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Abstract 1 

Background context 2 

While burst fracture is a well-known cause of spinal canal occlusion with dynamic, axial spinal 3 

compression, it is unclear how such loading mechanisms might cause occlusion without fracture. 4 

Purpose 5 

To determine how spinal canal occlusion during dynamic compression of the lumbar spine is 6 

differentially caused by fracture or mechanisms without fracture and to examine the influence of 7 

spinal level on occlusion.   8 

Study design 9 

A cadaveric biomechanical study.  10 

Methods 11 

Twenty sets of three-vertebrae specimens from all spinal levels between T12 and S1 were subjected 12 

to dynamic compression using a hydraulic loading apparatus up to a peak velocity between 0.1 13 

and 0.9 m/s. The presence of canal occlusion was measured optically with a high-speed camera. 14 

This was repeated with incremental increases of 4% compressive strain until a vertebral fracture 15 

was detected using acoustic emission measurements and computed tomographic imaging.  16 

Results 17 

For axial compression without fracture, the peak occlusion (Omax) was 29.9±10.0%, which was 18 

deduced to be the result of posterior bulging of the intervertebral disc into the spinal canal. Omax 19 

correlated significantly with lumbar spinal level (p<0.001), the compressive displacement 20 

(p<0.001) and the cross-sectional area of the vertebra (p=0.031).  21 



 

 

Conclusions 1 

Spinal canal occlusion observed without vertebral fracture involves intervertebral disc bulging. 2 

The lower lumbar spine tended to be more severely occluded than more proximal levels.  3 

 4 

Clinical Significance: Clinically, intermittent canal occlusion from disc bulging during dynamic 5 

compression may not show any radiographic features. The lower lumbar spine should be a focus 6 

of injury prevention intervention in cases of high-rate axial compression. 7 

 8 

Keywords: Spinal canal occlusion, axial compression, lumbar spine, traumatic spinal cord 9 

injury 10 

 11 

 12 

 13 

 14 

 15 

 16 

 17 

 18 



  

1 

 

Introduction 1 

Occlusion of the spinal canal resulting from high-energy trauma may lead to impingement of 2 

the spinal cord or nerves of the cauda equina, resulting in neurological deficits [1]. Retrospective 3 

surveys of traumatic spinal injuries have shown that the severity of neurological impairment is 4 

directly associated with spinal column fracture [2,3]. However, intervertebral disc bulging, which 5 

can result in neural compression, has received little attention to date [4–7]. Specifically, the spinal 6 

loads associated with level-specific disc occlusion of the canal are not known. 7 

While the temporal characteristics of fracture-induced occlusion under high loading rates have 8 

been examined[8–11], fractures below the thoracolumbar junction and the relationship of spinal 9 

level to the degree of occlusion have not been previously considered. Spinal fractures below the 10 

thoracolumbar junction are proportionately more common with military compared to civilian 11 

injury. In a retrospective review of combat-related injuries, there was a high rate of burst fractures 12 

observed below L2 [12]. A recent text on military injury biomechanics reported that, for underbody 13 

blast attacks of military vehicles, the greatest proportion of spinal injuries was observed in the 14 

lumbar region [13].  15 

Dynamic cadaveric tests have shown that a burst fracture of the vertebral body can occlude 16 

the spinal canal by up to 50% before reducing to approximately 30% due to the elastic response of 17 

the posterior longitudinal ligament or the intervertebral disc [9,11]. Previous studies have 18 

described canal occlusion to be the result of bone fragments derived from the fractured vertebral 19 

body protruding into the canal, with the maximum occlusion affected by the amount of 20 

compressive impact energy or loading rate [8–10,14]. In these studies, a burst fracture in three-21 

vertebrae cadaveric specimens using a drop tower was produced. However, since disc protrusion 22 

could not be directly visualized during testing, the specific canal occlusion mechanism could not 23 
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be established. 1 

 Spinal canal occlusion associated with disc herniation in vivo has been measured with MRI 2 

