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Abstract

Many vertebral compression fractures continue to collapse over time, resulting in
spinal deformity and chronic back pain. Currently, there is no adequate screening
strategy to identify patients at risk of progressive vertebral collapse. This study
developed a mathematical model to describe the quantitative relationship between
initial bone damage and progressive (“creep”) deformation in human vertebrae. The
model uses creep rate before damage, and the degree of vertebral bone damage, to

predict creep rate of a fractured vertebra following bone damage. Mechanical testing

data were obtained from 27 vertebral trabeculae samples, and 38 motion segments,
from 26 human spines. These were analysed to evaluate bone damage intensity, and
creep rates before and after damage, in order to estimate the model parameter, p,
which represents how bone damage affects the change of creep rate after damage.
Results of the model showed that p was 1.38 (R* = 0.72, p < 0.001) for vertebral
trabeculae, and 1.48 for motion segments (R = 0.22, p = 0.003). These values were
not significantly different from each other (P > 0.05). Further analyses revealed that p
was not significantly influenced by cortical bone damage, endplate damage, disc
degeneration, vertebral size, or vertebral areal bone mineral density (aBMD) (P >
0.05). The key determinant of creep deformation following vertebral compression

fracture was the degree of trabecular bone damage. The proposed model could be

used to identify the measures of bone damage on routine MR images that are

associated with creep deformation so that a screening tool can be developed to predict

progressive vertebral collapse following compression fracture.
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1 Introduction

Vertebral compression fractures are common in the elderly, particularly in women.
Approximately 10-20% of women who are 65 years or older have at least one
fractured vertebra [1]. Typically, vertebral compression fractures lead to significant
back pain that requires bed rest and/or clinical intervention. Healthcare and social
costs related to vertebral fractures constitute a heavy burden in an ageing society [2].

Currently, fewer than one third of vertebral fractures are diagnosed, meaning that

many patients miss the opportunity to receive appropriate treatment [3].

Although most patients with vertebral compression fractures respond favourably to
clinical treatment, 7-37% of patients develop progressive vertebral collapse over time
[4], resulting in spinal deformity, chronic back pain, disability, and possibly
neurological complications [5,6]. Such long-term complications substantially impair
the patients’ quality of life, and often require complicated surgical intervention. Hence,
it is clinically important to identify this subgroup of patients as early as possible so
that appropriate clinical treatments can be applied in time to alleviate or prevent

progressive vertebral collapse.

Currently, dual-energy X-ray absorptiometry (DXA) is most commonly used to

conduct vertebral fracture assessment (VFA) [7]. However, VFA has limitations in

determining the acuity of vertebral fracture. On the other hand, magnetic resonance

(MR) imaging is very sensitive in the detection of acute bone lesion [8], making it the

imaging modality of choice in the evaluation of vertebral fracture. A number of

methods have been developed to predict the occurrence of progressive vertebral
collapse. =~ Most use qualitative measurements acquired from MR images or

radiographs [6,9,10]. In particular, a number of recent studies have investigated




whether MR imaging, due to its ability to provide valuable information on damage

and healing within bone tissue, can potentially be used for this purpose [10-12].

However, there is currently no reliable and practical screening tool to identify patients
who are at high risk of progressive vertebral collapse [9]. This is due, in a large part,
to a limited understanding of the determinants of progressive vertebral collapse

following fracture.

Progressive vertebral collapse may involve disturbed healing of fractured trabecular
bone following excessive biomechanical loading [6]. It is well established that an
interfragmentary strain range of 6%-20% enhances trabecular bone healing via

endochondral ossification, while strains over 20% hinder the bridging between bone

fragments and may lead to a large amount of fibrous cartilage [13]. Bone biopsies

obtained from fractured human vertebrae showed that trabecular bone in the late stage

of healing was often accompanied by newly fractured bone, suggesting that the

orderly repair of vertebral trabeculae could be hindered by ongoing injury [14]. The

initial unrecoverable strains within fractured vertebral trabeculae, defined as the

permanent deformation of the specimen divided by its initial height, are relatively

small (<4%) [15], but can be substantially elevated by time-dependent deformation

under constant load, a process called ‘creep’ [16,17]. Creep damage is often

accompanied by cycle-dependent fatigue damage in living bone. Both creep and

fatigue contribute to damage accumulation in bone [18]. Due to its limited magnitude,

creep deformation of undamaged trabecular bone is usually insignificant [16].
However, our previous mechanical experiments demonstrated that sufficient damage
to trabecular bone can boost creep deformation to such an extent that it may interfere

with bone healing [19], suggesting that the degree of bone damage was a major



determinant of progressive vertebral deformation and collapse. Further work is needed

to translate this experimental finding into clinical use.

