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Morphometric measurements can improve prediction of progressive vertebral deformity 

following vertebral damage   

Abstract [250 words] 

Purpose: A damaged vertebral body can exhibit accelerated ‘creep’ under constant load, 

leading to progressive vertebral deformity. However, the risk of this happening is not easy to 

predict in clinical practice. The present cadaveric study aimed to identify morphometric 

measurements in a damaged vertebral body that can predict a susceptibility to accelerated 

creep.  

Methods: 27 vertebral trabeculae samples cored from five cadaveric spines (3 male, 2 female, 

aged 36 to 73 (mean 57) yrs) were mechanically tested to establish the relationship between 

bone damage and residual strain.   Compression testing of 28 human spinal motion segments 

(three vertebrae and intervening soft tissues) dissected from 14 cadaveric spines (10 male, 4 

female, aged 67 to 92 (mean 80) yrs) showed how the rate of creep of a damaged vertebral 

body increases with increasing “damage intensity” in its trabecular bone. Damage intensity 

was calculated from vertebral body residual strain following initial compressive overload 

using the relationship established in the compression test of trabecular bone samples.  

Results: Calculations from trabecular bone samples showed a strong non-linear relationship 

between residual strain and trabecular bone damage intensity (R2 = 0.78, P < 0.001).  In 

damaged vertebral bodies, damage intensity was then related to vertebral creep rate (R2 = 

0.39, P = 0.001). This procedure enabled accelerated vertebral body creep to be predicted 

from morphological changes (residual strains) in the damaged vertebra.  
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Conclusion: These findings suggest that morphometric measurements obtained from 

fractured vertebrae can be used to quantify vertebral damage and hence to predict progressive 

vertebral deformity.  

Key words: vertebral morphometry; residual strain; vertebral damage; creep; deformity; 

clinical imaging   
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1. Introduction  

Human thoracolumbar vertebrae support the upper body and protect the spinal cord. In older 

people, these vertebrae are often weakened by osteoporosis, making them vulnerable to 

fracture. With conservative treatment, most vertebral fractures heal within 6-8 weeks. 

However, in a minority (7-37%) of patients [1], damage progresses over time, leading to 

vertebral collapse, spinal deformity, and even spinal cord compression [2]. These conditions 

can cause severe pain and disability, so it is important to identify those fractures which are 

likely to progress. A key risk factor for progression is the extent of initial vertebral damage 

[3, 4], but this is not easy to quantify in clinical practice.  

Vertebral damage may involve trabecular bone, cortical bone, and vertebral endplates (which 

comprise perforated cortical bone and hyaline cartilage). The mechanical properties of 

fractured vertebrae are largely determined by trabecular bone damage [3, 5], which may 

include fractures of individual trabeculae, or more diffuse damage and microcracks. 

Trabecular damage can be quantified precisely using imaging techniques such as microscopy, 

and synchrotron radiation micro-computed tomography (micro-CT) [6, 7]. However, these 

techniques can be difficult to employ clinically because of large radiation exposure, and 

because only small regions of tissue are visualised.  

Clinically, plain radiographs and dual-energy X-ray absorptiometry (DXA) are the primary 

imaging modalities for evaluating vertebral fractures [8]. They indicate the extent of vertebral 

deformity, and can quantify fracture severity, but have limited prognostic usefulness because 

they do not differentiate between old and recent (unhealed) fractures. CT and Magnetic 

Resonance Imaging (MRI) can be used for this latter purpose, and assist in the prediction of 

vertebral collapse [9], although they are less sensitive when quantifying vertebral damage.  
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What is needed is a clinical method that can quantify vertebral damage and also predict 

progressive vertebral deformity.  

Previous experiments on cadaveric spines related progressive vertebral deformity under load 

to precise measures of vertebral damage obtained using physiologically-reasonable complex 

loading [4, 10, 11]. Subsequent research developed a mathematical model to explain the 

observed relationship between initial damage and progressive deformity [3]. However, it 

remains to be determined how vertebral damage can be measured clinically. The aim of the 

present study was to investigate whether morphometric measurements can be used to quantify 

vertebral damage and improve predictions of progressive deformity in fractured vertebrae. 