[7,15–17], but these studies considered slow and non-injurious spine loading. Cuchanski et al., [4] 3 

measured the occlusion of fifteen sets of two-vertebrae spine specimens under compressive or 4 

bending loading conditions. While these authors considered specimens from multiple spinal levels 5 

(i.e., L1 to S1), the applied compression, bending moment and loading rate were of low magnitude 6 

(i.e., 250 N, 2.5 Nm and 0.01 Hz, respectively) which may not be sufficient to generate traumatic 7 

spine injury. Posterior protrusion of the intervertebral disc has been previously measured in static 8 

images of two-vertebra cadaveric specimen taken at different flexion/extension, lateral bending or 9 

axial rotation angles [5,6,18,19]. However, canal occlusion under dynamic compression in the 10 

absence of a severe vertebral fracture has not been measured in previous research. 11 

Experimental studies of canal occlusion induced by vertebral fracture have primarily focused 12 

on the cervicothoracic and thoracolumbar junctions [8–11] since these are common fracture sites 13 

clinically encountered in civilian trauma [2,3]. However, morphometric variation along the spine 14 

is associated with changes in canal geometry [20,21], and it is unclear if these anatomical 15 

variations influence canal occlusion susceptibility. The aim of this study was to quantify how 16 

fracture and non-fracture trauma resulting from dynamic compression, or vertebral size, 17 

volumetric bone mineral density (vBMD) and lumbar position influence occlusion of the spinal 18 

canal during dynamic compression. It was hypothesized that fracture and the aforementioned 19 

variations between vertebrae influence the amount of occlusion.  20 

Methods 21 

Ethical approval for this study was obtained from the University of Melbourne Human Ethics 22 
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Committee (IDs: 1647558 and 1544171). The study was funded by Defence Science and 1 

Technology, Australia. 2 

Specimen preparation 3 

Vertebral columns extending from T12 to S1 inclusive were harvested from fifteen fresh-4 

frozen male cadavers (age: 61.5±10.3 years, weight: 83.1±26.1 kg, height: 177.6±10.3 cm, BMI: 5 

26.3±8.6 kg/cm2; each expressed as mean±1SD). Spinal specimens showed no history of previous 6 

surgery and were free of macroscopic abnormalities, including bridging osteophytes or wedge 7 

deformities. All specimens were separated into twenty sets of three-vertebrae specimens 8 

comprising three-adjacent vertebra from all spinal levels between T12 and S1 (Table 1). All facet 9 

joints and associated capsular ligaments were left intact, as were the intervertebral discs and major 10 

spinal ligaments including the anterior longitudinal ligament, posterior longitudinal ligament, 11 

ligamentum flavum, intertransverse ligament, interspinous ligament and supraspinous ligament, 12 

facet capsular ligaments. All other soft tissues were removed. Specimens were kept hydrated by 13 

regular irrigation with 0.9% saline during preparation and testing.  14 

Imaging 15 

Each vertebral specimen was imaged in a small animal computed-tomography (CT) scanner 16 

(Inveon; Siemens, Munich, Germany), where the axial slice thickness and in-plane voxel size were 17 

each 0.1 mm. The three-dimensional bony geometry of each specimen was segmented using 18 

commercially available software (Mimics version 19.0; Materialise, Leuven, Belgium). 19 

Parameters measured directly from the reconstructed geometries included cross-sectional area at 20 

the mid-plane of each vertebral body of the center vertebrae (aVB), cross-sectional area at the mid-21 

plane of the lower intervertebral disc (aIVD), height of the vertebral body of the center vertebrae 22 
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(hVB), and height of the vertebral body of the center vertebrae and the lower intervertebral disc 1 

(hVB+IVD) (Fig. 1). The CT images were used to identify Schmorls nodes or disc herniation into the 2 

endplate, and the most severely degraded disc for each specimen was graded according to clinical 3 

radiographic criteria [22]. The volumetric BMD (vBMD) of trabecular bone was determined for 4 

the center vertebral body using previously published methods [23].  5 

Mechanical testing 6 

The cranial and caudal vertebrae of each three-vertebrae specimen were embedded in an 7 

aluminum fixture using dental plaster with the vertebral rims of the center vertebra positioned 8 

horizontally, and the upper and lower vertebrae remained in their neutral position (i.e., unloaded) 9 