The aim of the current study is to develop a mathematical model to characterize the
quantitative relationship between initial bone damage and consequent creep

deformation in human vertebrae.



2 Materials and Methods
2.1 Model

Based on Kachanov’s creep damage theory [20,21], a mathematical model was
proposed to predict the effect of bone damage on creep rate in human vertebrae. The
assumptions of the model are: 1) the human vertebral body is treated as a continuum
of trabecular bone; 2) a constant compressive load is applied; 3) creep deformation is
measured in the sagittal plane. The model can be expressed as:

&g

where &, is the creep rate with bone damage, &, the creep rate with no damage, w the
damage intensity (0 = w< 1; w = 0 at no damage; w = 1 at failure), and p is the model
parameter. The model parameter p was estimated from previous experimental data

[17,19,22] which measured creep rate with and without bone damage (€, and &;) and

damage intensity (w).

2.2 Experimental data

Two sets of previously-acquired mechanical testing data were used in the current

study. Experimental details have been published elsewhere [17,19,22].

The first dataset concerns 27 trabecular bone samples which were cored from human
thoracic or lumbar vertebrae (3 males and 2 females, mean age 57 years, range 36-73
years, spinal level T8-L5) and made into cylindrical specimens (axial diameter 6.3

mm, height 19.3-28.4 mm) [19]. Trabecular samples first underwent a creep test

(static compressive stress of 0.4 MPa, which is equivalent to the average compressive

stress on vertebral trabeculae when a spinal motion segment was subjected to 1000 N

creep load) for 30 minutes, and then were compressed to a specified strain level (1.0%



for 8 samples; 1.5% for 7 samples; 2.5% for 5 samples; or 4% for 7 samples) to
induce different degrees of bone damage. 1.0% represents yield strain; 1.5% goes
beyond yield strain; and 2.5% and 4% represent post-ultimate strains. Samples were

then creep loaded (0.4 MPa) again for 30 minutes. Creep strain curves showed that the

primary creep phase occurred within the first 10 min, and demonstrated a high and

variable creep rate. The secondary creep phase showed a low but steady creep rate

that lasted beyond the 20™ min. Creep rate of bone samples was measured from
graphs of creep strain vs time, between the 10" and 20" minutes, within the secondary
creep phase, using a linear regression model [23]. Elastic modulus of each sample was
measured from stress-strain graphs obtained during compressive loading before and
after bone damage. Bone damage intensity (w) was calculated as percentage reduction

of the elastic modulus [19].

A second dataset concerns 38 spinal motion segments (with intact ligaments and
intervertebral discs) from 21 human cadaveric spines (15 males and 6 females, mean

age 78 years, range 51-92 years, spinal level T8-L4)[17,22]. As these motion

segments were from two different studies conducted previously in our lab, there were

slight differences in their experimental details. Ten of the 38 motion segments

comprised 2 vertebrae and 28 had 3 vertebrae. Each motion segment underwent the
following experimental protocol: firstly, a creep test which involved a static
compressive load of 1000 N (30 minutes for 2-vertebra motion segments and 60
minutes for 3-vertebra motion segments), followed by compressive loading to induce
bone damage in one of the vertebrae in the motion segment. Motion segments were
then creep loaded at 1000N, again for 30 or 60 minutes. Vertical deformation of the
anterior, middle, and posterior regions of each vertebral body was monitored in the

sagittal plane using an optical technique that tracks reflective markers attached to pins



inserted into the cortex of each vertebral body [16]. Creep stain curves showed typical

primary and secondary creep phase as in vertebral trabecular bone samples. Using a

linear regression model, creep rate in the anterior cortex was obtained from graphs of
creep strain vs time between the 10™ min and 20"™ minute within the secondary creep
phase [23]. Compressive stiffness of each motion segment was measured from load-
deformation graphs obtained during compressive loading before and after damage. As
the compressive stiffness of each vertebral body could not be measured independently,
vertebral bone damage intensity (w) was calculated as the percentage reduction of
compressive stiffness of the whole motion segment (wys), which was then adjusted

by the following equations (details presented in the Appendix).