2. Materials and methods  

2.1 Experimental data 

This study uses data from two previous experimental studies which quantified how initial 

damage increased subsequent time-dependent deformity in loaded vertebral bone.  

The first experiment used 27 trabecular bone samples cored from human thoracolumbar 

vertebrae (3 male, 2 female, aged 36 to 73 (mean  57) yrs, spinal levels T8-L5) and made into 

cylindrical specimens with axial diameter 6.3 mm, and height 19.3–28.4 mm (Table 1).  Two 

cores were first extracted from the middle region of the left and right halves of each vertebral 

body with a third core being extracted from the centre of the vertebral body, along the sagittal 

mid-line, if the specimen was large enough.  Samples were then press-fit into two custom-

made stainless steel endcaps, which were aligned with the longitudinal axis of the cylindrical 

sample so that only uniaxial loading occurred during mechanical testing.  A Mach-1™ 

material testing device (Biomomentum, Canada), with a 100N load cell and a resolution of 

0.001 mm displacement and 0.005 N load, was used to compress the sample which was 

placed in a test chamber filled with phosphate buffered saline (PBS) solution at room 
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temperature. Samples were subjected to a ‘creep’ test (constant compressive stress of 0.4 

MPa for 30 mins), and then were compressed at a constant strain rate of 0.04% per second to 

various strain levels to induce different degrees of bone damage (1.0% strain for 8 samples; 

1.5% for 7 samples; 2.5% for 5 samples; or 4% for 7 samples). After this ‘overload’ cycle, 

bone samples were immediately reloaded to the previous strain level (Figure 1). This is the 

‘reload cycle’. Samples were then subjected to a second creep test (0.4 MPa for a further 30 

mins) [4]. Trabecular bone ‘damage intensity’ was quantified as the % reduction of elastic 

modulus between the overload and reload cycles [4]. In the present study, ‘residual strain’ 

was calculated as the difference in strain measured at 0.2 MPa between the overload and 

reload cycles (Figure 1).  This enabled the relationship between residual strain and damage 

intensity to be determined.  However, the shape of the stress-strain curve showed that residual 

strain was dependent upon the applied stress so additional analyses were also performed at 

0.1 MPa and 0.3 MPa to check the sensitivity of the model predictions to variations in the 

loading conditions under which measurements were made.    

The second experiment used 28 ‘motion segments’ comprising three vertebrae and the 

intervening disc and ligaments from 10 male and 4 female cadavers (aged 67 to 92 (mean  

80) yrs, spinal levels T8-L4) (Table 2) [10]. Specimens were secured in cups of dental plaster 

and loaded on a hydraulic materials testing machine (Dartec-Zwick-Roell, Leominster, UK) 

fitted with a 10 kN load cell (Figure 2). Mechanical tests were conducted at room temperature 

and humidity, with specimens wrapped in cling film to prevent water loss. Each motion 

segment underwent a static creep test (1000 N compression, for 60 min) while positioned in 

0° of flexion, after which compression was applied at 3mm/s in ‘flexed’ posture to induce 

damage in one of the vertebrae. Specimens were then subjected to a linear ramp 

loading/unloading cycle lasting 10 seconds where the compressive force, applied in 0° of 

flexion, was increased from 50 N up to a maximum of 1.0 kN and then reduced to 50 N 
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(Figure 3) to simulate muscle force acting on the spine during light manual handling [12]. 

The creep test was then repeated, as before. During these tests, vertical deformation of the 

anterior, middle, and posterior regions of each vertebral body was monitored in the sagittal 

plane using an optical measurement system (MacReflex, Qualisys Ltd., Goteborg, Sweden) 

that tracks reflective markers attached to pins inserted into the cortex of each vertebral body.  

Measurements were made at 50 Hz with an in-plane accuracy of 10 µm [10]. In creep tests 

performed before and after damage, vertebral creep rate, which represents the progressive 

deformation of vertebral bodies, was calculated in the anterior cortex of the fractured vertebra 

between the 10th and 20th minutes of the secondary creep phase [13].  In the present study, 

vertebral deformations in the anterior region of the fractured vertebral body were also 

assessed during the ramp loading/unloading cycle.  Maximal compressive strain was 

measured at the peak load of 1kN and residual strain was calculated as the average strain over 

3 seconds at the end of the loading cycle once the compressive load had returned to 50N 

(Figure 3).  These measurements indicate morphometric changes in vertebral bodies under 

normal physiological loading [10, 12, 14].    