(Fig. 2). To enhance fixation, four metal screws were drilled into the outer vertebral bodies and 10 

steel wires tightly wound between each screw head prior to potting. The potted spine and fixtures 11 

were subsequently secured to a calibrated material testing machine (Model 8874; Instron, 12 

Norwood, USA), comprising a six degree-of-freedom load cell (MC5-2500; AMTI, Watertown, 13 

USA) mounted below a hydraulically-driven piston (Fig. 2). The vertical component of the force 14 

and the piston displacement represented the axial spine compressive force (Fz) and displacement 15 

(dz), respectively. Using adjustment plates, the position of the potted spine was adjusted to ensure 16 

a 500 N pure axial compressive load, which was defined by measurement of flexion-extension and 17 

lateral bending moments of less than 1 Nm. Axial strain (εz) was calculated relative to hVB+IVD as: 18 

𝜀𝑧 =
𝑑𝑧,𝑚𝑎𝑥

ℎ𝑉𝐵+𝐼𝑉𝐷
      (1) 19 

From an unloaded position, each spinal specimen was tested in a loading sequence (Fig. 2) 20 

that comprised (i) preloading: 5 cycles at 1 Hz from 0 to 0.1 mm of compression, (ii) dynamic 21 

loading: compression at maximum acceleration of the testing machine (i.e., peak velocity 0.1-0.9 22 



5 

 

m/s) to a 4% interval of εz, (iii) unloading: returning the spine to its unloaded position in 1 s, and 1 

(iv) recovery: maintaining the specimen in an unloaded position for approximately 30 minutes. 2 

The entire loading sequence was repeated in increments of 4% increase in εz until a fracture was 3 

detected by a visible crack on the left or right surface of the center vertebral body, or a negative 4 

slope in the force-displacement curve [24]. After testing, each specimen was removed from the 5 

testing machine and visually examined for damage to ligaments, discs and cortical bone.  6 

Fracture identification 7 

Fracture resulting from the final test in the series was evaluated by post-test CT images 8 

acquired of the center vertebra and classified according to the AO spine injury classification system 9 

[25]. To identify any vertebral body fractures that had occurred prior to the final test, two miniature 10 

acoustic emission (AE) sensors (S9225; Physical Acoustics Corp., Mistras Group, Princeton 11 

Junction, USA) were attached to the body of the center vertebra of each cadaveric specimen (Fig. 12 

3), as described previously [26]. Briefly, the AE sensors were attached to the body of the center 13 

vertebra by smoothing a small region of the bony surface with a scalpel and sandpaper, degreasing 14 

the surface with ethanol, filling surface pores and water proofing with polyurethane, and bonding 15 

the sensor with cyanoacrylate glue. The AE signals were recorded using a data acquisition system 16 

with a sampling frequency of 2 MHz (USB-6366; National Instruments Corp., Austin, USA), and 17 

were converted to absolute AE sound wave pressure using the sensitivity curve supplied by the 18 

manufacturer for each sensor. It has been shown that if the duration of an AE burst (AEduration) 19 

defined by a discrete period of AE activity greater than background noise is greater than 0.63 ms, 20 

the vertebral body has sustained an isolated trabecular fracture or a combined fracture of the 21 

cortical and trabecular bone [26].  22 
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Occlusion evaluation 1 

Occlusion of the spinal canal was measured during testing using a pair of 45-degree mirrors 2 

that reflected a cold light source (LG-PS2-5; Olympus, Tokyo, Japan) downwards through the 3 

canal to a high-speed camera (Fastcam-3 or AX50; Photron, Tokyo, Japan) (Fig. 3). The images 4 

were sampled at 2,000 frames per second. Canal occlusion (Ocanal) during the test was calculated 5 

from the decrease in illuminated canal area relative to the initial illumination area using:  6 

