to creep of vertebrae under /7 vivo loading needs further
elucidation.

In this work, we described relationships between creep properties of human vertebral bone
and vertebral geometry, bone mass, microarchitecture and mineralization distributions.
Several variables, such as mineralization heterogeneity, average bone density, and
connectivity density persistently appeared as significant effects in multiple regression
models, however many of the parameters are limited in their direct clinical translation as
they are measured using laboratory imaging techniques. As such, future work will aim to
establish relationships between creep properties and measurements from clinically available
imaging modalities. The image variables selected for this study represented a range of
geometric, microstructural and hard tissue properties and these data are expected help
understand mechanisms underlying creep and improve prediction of vertebral deformities
that eventually progress to a clinically observable fracture.
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Figure 1.
Cubic volumes of interest were extracted from the cancellous centrum of microcomputed

tomography images to calculate stereological parameters (bottom; trabecular thickness map
presented). Average, standard deviation, and coefficient of variation of the grey values were
calculated using the entire cube (top; exploded 2mm axial view demonstrating trabecular
bone grey value distribution).
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Figure 2.
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(@) HRCT images were segmented to produce cancellous, shell, and cancellous+shell binary
masks which were multiplied with source CT volumes to produce volumetric BMDs for
each region (cBMD, shBMD, and iBMD, respectively). (b) The anterior-posterior and
lateral-medial projections of the integral cancellous+cortical mask were used to calculate in
each orientation area (Area.AP, Area.LM), height (Height. AP, Height.LM) and width

(Width.AP, Width.LM).
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Figure 3.

A representative creep curve (74 year old male). Displacement parameters that define the
creep behavior were calculated as: (A) elastic displacement before creep (D), (B) creep
displacement (D), (C) total displacement (Dyqt), (D) elastic recovery (Rg), (E) creep
recovery (R¢r), and (F) residual displacement (Dys). Residual from creep alone (Dyes-cr) Was
calculated as D¢-R¢,. Quasistatic loading and unloading occurred over 100 seconds. Curve
fitting was performed on the region between A-C.
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Figure 4.
Measured vs. predicted creep displacements for D¢,. The multiple regression model for D¢,

contained BMD.LM, GV.SD, and Conn.Dn (rzadj:0.56).
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Table 1

Measured parameters causing high multicollinearity within each variable type were introduced in the
presented order and those with variance inflation factor (VIF) >5 were eliminated from subsequent multiple
regression models. The subset that passed the VIF test (indicated by v') were included in multiple regression
models.

Type Variable VIF <5

CT-\Vol v

Area. AP v

Height. AP

Width.AP

Geometric Area.LM

Height.LM

Width.LM

DXA-Area. AP

DXA-Area.LM

BVITV

Tb.Th

Th.N

Tb.Sp

DA

Microstructural Conn.Dn

SMI

BV/TV.SD

Tb.Th.SD

Th.N.SD

Th.Sp.SD

HCT.GV.Av

Material UCT.GV.SD

HCT.GV.CV

1duosnuey Joyiny

1duosnuen Joyiny

J Biomech. Author manuscript; available in PMC 2019 May 17.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Oravec et al.

Average (Av) and standard deviation (SD) of measured creep deformations and curve fit parameters.

Table 2

Variable | Description (see Figure 2) n Av SD
De Elastic displacement before creep (mm) | 20 | 0.617 0.288
D¢, Creep displacement (mm) 20 | 0.341 0.269
Rer Creep recovery (mm) 20 | 0.171 0.100
Dres Residual displacement (mm) 20 | 0.528 0.356
Dres-cr Residual displacement from creep (mm) | 20 | 0.170 0.214
Der-norm Normalized creep displacement 20 | 0.545 0.358
Rer-norm Normalized creep recovery 20 | 0.290 0.172
Dresnorm | Normalized residual displacement 20 | 0.256 0.246
Rel Elastic Recovery (mm) 20 | 0.191 0.059
Diot Total Displacement (mm) 20 | 0.958 0.487
Ter Creep time constant (s) 22 | 345.728 139.664
Stretch exponent 22 | 0.657 0.109
C Creep rate (mm/s) 22 | 0.000043 | 0.000095
12,q; for curve fit 22 | 0.998 0.002

J Biomech. Author manuscript; available in PMC 2019 May 17.

Page 17



Page 18

Oravec et al.

T (D) area dasud
(200>) 250 T (u) wsuodxs ya18.1S
SN SN T (*22) JueIsuod awi |
(200>) 650 SN SN T (#>51q) daaaD wody [enpisay
(c00>) 95°0 SN SN (T000°0>) ¥8°0 T (*'a) renpisey
SN (s0°0>) 9¥°0 SN SN SN T (Y1) Aranoday
(so'0>) 9v'0 SN SN (1000°0>)76°0 (Too0'0>) 080 | (200'0>)89°0 T (@) deasd
(D) e1ea dsau | (u)usuodxe yaans | () juersuoo swiy | (*sq) dessd wouy jenpissy | (*'q) renpisay | (Py) A1enoosy | (@) dead

"SN Aq palealpul ale suoire|aliod Juealiubisuou pue ‘aAnisod aiam suoiie|aliod
eolubls |1y "sesayluased ut anfea d Aq pamoj|os parussald st anfea ,J ‘s|ppow uolssaifial ajdninw ul pasn sislawesed dasid |[e UsMIB] SUOIIR|81I0D

€ 9lqeL

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

J Biomech. Author manuscript; available in PMC 2019 May 17.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Oravec et al.

Summary of the most explanatory multiple regression models of creep measurements. Each cell shows rzadj

followed by the predictor(s) in the model (sign of estimate, parameter name, p-value in each row). If a BMD
variable was found to be significantly correlated to a creep variable, the BMD variable was introduced first

Table 4

and forced to stay in the model. NS indicates no significant models.

Creep variable

Displacement

Normalized Displacement

(=) Area.AP (<0.002)
(+) GV.SD (<0.003)
(+) Conn.Dn (<0.03)

Creep (D¢r) 0.56: NS
(=) BMD.LM (<0.0009)
(+) GV.SD (<0.003)
(+) Conn.Dn (<0.01)
Recovery (R¢y) 0.17: 0.17:
(-) BMD.AP (<0.05) (=) BVITV (<0.04)
Residual (Dyes) 0.17: 0.32:
(+) GV.SD (<0.04) (=) Area. AP (<0.04)
(+) GV.SD (<0.05)
Residual from Creep © ¢, ) | 0.56: 0.33:

(-) Area.AP (<0.04)
(+) GV.SD (<0.04)

Time constant (<)

NS

Stretch exponent (n)

0.27:
(=) BMD.LM (<0.007)

Creep rate (C)

0.45:

(-) iBMD (<0.0005), (~) Conn.Dn (<0.05)
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