Areal bone mineral density (aBMD) of each vertebral body was measured using DXA. 

Endplate damage and cortical bone damage of the fractured vertebra were confirmed on 

radiographs and by anatomical dissection. The intervertebral disc adjacent to the fractured 

vertebra was evaluated for disc degeneration, on a scale of 1 (non-degenerated) to 4 (severely 

degenerated) [15]. Dimensions of the vertebral body, including maximal anterior-posterior 

and medio-lateral diameters, were measured at the superior endplate. This enabled the cross-

sectional area of the vertebral body to be calculated using the formula for the area of an 

ellipse: 

A= πab/4                    (1) 
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where A is the cross-sectional area, a is the maximal medio-lateral diameter, and b is the 

maximal anterior-posterior diameter. 

2.2 Data analysis  

Data from trabecular bone samples provided a direct measure of damage intensity based on 

the reduction in elastic modulus, and this was used to determine the relationship between 

residual strain and trabecular bone damage, using non-linear regression analysis. This 

relationship was then applied to experimental data from motion segments in order to estimate 

vertebral bone damage from residual strain measured in the fractured vertebra during ramp 

loading/unloading. The derived vertebral damage values, together with vertebral creep rate 

before and after damage, were then used to estimate the model parameter of a predictive 

model that was developed in a previous study [3]. The model relates the degree of vertebral 

damage to subsequent creep deformation, as follows:  

𝜀𝑐̇ =
𝜀̇0

(1−𝜔)𝑝  (2) 

where 𝜀𝑐̇ is the vertebral creep rate following bone damage, 𝜀0̇ is the vertebral creep rate 

before damage, 𝜔 is the vertebral damage intensity (ranging from 0 at no damage, to 1 at 

ultimate compressive failure), and 𝑝 is the model parameter.   

The model can be transformed to a linear format to enable the use of linear regression analysis: 

ln 𝜀𝑐̇ − ln 𝜀0̇ = 𝑝[−ln(1 − 𝜔)]                             (3) 

where (ln 𝜀𝑐̇ − ln 𝜀0̇) is the difference in the natural logarithm of vertebral creep rate before 

and after damage, ln(1 − 𝜔) is the natural logarithm of vertebral damage, and 𝑝 is the model 

parameter as in equation 2.  

Having established the above model, multiple linear regression using a stepwise method was 

employed to examine how factors such as endplate damage (1=no, 2=yes), cortical bone 
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damage (1=no, 2=yes), spinal level, disc degeneration grade (1 to 4), vertebral cross-sectional 

area, and vertebral aBMD affect the relation between ln 𝜀𝑐̇ − ln 𝜀0̇  (outcome variable) and  

[−ln(1 − 𝜔)] (predictor variable). The estimated value of parameter p in the linear 

regression model was compared with the value obtained previously [3] using a Z-test.  

Finally, the relation between maximal and residual strain in motion segments during the ramp 

loading/unloading cycle was examined using linear regression.   

Statistical analyses were performed with SPSS 25.0 (IBM, Armonk, NY, USA). For all 

analyses, P<0.05 was considered significant. 

3. Results  

Data from trabecular bone samples revealed a strong non-linear relationship between 

residual strain measured at 0.2MPa and trabecular bone damage (Fig. 4) represented by the 

following equation (R2 = 0.78, n = 27):  

 = 100 −
51.4

(𝑟𝑒𝑠+0.518)
                        (4) 

where 𝜔 is the damage intensity (%), and  res is the residual strain (%).   

Motion segment data was based on 25 fractured vertebrae because reflective markers could 

not be tracked reliably in 3/28 specimens. 8/25 vertebrae had endplate fracture, 8 had cortical 

bone damage, and 9 had endplate plus cortical bone damage. Disc degeneration was assessed 

as grade 2 in nine specimens, grade 3 in twelve specimens, and grade 4 in four specimens. 

Average vertebral cross-sectional area and aBMD were 1793 mm2 (range 1033 - 2854) and 

0.56 g/cm2 (range 0.24 -1.10), respectively. 