For 2-vertebra motion segments:

_ 2wyps (2)

- 1+wpms

For 3-vertebra motion segments:

Sms 3)

- 1+2wyms

where wys i1s the vertebral bone damage intensity calculated as the percentage
reduction of motion segment compressive stiffness, and w is the adjusted vertebral

bone damage intensity of the vertebral body. It was assumed that only one vertebra

was damaged in both equations.

Using dual-energy X-ray absorptiometry (DXA), the areal bone mineral density
(aBMD) of each vertebral body was measured in the sagittal plane before mechanical
tests. Endplate damage and cortical bone damage of the fractured vertebra were
confirmed on radiographs and anatomical dissection. The intervertebral disc adjacent

to the fractured vertebra was evaluated for disc degeneration, with a scale of 1 (non-



degenerated) to 4 (severely degenerated)[24]. Dimensions of the vertebral body,
including maximal anterior-posterior and mediolateral diameters, were measured at
the superior endplate. Vertebral cross-sectional area was calculated using a method

for calculating the area of an ellipse:

A = mab/4 4

where A is the cross-sectional area, a is the maximal mediolateral diameter, and b is

the maximal anterior-posterior diameter.

2.3 Estimation of the model parameter (p)

To transform to a linear equation, equation 1 can be rewritten as:
Iné, —Iné; = p[—In(1 — w)] (5)

Using experimental data, the model parameter (p) can then be estimated as the
regression coefficient in a linear regression model of (Iné, —Inéj) and —In(1 — w).
Estimation of p was initially conducted separately on data from trabecular bone

samples (pr) and vertebral bodies (pyg).

Mechanical testing data of the 27 vertebral trabecular bone samples were used to
estimate py. The difference in the natural logarithm of creep rate before and after
fracture (In €. — In &) and the natural logarithm of bone damage intensity In(1 — w)
were calculated. As bone damage in these samples was induced only in trabecular
bone, pr reflects the contribution of trabecular bone damage. Similarly, testing data of
the 38 motion segments were used in regression analysis to estimate pyp for the
vertebral body, with pyp representing the contributions of trabeculae, endplate and

cortical bone damage, and structural parameters of the vertebral body.

2.4 Moderation analysis



Vertebral bodies differ from trabeculae samples in size, aBMD, inclusion of endplate
and cortical bone, and loading through the intervertebral discs. The influence of these
factors on pyp was examined using regression-based moderation analysis [25,26],

using the following regression model:
Iné, —Inéy, = pyg[—In(1 — w)] + byM + b;M [-In(1 — w)] + constant (6)

where variable M is one of the moderation factors that may influence py g, including
endplate damage (1=no, 2=yes), cortical bone damage (I=no, 2=yes), disc
degeneration grade (1 to 4), vertebral cross-sectional area, and vertebral aBMD; by, is
the regression coefficient for variable M; variable M[—In(1 — w)] is constructed as
the product of M and —In(1 — w) to represent the interaction; and b; is the regression
coefficient for M[—In(1 — w)]. By examining the statistical significance of b;, one

can assess whether a moderation factor has significant influence on py 5.
2.5 Statistical analysis

The slopes (i.e. pr or pyp ) and constants of the linear regression models for vertebral
trabeculae and vertebral bodies were compared using a Z-test. If not statistically
different, the two datasets were pooled for regression analysis to estimate a combined

model parameter pcouyp-

Statistical analyses were performed with SPSS 22.0 (IBM, Armonk, NY, USA) with
the PROCESS command tool for moderation analysis [25,26]. For all analyses,