𝑂𝑐𝑎𝑛𝑎𝑙 =
𝑎𝑐𝑎𝑛𝑎𝑙−𝑎𝑐𝑎𝑛𝑎𝑙,𝑖

𝑎𝑐𝑎𝑛𝑎𝑙,𝑖
      (2) 7 

where acanal,i is the initial canal area (in pixels) and acanal represents the current canal area. The 8 

maximum occlusion (Omax) and corresponding compressive displacement (dz,max) and force (Fz,max) 9 

were identified, whilst the final occlusion (Ofinal) was assumed to be the occlusion two seconds 10 

from commencement of compressive load (Fig. 4). The compressive strain at maximum occlusion 11 

(εz,max) was calculated as: 12 

𝜀𝑧,𝑚𝑎𝑥 =
𝑑𝑧,𝑚𝑎𝑥

ℎ𝑉𝐵+𝐼𝑉𝐷
      (3) 13 

The timing of the load cell, acoustic emission signals and high-speed camera images was 14 

aligned with a digital trigger generated by the USB-6366 data acquisition system. The accuracy of 15 

this optical system was evaluated by comparing its occlusion measurements on a 3D-printed three-16 

vertebrae polymer spine to those obtained using a motion capture system with four cameras (vero 17 

2.2; Vicon, Oxford, UK) (see Supplementary material, part I). The root-mean-squared difference 18 

between each method was 5.49% and the coefficient of determination (R2) was 0.946, which was 19 

assumed a satisfactory accuracy to validate the optical based method.  20 

Data analysis 21 

The temporal relationship between occlusion and the compression attributes, dz and Fz, was 22 
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quantified using Pearson’s correlation-coefficient (R), calculated from the start of compression to 1 

maximum occlusion (tmax,O). The strength of correlation was defined as either poor = 0-0.29; fair 2 

= 0.30-0.59; moderate = 0.60-0.79 or strong = 0.80-1.00 [27]. To avoid any bias resulting from 3 

different numbers of compression tests between specimens, only the second-last and final tests 4 

were considered in the analysis. These specific tests were chosen because they generated the 5 

greatest extent of canal occlusion per specimen. Based on the post-test CT images or AEduration, 6 

these tests were designated as non-fracture or fracture, which was represented by the categorical 7 

variable fracture status, denoted as 0.0 and 1.0, respectively.  8 

Independent stepwise multiple linear regressions were performed with the dependent variables 9 

Omax or Ofinal, and the independent predictor variables: Lumbar level, dz,max, εz,max, aVB, aIVD, acanal,i, 10 

hVB, hVB+IVD, vBMD, fracture status, Schmorl’s nodes and intervertebral disc grading. This stepwise 11 

approach sequentially included predictors if the corresponding fit of the regression was 12 

significantly improved according to a partial F-test, whilst predictors that do not satisfy this 13 

criterion at any point in the regression were eliminated. The significance of the final regression 14 

was also assessed using an F-test. The level of significance for all analyses was set as p<0.05. 15 

Normality of the residuals was evaluated using a Kolmogrov-Smirnov test, and homoscedasticity 16 

of the residuals examined from a scatterplot of the standardized residuals and predictors. Absence 17 

of multicollinearity between explanatory variables was determined using variance inflation factors 18 

(VIFs).  19 

Results 20 

All fractures identified in the current study were confined to the vertebral body, and no 21 

specimen sustained ligament rupture or damage to the intervertebral disc upon visual inspection 22 
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and post-test dissection of the discs. The final test in each load series resulted in a fracture for all 1 

specimens, except two which did not have any detectable injury in their CT scans and were 2 

classified as non-fracture. The second-last test for 17 specimens was classified as non-fracture, 3 

whilst the second-last test for 3 specimens was excluded from the data analysis due to image 4 

acquisition issues with the high-speed camera. Thirteen specimens were identified to have a 5 

combined cortical and trabecular fracture, comprising cranial endplate fracture (n=3), split coronal 6 

fracture (n=6), incomplete burst fracture (n=4), while five specimen were identified with isolated 7 

trabecular fracture. For disc degradation, seven specimens were graded as 0 (normal), seven as 1 8 