For each motion segment, damage intensity () was calculated by substituting the measured 

values of residual strain into equation (4).   Values of  were then used to determine the 

relationship between vertebral damage intensity and creep deformation using equation (3).  A 
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significant linear relationship existed between ln 𝜀𝑐̇ − ln 𝜀0̇  and − ln(1 − 𝜔) (R2 = 0.39, P = 

0.001, n = 25) (Fig. 5). Multiple regression indicated that fracture type (endplate or cortical 

bone), disc degeneration, spinal level, cross-sectional area, and aBMD made no significant 

contribution to the model predictions of creep deformation (P > 0.05). The estimated model 

parameter p had a mean (S.E.) value of 1.01 (0.26) and was not significantly different from 

the mean value reported previously (1.48, S.E. 0.47, Z= 0.87, P > 0.05) [3]. 

Following compressive overload, a strong correlation was observed between maximal and 

residual strain during the ramp loading/unloading cycle (R2 = 0.92, P < 0.001, n = 25) (Fig. 

6). The regression model indicates that maximal compressive strain at 1kN is around 2.4 

times greater than residual strain at 50N.  

Additional analyses based on residual strains measured at 0.1 and 0.3 MPa in the trabecular 

bone samples produced regression curves similar to those shown at 0.2 MPa with values of 

the model parameter, p, varying from 0.95 at 0.1 MPa to 1.12 at 0.3 MPa (Appendix 1). 

Based on these model parameters, estimates of damage intensity were up to 5.6% lower at 0.1 

MPa and up to 5.2% greater at 0.3 MPa compared to those made at 0.2 MPa indicating that 

model predictions were not greatly influenced by small changes in the loading conditions.   

4. Discussion 

4.1 Summary of findings 

Residual strain in a damaged vertebra, measured under physiological loading conditions, can 

be used to determine vertebral damage intensity and predict future vertebral deformity under 

load. Maximal compressive strain can function in a similar way because it is strongly 

correlated with residual strain.  Factors such as disc degeneration, spinal level, BMD, cross-

sectional area and fracture type, had no significant influence on the model predictions. In 

principle, therefore, morphometric measurements obtained following initial vertebral damage 
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could be used to predict progressive vertebral deformity. However, these findings are based 

on in-vitro experiments and need to be confirmed in the clinical setting.  

4.2 Strengths and weaknesses   

Experimental data were obtained using cadaver spines from donors mostly aged over 50 

years, so results are applicable to the clinical problem of osteoporotic vertebral fractures.  

The relationship between residual strain and damage was obtained from trabecular bone 

samples where damage could be more directly quantified, and this relationship was applied to 

fractured vertebrae to derive vertebral damage intensity. This approach is justified based on 

previous findings that trabecular bone damage is the key determinant of mechanical 

behaviour of a damaged vertebral body [3, 5].   

In trabecular bone samples, residual strain was influenced by the applied stress so it was 

necessary to standardise the stress at which measurements were made.  A value of 0.2 MPa 

was chosen to be comparable with test conditions in the motion segments. In the latter case, 

stress in the vertebral body could not be measured directly and was difficult to estimate from 

measures of vertebral cross-sectional area because a variable proportion of the applied load 

would be borne by the neural arch [16].  To overcome this problem, residual strain was 

measured under 50N load when stress within the vertebral body would be low and inter-

specimen differences in stress would be minimised.  Under these conditions, residual strains 

in 19 of the 25 fractured vertebrae were below 3.3% (Figure 6).  This strain level represented 

the upper limit of the data obtained in the trabecular bone samples where the regression curve 

relating residual strain to damage intensity started to plateau (Figure 4).  These findings 

suggest that damage intensity could be estimated with reasonable accuracy in fractured 

vertebrae, even where residual strains exceeded 3.3%.  Additional analyses where residual 

strains in trabecular bone were evaluated at 0.1 and 0.3 MPa showed that predictions of 
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damage intensity deviated by no more than 5.6% from those obtained at 0.2MPa suggesting 

they were fairly robust to small variations in the loading conditions.  

The motion segment experiments enabled vertebral strain to be measured in the sagittal plane 

using an optical system which can track reflective markers attached to vertebral bodies with 

in-plane errors less than 10 µm [17].  Such measurements are clinically relevant because 

sagittal images of the spine are often used for vertebral fracture assessment [8].  