P<0.05 were considered as significant.
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3 Results

Experimental data for vertebral trabecular bone samples and for vertebral bodies
(Figure 1) demonstrated a linear relationship between In €. — In €, on the y-axis and
—In(1 — w) on the x-axis. Regression analysis confirmed a significant fit of the

model to experimental data (Table 1). The fit of the model was better for trabeculae

samples, where the model explained more than 70% of variance in the experimental

data. The model explained less variance in experimental data of vertebral bodies (R2 =

0.22, P = 0.003, n=38). Separate regression analysis showed that the fit of the model

was significant if only 2-vertebra motion segments were analysed (R2=0.59, P=0.009,

n=10), but was not significant if only 3-vertebra motion segments were analysed

(R2=O.07, P=0.166, n=28). For both vertebral trabecular bone samples and vertebral

bodies, the constants in the regression models were not significantly different from

zero (P>0.05).

There was no significant difference in the estimated model parameter (p; and pyp )
(Z=0.2, P>0.05) or constant (Z=0.6, P>0.05) between vertebral trabeculae and
vertebral bodies. The two datasets were then combined to estimate a combined model

parameter pconp (Table 1).

Of the 38 vertebral bodies 23 had endplate fracture, and 24 had cortical bone damage.

Disc degeneration was assessed as grade 2 in 11 specimens, grade 3 in 20, and grade 4

in 7 specimens. The average vertebral cross-sectional area and aBMD were 1858 mm?

(range 834 - 3080) and 0.58 g/cm2 (range 0.24 -1.26), respectively. Multiple

moderation analyses revealed that the model parameter (pyp) was not influenced by
endplate damage, cortical bone damage, disc degeneration, vertebral cross-sectional

area, and vertebral aBMD (Table 2).

11



The highest bone damage intensity in the experimental data was 91% for vertebral
trabeculae and 89% for vertebral bodies. Using the combined model parameter
(Pcoms = 1.45), the analytical model showed that the creep rate of a damaged
vertebra could be nearly 30 times greater, if its bone damage intensity reached

approximately 90% (Figure 2).
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4 Discussion

4.1 Summary of findings

An analytical model based on Kachanov’s creep damage model was established to

delineate the association between the degree of vertebral damage and consequent
creep deformation. The model was based on in vitro mechanical experiments, one on
vertebral trabecular bone samples and another on spinal motion segments. The model
demonstrates that the degree of trabecular bone damage is the key determinant of
creep deformation following vertebral compression fracture. Other factors such as the
presence of endplate and cortical bone damage, the degree of disc degeneration, and
vertebral characteristics, do not play a substantial role in creep deformation of

vertebrae. The proposed model could potentially be used in a clinical setting to predict

creep deformation of fractured vertebral bodies, if measures of vertebral damage on

routine MR images can be reliably assessed.

4.2 Strengths and weaknesses of the study

To our knowledge, this is the first model for the prediction of creep deformation of
damaged human vertebrae. A model that can be used to predict the risk of progressive
vertebral collapse is clinically important but currently unavailable. An important

feature of our model is that its variables can be readily measured on clinical MR

images so that the model can be validated for use in a clinical context. Bone damage

intensity (o in Equation 1) may be determined from the area of a lesion within a

fractured vertebra [11]. Because a fractured vertebra has a loading history similar to

the adjacent undamaged vertebrae, the pre-damage creep rate in a fractured vertebra

( €y in Equation 1) could be estimated from morphological changes in adjacent

vertebrae by measuring their change in vertebral height between initial assessment

13



and follow-up and dividing this by the relevant time period [27]. Similarly, post-

damage creep rate of a fractured vertebra (¢.in Equation 1) could be measured

directly from height loss occurring between initial and follow-up MR images. This

means that the loading history of a fractured vertebra is not required for the validation

of the model on clinical images, which is a major advantage as loading history for a

patient changes over time and is difficult to quantify. Another strength is that
estimation of the model parameter (p) is based on experiments on elderly human
vertebral bone under physiological loading, which enhances the external validity of

the model.