(mild) and six as 2 (moderate), and 0 as 3 (severe); however, no specimens had herniation of the 9 

disc into the endplate. Eight specimens were found to have pre-existing Schmorls nodes, indicating 10 

that the condition of the nucleus may have influenced the nature of the fracture sustained. Since 11 

most specimens had tests represented in both of the non-fracture and fracture groups, no attributes 12 

describing the vertebral body and canal size, vBMD and intervertebral disc grading varied 13 

significantly between non-fracture and fracture (p>0.05; Table 2).  14 

The canal occlusion of each specimen closely followed the temporal measurements of 15 

compressive force and displacement (Fig. 5). Evaluated across all lumbar levels, the correlation 16 

up to the maximum occlusion between Ocanal and dz was strong, with an average R of 0.93 and 17 

0.95 for non-fracture and fracture, respectively (Table 3). Over the same interval, the average R 18 

between canal occlusion Ocanal and Fz was lower, with R values of 0.78 and 0.93 for non-fracture 19 

and fracture, respectively. When computed over the entire two seconds of testing, the R value 20 

computed between Ocanal and dz or Fz was on average weaker than the R value of the shorter interval 21 

(Ocanal vs dz: 0.86 and 0.83, for non-fracture and fracture, respectively) and (Ocanal vs Fz: 0.83 and 22 

0.71, for non-fracture and fracture, respectively). 23 
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Computed for all lumbar levels, Omax was not significantly different between the compression 1 

tests of non-fracture and fracture (Table 4); however, for every test the occlusion immediately 2 

reduced following Omax (Fig. 5), and Ofinal for non-fracture was significantly lower than for fracture 3 

(mean difference: 17.0%; p=0.011). dz,max and εz,max for fracture were each significantly larger than 4 

for non-fracture (mean difference: 2.18 mm; p<0.001). At individual lumbar levels, Ofinal varied 5 

significantly between non-fracture and fracture at L4 (mean difference: 77.2%; p=0.011), whilst 6 

dz,max varied significantly between non-fracture and fracture at L5 (mean difference: 1.10 mm; 7 

p=0.011). No occlusion or compression variables were observed to vary significantly (p>0.05) 8 

between tests identified with isolated trabecular fractures or combined cortical and trabecular 9 

fractures (Table 5).  10 

The stepwise linear regression for the dependent variable Omax produced a strong fit (R=0.822), 11 

with significantly correlated variables that included lumbar level and dz,max (p<0.001) and aVB 12 

(p=0.031) (Table 6). Omax did not appear to depend upon the fracture status of the compression test 13 

(p>0.05). In contrast, the dependent variable Ofinal significantly varied with fracture status 14 

(p=0.026), albeit with a fair fit for the linear regression (R=0.37). Neither Omax or Ofinal was 15 

significantly affected by the presence of Schmorl’s nodes or the intervertebral disc grading (each 16 

p>0.05). For each linear regression the corresponding residuals were found to be normally 17 

distributed, whilst the magnitude of the normalized predictors and residuals was less than three 18 

and their corresponding scatter plot was approximately rectangular; features that were each 19 

indicative of homoscedasticity. For the linear regression corresponding to Omax, the VIFs were less 20 

than 2.5, indicating there was no collinearity between each predictor.  21 
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Discussion 1 

Occlusion of the spinal canal from mechanisms other than vertebral fracture present a clinical 2 

challenge since the injury may not present radiographically [28–30]. The results of this study 3 

demonstrate that substantial spinal canal occlusion may result from non-fracture mechanisms 4 

during dynamic spinal compression. For example, the maximum occlusion for non-fracture tests 5 

was 43.6±34.6% of the axial view of the unloaded canal area (Table 6). Since there was no bone 6 

damage identified for the specimens of the non-fracture group, the canal occlusion was likely due 7 

to mechanisms associated with soft tissue deformation, such as bulging of the intervertebral discs. 8 