The ramp loading/unloading cycles used to assess maximal and residual strains following 

vertebral damage were chosen to mimic physiological loading in life [10, 12]. The initial load 

(50 N) simulates spinal loading in lying where low levels of trunk muscle activity act to 

stabilise and protect the spine [18, 19], while the maximal load (1.0 kN) simulates moderate 

muscle forces in standing posture [14]. In theory, similar morphometric measurements could 

be made clinically although the resolution of current imaging techniques may limit the ability 

to measure small residual strains.  However, residual strains in fractured vertebrae are highly 

correlated with maximal strains which are considerably larger (Figure 6) and may be more 

readily assessed in vivo. Height changes measured on lateral radiographs taken concurrently 

in lying and then standing can provide a measure of maximal strain, comparable to that 

measured in vitro.  From these measurements, residual strain could be estimated and used to 

determine vertebral damage intensity so that progressive creep deformation of the fractured 

vertebra could be predicted using the mathematical model developed in this study (Equation 

2).  Current image analysis techniques can measure vertebral height on plain radiographs with 

less than 3% precision error [20], suggesting that residual strains as small as 1% could 

potentially be estimated from maximal strain data.  

Limitations of the study include the small number of donors from whom samples were 

obtained for the trabecular bone experiments.  However, donors spanned a wide age range 
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(36-73 yrs) and samples were taken across numerous spinal levels (T8-L5) in order to 

improve the generalisability of the results.  Consequently, the estimated parameter values in 

this study (equation 4), are similar to those obtained in a previous study that used samples 

from a much larger number of donors [5].   Another limitation is that experiments were 

conducted at room temperature. There is no reliable evidence that death per se affects the 

spine’s mechanical properties [21], but normal body temperature (37oC) would be expected 

to increase the rate of creep in living bone [22], at least until some equilibrium was 

approached.  This possibility should be explored in future studies.  

There are also some foreseeable problems with the clinical application of this study’s 

findings.   Measurements obtained from clinical radiographs may be influenced by the 

obliquity of the beam or superimposition of other structures so further clinical investigations 

are needed to evaluate how such factors may influence the model’s predictions.   It is also 

likely that maximal and residual strains following fracture may decrease over time, as 

vertebral deformation progresses, so application of this model may be most suitable at an 

early stage, providing an opportunity for timely intervention to prevent spinal deformity.  

4.3 Relationship to previous work 

The current study uses the relationship between vertebral damage and creep deformation 

established previously [3]. As in the previous study, we found that trabecular bone damage 

was the key determinant of creep deformation following vertebral compression fracture. 

However, the methods to obtain vertebral damage were different. In the previous study, 

vertebral damage was derived from the reduction of vertebral stiffness following damage, 

whereas in the current study vertebral damage was derived from residual strain measured 

post-damage. Despite these differences, the value of the estimated model parameter p in the 

present study did not differ significantly from that reported previously [3]. Vertebral damage 
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estimated from residual strain (present paper) actually fits the model better than estimated 

based on vertebral stiffness (R2 = 0.39 vs. R2 = 0.22). This may be because residual strain 

was measured directly in the fractured vertebra, while in the previous study vertebral stiffness 

was approximated from motion segment stiffness. It should also be noted that although 

percentage reduction of vertebral stiffness is an established method to calculate vertebral 

damage [5], it is difficult to employ this method in a clinical setting because vertebral 

stiffness before fracture cannot normally be obtained. As morphometric measurements are 

widely used in routine clinical imaging to assess vertebral fracture [8], the findings of the 

current study represent significant progress regarding the clinical application of the predictive 

model [3].     

4.4 Clinical significance 

Our results provide a biomechanical rationale for previous clinical findings that vertebral 

deformity often increases slowly over time [23], and that some vertebral fractures are 

‘mobile’ in the sense that their shape changes between standing and supine postures [20, 24]. 

Mobile fractures have previously been linked with increased back pain [24-26], and our 

findings suggest that they are also associated with vertebral damage and progressive vertebral 

deformity.   