There are, however, some limitations in our study. A number of assumptions and
simplifications were used in the model. For example, the vertebral body was assumed
to be a continuum of trabecular bone, while adjacent structures such as the vertebral
cortical shell, vertebral endplates, and intervertebral discs were not included in the
model. However, multiple moderation analyses revealed that these structures did not
have a significant influence on the model parameter (p), which justified

simplifications in the model. Nevertheless, future work using time-dependent finite

element analysis is needed to understand how these structures influence vertebral

creep and whether the simplification of the model is optimal. The model assumed a

constant compressive load on the vertebra, but human vertebrae may also experience
cyclic loading in vivo. This may limit the model’s predictive capability because cyclic
loading also contributes to damage accumulation in bone [18]. However, creep rate
can be used to predict damage accumulation resulting from cyclic load as they are
highly correlated [28]. The experimental conditions used in the study may also have

effects on the model. The height of the vertebral trabecular samples is relatively high

in comparison to their diameter. This may have caused heterogeneous distribution of

14



creep strain within the trabecular samples which means that strain in some regions

may differ from the reported level. The different durations of creep loading in motion

segments may have some influence on measured creep rate, although our previous

studies showed that creep measured during 2 h is not much greater than that measured

during 30 min [16]. While creep tests were performed at room temperature, it is likely

that the creep rate of a vertebral body will be greater at body temperature [29]. In
addition, creep rate was measured in a 10-minute interval whereas creep in vivo may
occur over a much longer period, even though it decreases over time [16]. It is also

possible that some minor damage might have been induced in trabecular bone samples

during the coring process, although samples were visually assessed for any presence

of mechanical damage. However, experimental conditions are similar before and after

bone damage so their effects on creep rate may have been cancelled out in the model.
Nevertheless, further studies are still needed to validate the model using clinical

imaging data in order to assess its potential application in patients. Finally, although a

relatively large sample of vertebral bones were studied, the fit of the model to

experimental data was weaker for vertebral bodies than for vertebral trabecular bone

samples. One main reason may be that vertebral bone damage intensity had to be

calculated from motion segment stiffness using equations 2 and 3, because vertebral

body stiffness was not measured in our experiment. The calculation method assumes

that a motion segment comprises only vertebral bodies so the calculated value is an

approximation which does not include other structures such as intervertebral discs that

can also contribute significantly to the elastic deformation and stiffness of a motion

segment [30]. The extent of approximation is likely to be greater in 3-vertebra motion

segments than 2-vertebra motion segments because the former has two intervertebral

15



discs. This may explain why the model fits the experimental data better in 2-vertebra

motion segments than in 3-vertebra motion segments.

4.3 Relationship to previous work

Previously, mathematical models have been developed to describe bone creep

behaviour. For undamaged trabecular samples, the creep rate depends on the structure

and material properties of bone tissue such as bone mineral density, bone volume

fraction, and trabecular bone architecture [31-33], and varies nonlinearly with the
stress applied [34,35]. Mathematically, findings can be described as a power law
relationship between steady-state creep rate and normalised stress (i.e. applied stress

divided by elastic modulus of bone) [34-36]. Mathematical models have also been

developed to predict damage accumulation and secondary creep rate during bone

creep [18,28], and some incorporated damage variables to simulate non-linear time

dependent behaviour in bone creep [37]. These models, however, used applied stress

and elastic modulus as predictive variables, which are difficult to measure in clinics.

Previous studies revealed that trabecular bone, as well as endplates, cortical shell, and
the intervertebral discs, may play significant roles in creep deformation in intact
vertebral bodies [16,38,39]. The current study, however, found that the effect of bone
damage on creep behaviour was similar for vertebral trabecular samples and for whole
vertebral bodies, and that the relationship was not significantly influenced by endplate
and cortical bone damage, disc degeneration, vertebral cross-sectional area and aBMD.

This could be explained by previous findings that although trabecular bone, cortical

shell, and endplate play significant roles of load sharing in an undamaged vertebral

body [40], the mechanical behaviour of a damaged vertebral body is dominated by the

16



trabecular bone [15]. Findings suggest that the extent of trabecular damage is the

major determinant of creep behaviour for a damaged vertebral body.