While transverse dislocation or rotation of the center vertebra may have also caused occlusion, its 9 

contribution was likely minimal due to the confinement of the cranial and caudal facet joints [31], 10 

especially with the outer vertebra being clamped by dental plaster in the mechanical testing.   11 

Up to peak occlusion (Omax), the temporal occlusion measurements most strongly correlated 12 

with the compressive displacement for tests corresponding to both fracture (R=0.93±0.13; 13 

p<0.001) and non-fracture (R=0.95±0.04; p<0.001) (Table 3), indicating that the amount of canal 14 

occlusion was proportional to the magnitude of axial compression. This relationship also supports 15 

a disc bulging occlusal mechanism, since experimental and computational studies have shown that 16 

radial disc bulging is proportional to compressive displacement [32,33]. The correlations between 17 

occlusion and compressive displacement remained significant over the entire two second interval 18 

of the axial compression, albeit with weaker correlations than the shorter interval (Table 3). This 19 

indicates canal occlusion over longer durations is influenced by other variables, likely relating to 20 

intervertebral discs viscoelasticity, which has a greater effect on the disc response across longer 21 

intervals [34,35]. Ofinal varied significantly between non-fracture and fracture across all lumbar 22 

spine levels (p=0.011; Table 4). This result suggests that, for the observed range of vertebral body 23 
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fractures associated with spinal compression, the spinal canal will experience prolonged occlusion 1 

compared to spinal compression without a fracture. 2 

Stepwise regression indicated that Omax was significantly dependent on lumbar level 3 

(p<0.001), dz,max (p<0.001), and the vertebral body cross-sectional area (aVB) (p=0.031), whilst the 4 

fracture status had no significant bearing on Omax (Table 6). The dependency between Omax and 5 

lumbar level is a novel result and suggests that more caudal lumbar canal levels have a greater 6 

tendency to be maximally occluded than levels more cranially. This result may be related to 7 

differences in the canal cross-sectional area, which was greatest at T12 and lowest at L5 (Table 2), 8 

or the dependency to aVB, since vertebrae and adjoining discs with smaller cross-sectional areas 9 

will have a reduced compressive stiffness and therefore sustain greater disc compression causing 10 

bulge. This finding implies that occlusion-induced neurological injuries should be protected 11 

against for the lower lumbar spine since this region is more readily occluded during high rate axial 12 

compressions generated from falls or underbody blast attacks of military vehicles. However, this 13 

interpretation still requires clinical evidence linking neurological injuries to a disc bulging 14 

mechanism in both civilian and combat scenarios. 15 

Schmorl’s nodes were present in eight specimens and the intervertebral disc grading varied 16 

from normal to moderately degraded, however, this extent of disc degeneration had no significant 17 

effect (p>0.05) on Omax or Ofinal according to the stepwise regression (Table 6). While degeneration 18 

of the disc may be expected to influence disc bulging due to disruption of the annulus fibrosis 19 

lamellae [36], our results are consistent to previous work showing that the degeneration does not 20 

significantly change posterior bulging of the disc during axial compression [15,37]. As outlined 21 

by O’Connell et al. [37], this result may relate to the lower tensile moduli and less organized 22 

lamellae that occur in the posterior annulus fibrosis compared to those anteriorly [38,39].  23 
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The present study showed that Omax for the T12-L1-L2 specimens of the fracture group 1 

(26.6±10.4%; Table 4) was lower than that reported for dynamic compression of three-vertebrae 2 

specimens at the thoracolumbar junction (47.62±13.89% [10]; 33.3±10.6% [40]; 47.0±12.0% for 3 

impact energy of 110 J [14]). This discrepancy may be due to dissimilar loading protocols and 4 

fracture types, where these previous studies each used a drop-weight loading method and only 5 

considered burst fractures, whereas the current study used a hydraulic loading apparatus, which 6 

avoided overloading a specimen following fracture initiation, and considered compression 7 

fractures other than burst. For both non-fracture and fracture compressive tests, the magnitude of 8 