Findings from the current study may lead to improved diagnosis and evaluation of vertebral 

fractures using routine clinical imaging. Currently, morphometric measurements of the 

vertebral body are used to assign fractures into different categories based on the nature and 

severity of post-fracture deformity [8]. The current study indicates that vertebral 

morphometry can also be used to identify symptomatic ‘mobile’ fractures and to predict 

future, progressive vertebral deformity. 

  



15 
 

References 

1. Lee SH, Kim ES, Eoh W (2011) Cement augmented anterior reconstruction with short 

posterior instrumentation: a less invasive surgical option for Kummell's disease with cord 

compression. J Clin Neurosci 18:509-14. http://doi.org/10.1016/j.jocn.2010.07.139 [doi] 

2. Muratore M, Ferrera A, Masse A, Bistolfi A (2018) Osteoporotic vertebral fractures: 

predictive factors for conservative treatment failure. A systematic review. Eur Spine J 

27:2565-76. http://doi.org/10.1007/s00586-017-5340-z [doi] 

3. Luo J, Dolan P, Adams MA, Annesley-Williams DJ, Wang Y (2020) A predictive model 

for creep deformation following vertebral compression fractures. Bone 141:115595. 

http://doi.org/S8756-3282(20)30375-6 [pii] 

4. O'Callaghan P, Szarko M, Wang Y, Luo J (2018) Effects of bone damage on creep 

behaviours of human vertebral trabeculae. Bone 106:204-10. http://doi.org/S8756-

3282(17)30388-5 [pii] 

5. Kopperdahl DL, Pearlman JL, Keaveny TM (2000) Biomechanical consequences of an 

isolated overload on the human vertebral body. J Orthop Res 18:685-90. 

http://doi.org/10.1002/jor.1100180502 [doi] 

6. Hernandez CJ, Lambers FM, Widjaja J, Chapa C, Rimnac CM (2014) Quantitative 

relationships between microdamage and cancellous bone strength and stiffness. Bone 66:205-

13. http://doi.org/10.1016/j.bone.2014.05.023 [doi] 

7. Larrue A, Rattner A, Peter ZA, Olivier C, Laroche N, Vico L, Peyrin F (2011) Synchrotron 

radiation micro-CT at the micrometer scale for the analysis of the three-dimensional 

http://doi.org/
http://doi.org/
http://doi.org/
http://doi.org/
http://doi.org/
http://doi.org/


16 
 

morphology of microcracks in human trabecular bone. PLoS One 6:e21297. 

http://doi.org/10.1371/journal.pone.0021297 [doi] 

8. Zeytinoglu M, Jain RK, Vokes TJ (2017) Vertebral fracture assessment: Enhancing the 

diagnosis, prevention, and treatment of osteoporosis. Bone 104:54-65. http://doi.org/S8756-

3282(17)30072-8 [pii] 

9. Takahashi S, Hoshino M, Takayama K, Iseki K, Sasaoka R, Tsujio T, Yasuda H, Sasaki T, 

Kanematsu F, Kono H, Toyoda H, Nakamura H (2016) Predicting delayed union in 

osteoporotic vertebral fractures with consecutive magnetic resonance imaging in the acute 

phase: a multicenter cohort study. Osteoporos Int 27:3567-75. http://doi.org/10.1007/s00198-

016-3687-3 [doi] 

10. Luo J, Annesley-Williams DJ, Adams MA, Dolan P (2017) How are adjacent spinal 

levels affected by vertebral fracture and by vertebroplasty? A biomechanical study on 

cadaveric spines. Spine J 17:863-74. http://doi.org/S1529-9430(17)30038-4 [pii] 

11. Luo J, Pollintine P, Gomm E, Dolan P, Adams MA (2012) Vertebral deformity arising 

from an accelerated "creep" mechanism. Eur Spine J 21:1684-91. 

http://doi.org/10.1007/s00586-012-2279-y [doi] 

12. Dolan P, Earley M, Adams MA (1994) Bending and compressive stresses acting on the 

lumbar spine during lifting activities. J Biomech 27:1237-48 

13. Yamamoto E, Paul Crawford R, Chan DD, Keaveny TM (2006) Development of residual 

strains in human vertebral trabecular bone after prolonged static and cyclic loading at low 

load levels. J Biomech 39:1812-8 

http://doi.org/
http://doi.org/
http://doi.org/
http://doi.org/
http://doi.org/


17 
 

14. Sato K, Kikuchi S, Yonezawa T (1999) In vivo intradiscal pressure measurement in 

healthy individuals and in patients with ongoing back problems. Spine (Phila Pa 1976) 