4.4 Clinical significance

The proposed model explains a mechanism underlying progressive vertebral collapse.
As shown in Figure 2, the steady-state creep rate increases dramatically with bone
damage intensity, and can be 30 times greater than pre-damage levels. This can induce
excessive bone strain within a vertebral body, which in turn may disrupt and delay
fracture healing, leading to progressive vertebral collapse. Furthermore, the model
also suggests that increased creep rate after vertebral fracture can be predicted by
estimating vertebral trabeculae damage (®» in Equation 1). Because model variables
can be readily measured on clinical images, our future work will aim to translate this
model into a clinical tool for the identification of patients who are at risk of

developing progressive vertebral collapse.

4.5 Unanswered questions and future research

The model developed in the current study is based on in vitro mechanical tests on

human vertebral specimens. The degree of vertebral trabecular damage was measured

using mechanical indices (i.e. modulus reduction). It is yet to be determined how

vertebral trabecular damage can be measured clinically, for example using MR

imaging. However, the model provides a way to answer this critical question as it

establishes a mechanistic relationship between vertebral bone damage and creep

deformation. This relationship can help identify the measures of bone damage on MR

images that are associated with creep deformation. Our future research will use the

model to analyse initial and follow-up MR images to obtain measures of vertebral

trabecular damage for the prediction of vertebral collapse.
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Appendix

Derivation of equations for calculation of vertebral bone damage intensity (w) as
measured by modulus reduction.

A simple model of two or three springs in series was used to represent motion
segments consisting of two or three vertebrae, respectively, assuming that all vertebral
bodies have the same compressive stiffness, k; before damage.

For motion segments comprising two vertebrae, their compressive stiffness before
damage, ks, , can be calculated as

11

1
+k—1 (Al)

kusz ki
therefore

knysz = kq/2 (A2)
If one vertebral body is damaged and its stiffness is reduced to £, after damage, then
the compressive stiffness of the motion segment after damage, ks, x, 1s calculated as

kxkq
kyx+kq

(A3)

kuysax =

Vertebral bone damage intensity may then be calculated as the percentage reduction
in compressive stiffness of the motion segment, w,s, as follows:

_ kmsa—kms2x _ Ki—Kx
@ms =7 T kytk (A4)
MS2 1TRx
or as the percentage reduction in compressive stiffness of the vertebral body, w, given
by
ki—kyx

Using equation A4, Equation A3 can be transformed as follows:

_ki—kx _ (ki—kx)/kl _ w
OMS =} ke 2-Ua—kp ks 2-@ (A6)

We know from equation A5 that

_ 2wps (A7)

- 1+wpys

For motion segments comprising three vertebrae, their compressive stiffness before
damage, k.53 can be calculated as

kyss = k1/3 (A8)
If one vertebral body is damaged and its stiffness is reduced to £, after damage, then
the compressive stiffness of the motion segment after damage, kjys3x, is calculated as

kxkq
2tk

(A9)

kyssx =
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Vertebral bone damage intensity may then be calculated as the percentage reduction
in compressive stiffness of the motion segment, w,s, as follows:

w _ kmss—kmsax _ ki—kx (A10)
Ms Knms3 ky+2ky

or as the percentage reduction in compressive stiffness of the vertebral body, w, given
by

w =0k (A1)
kq

Using equation A10, Equation A9 can be transformed as

_ kl_kx _ (kl—kx)/kl _ w
OMSs = 2k, 3—2(ka-k) ks 3-2@ (Al2)

Therefore, we know from equation A11 that

_3wms (A13)

- 1+2wums
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Figure 1: The relationship between increased creep rate (In€. —1Iné&,) and bone
damage [—In(1 — w)]. Mechanical test data were from 27 samples of vertebral
trabeculae and 38 vertebral bodies. &; is the creep rate before damage and &, is the

creep rate after damage, and w is the damage intensity. MS = motion segment.

Figure 2. A prediction model showing how bone damage intensity increases the creep
rate of vertebral bone. The model parameter (pcoyp = 1.45) was estimated from the

combined experimental datasets in Figure 1 and Table 1.
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