24:2468-74. http://doi.org/10.1097/00007632-199912010-00008 [doi] 

15. Adams MA, Dolan P, Hutton WC (1986) The stages of disc degeneration as revealed by 

discograms. J. Bone Joint Surg. Br. 68:36-41 

16. Pollintine P, Dolan P, Tobias JH, Adams MA (2004) Intervertebral disc degeneration can 

lead to "stress-shielding" of the anterior vertebral body: a cause of osteoporotic vertebral 

fracture? Spine (Phila Pa 1976) 29:774-82 

17. Green TP, Allvey JC, Adams MA (1994) Spondylolysis. Bending of the inferior articular 

processes of lumbar vertebrae during simulated spinal movements. Spine (Phila Pa 1976) 

19:2683-91 

18. Adams MA (1995) Mechanical testing of the spine. An appraisal of methodology, results, 

and conclusions. Spine (Phila Pa 1976) 20:2151-6 

19. Wilke HJ, Neef P, Caimi M, Hoogland T, Claes LE (1999) New in vivo measurements of 

pressures in the intervertebral disc in daily life. Spine (Phila Pa 1976) 24:755-62. 

http://doi.org/10.1097/00007632-199904150-00005 [doi] 

20. McKiernan F, Jensen R, Faciszewski T (2003) The dynamic mobility of vertebral 

compression fractures. J Bone Miner Res 18:24-9. http://doi.org/10.1359/jbmr.2003.18.1.24 

[doi] 

21. Adams MA, Bogduk N, Burton K, Dolan P (2002) The biomechanics of back pain. 

Churchill Livingstone, Edinburgh 

http://doi.org/
http://doi.org/
http://doi.org/


18 
 

22. Rimnac CM, Petko AA, Santner TJ, Wright TM (1993) The effect of temperature, stress 

and microstructure on the creep of compact bovine bone. J Biomech 26:219-28. 

http://doi.org/0021-9290(93)90360-Q [pii] 

23. Lu X, Yang J, Zhu Z, Lv X, Wu J, Huang J, Yu L, Wen Z, Luo J, Wang Y (2020) 

Changes of the adjacent discs and vertebrae in patients with osteoporotic vertebral 

compression fractures treated with or without bone cement augmentation. Spine J 20:1048-

55. http://doi.org/S1529-9430(20)30056-5 [pii] 

24. Lee SH, Lee SG, Son S, Kim WK (2014) Influence of Compression Ratio Differences 

between Magnetic Resonance Images and Simple Radiographs on Osteoporotic Vertebral 

Compression Fracture Prognosis after Vertebroplasty. Korean J Spine 11:62-7. 

http://doi.org/10.14245/kjs.2014.11.2.62 [doi] 

25. Chen YJ, Lo DF, Chang CH, Chen HT, Hsu HC (2011) The value of dynamic 

radiographs in diagnosing painful vertebrae in osteoporotic compression fractures. AJNR Am 

J Neuroradiol 32:121-4. http://doi.org/10.3174/ajnr.A2233 [doi] 

26. Toyone T, Tanaka T, Wada Y, Kamikawa K, Ito M, Kimura K, Yamasita T, Matsushita 

S, Shiboi R, Kato D, Kaneyama R, Otsuka M (2006) Changes in vertebral wedging rate 

between supine and standing position and its association with back pain: a prospective study 

in patients with osteoporotic vertebral compression fractures. Spine (Phila Pa 1976) 31:2963-

6 

   

  

http://doi.org/
http://doi.org/
http://doi.org/
http://doi.org/


19 
 

Figure Legends 

Fig. 1 Stress-strain graphs for a trabecular bone sample subjected to compressive ‘overload’ 

and ‘reload’ cycles.  Residual strain was calculated as strain difference measured at 0.2 MPa  

Fig. 2 Each motion segment was secured in two cups of dental plaster and compressed via 

two low-friction rollers, the height of which could be altered to simulate different postures. 

Creep tests and ramp loading/unloading cycles were performed in 0 of flexion (left), and 

compressive overload tests were performed in a flexed posture (right). Black circles represent 

reflective markers attached to the vertebral bodies in order to assess vertebral deformations. 

Fig. 3  Force-time and strain-time graphs for a motion segment during a ramp 

loading/unloading cycle performed after compressive overload. The compressive force was 

increased from an initial 50N up to a maximum of 1.0 kN, and back down to 50N. ‘Residual 

strain’ in the anterior region of the fractured vertebra was measured at the end of the loading 

cycle  

Fig. 4 Data from 27 trabecular bone samples showing the relationship between trabecular 

bone damage and residual strain assessed at 0.2 MPa. 

Fig. 5 The relationship between increased vertebral creep rate (ln 𝜀𝑐̇ − ln 𝜀0̇) and vertebral 

damage [− ln(1 − 𝜔)]. Mechanical test data were from 25 vertebral bodies. 𝜀0̇ is the vertebral 

creep rate before damage, 𝜀𝑐̇ is the vertebral creep rate after damage, and  𝜔 is the damage 

intensity derived from residual strain measured in the ramp loading/unloading cycle performed 

after compressive overload.  

Fig. 6 The relationship between maximal strain and residual strain based on data obtained from 

25 vertebral bodies. Measurements were made during the ramp loading/unloading cycle 

performed after compressive overload. 
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Appendix 1: Figure Legends 

 

Fig. A1 Data from 27 trabecular bone samples showing the relationship between trabecular 

bone damage and residual strain assessed at 0.1 MPa. 

Fig. A2 The relationship between increased vertebral creep rate (ln 𝜀𝑐̇ − ln 𝜀0̇) and vertebral 

damage [− ln(1 − 𝜔)]  based on data represented in Figure A1. Mechanical test data were 

from 25 vertebral bodies. 𝜀0̇ is the vertebral creep rate before damage, 𝜀𝑐̇ is the vertebral creep 

rate after damage, and  𝜔 is the damage intensity derived from residual strain measured in the 

ramp loading/unloading cycle performed after compressive overload. 

 Fig. A3 Data from 27 trabecular bone samples showing the relationship between trabecular 

bone damage and residual strain assessed at 0.3 MPa. 

Fig. A4 The relationship between increased vertebral creep rate (ln 𝜀𝑐̇ − ln 𝜀0̇) and vertebral 

damage [− ln(1 − 𝜔)]  based on data represented in Figure A3. Mechanical test data were 

from 25 vertebral bodies. 𝜀0̇ is the vertebral creep rate before damage, 𝜀𝑐̇ is the vertebral creep 

rate after damage, and  𝜔 is the damage intensity derived from residual strain measured in the 

ramp loading/unloading cycle performed after compressive overload.  

 

  



21 
 

Table 1 Details of 27 trabecular bone samples in the first experiment 

Donor information Spinal level  
(n) Sex (M/F) Age (yrs) 

3M/2F Mean: 57  
SD: 14  
Min: 36  
Max: 73 

T8: 2  
T10: 2  
T11: 2  
T12: 4 
L1: 3  
L2: 8  
L3: 1  
L4: 3  
L5: 2 

  

 

Table 2 Details of 28 motion segments in the second experiment 

Note: *Grade of disc degeneration is the average of the two discs of each three-vertebra 
specimen; +BMD values are those of the fractured vertebra; Fracture types are defined as 
anterior cortex (AC), endplate (EP), or anterior cortex plus endplate (AC+EP). 

 

Donor information Spinal level 
(n) 

Disc 
degeneration 

grade* 
(n) 

BMD+ 
(g/cm2) 

Fracture 
type 
(n) 

Cross-
sectional 

area  
(mm2) 

 

 
Sex 

(M/F) 

 
Age 
(yrs) 

10M Mean: 80 T8-T10: 2 Grade 2: 9 Mean: 0.59 AC: 9 Mean: 1808 
4F SD: 8 T9-T11: 1 Grade 3: 15 SD: 0.25 EP: 8 SD: 489 
 Min: 67 T10-T12: 5 Grade 4: 4 Min: 0.24 AC+EP: 11 Min: 1033 
 Max: 92 T11-L1: 8  Max: 1.10  Max: 2854 
  T12-L2: 1     
  L1-L3: 3     
  L2-L4: 8     

 