occlusion significantly reduced following its peak value (Table 4), a finding that was consistent 9 

with previous dynamic occlusion measurements [10,14,40]. Many studies have obtained occlusion 10 

measurements of the lumbar spine due to disc bulging from both cadaveric specimens [4] and in 11 

vivo [7,15–17], however, due to the low speeds and lower amounts of compression, the occlusion 12 

magnitudes were much lower than the current study.  13 

This study had limitations that ought to be acknowledged. Firstly, by applying the incremental 14 

loading method, none of the fracture types included a complete burst fracture, which is the typical 15 

vertebral fracture type associated with canal occlusion and spinal cord injury [1,9]. The absence 16 

of burst fractures in the current study may be explained by the peak velocities in the mechanical 17 

testing (range: 0.1-0.9 m/s), which were lower than previous studies that produced these fractures 18 

during high-rate axial compression of the spine, where peak velocities were reported from 2.5 to 19 

9 m/s [41,42]. However, burst fractures have also been reported to occur at force rates of 250 kN/s 20 

[10], which is comparable to the current study, where the average Fz,max (non-fracture group: 21 

4866.1 N, fracture group: 6261.2 N) and average time-to-peak force (non-fracture group: 18.5 ms 22 

and fracture group: 14.3 ms), corresponded to a force rate of 263.0 kN/s and 437.8 kN/s, for the 23 
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non-fracture group and fracture group, respectively. Hence, we would argue that the loading rate 1 

for the fracture group may have been sufficient to cause burst fracture. Another explanation is that 2 

the lack of burst fracture was related to the incremental loading approach, which initiated fractures 3 

but most likely prevented them from progressing into a complete burst fracture. This deduction is 4 

supported by the observed fracture patterns, where four specimens sustained an incomplete burst 5 

fracture, which may have progressed to a complete burst fracture with further compression, and 6 

three specimens sustained a cranial endplate fracture, which is believed to initiate the burst fracture 7 

process [43]. It is also worth noting that experimental studies have shown the mechanical behavior 8 

of the intervertebral discs becomes rate independent for stress rates greater than 1 MPa/s [34], 9 

which for the average aIVD in the current study, equates to 2.2 kN/s; hence, occlusion measurements 10 

due to the disc bulging mechanism would not have changed at higher loading rates. 11 

Secondly, the axial view of the spinal canal did not allow the relative contribution to canal 12 

occlusion by disc bulging or lateral vertebra motion to be visualized. However, the confinement 13 

provided by the clamped outer vertebra and facet joints likely minimized lateral motion of the 14 

center vertebra, a deduction supported by measurements from a second high-speed camera that 15 

was used to image two of the spinal specimens from an oblique sagittal viewing position (see 16 

Supplementary material, part II). Although deformation of the vertebral body may have 17 

contributed to canal occlusion, this effect was considered negligible due to the much greater 18 

stiffness of the bone compared to the discs [44,45]. This reasoning was supported from 19 

observations for two specimens viewed from the oblique sagittal viewing position, where the 20 

vertebral body displacement was minimal compared to that of the upper and lower intervertebral 21 

discs (see Supplementary material, part III).  22 

Thirdly, while the optical-based occlusion measurements were validated for a rigid 3D-printed 23 
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polymer spine, differences from the cadaveric spine, such as variation in the spinal canal geometry, 1 

may have altered this accuracy. To further consider these geometric variations, the curvature of the 2 

spinal canal was measured in each cadaveric specimen and compared to the 3D-printed spine used 3 

to validate the occlusion measurements (see Supplementary material, part IV). It was found that 4 

the spinal canal curvature for specimens above L4-L5-S1 was similar to the 3D-printed spine and, 5 

thus, would be expected to provide occlusion measurements of similar accuracy. For the L4-L5-6 

S1 specimens, the variation in the spinal canal orientation from a straight vertical line was 7 

approximately double that of the 3D-printed spine, thus, larger errors in the occlusion measurement 8 

would have occurred at this level and caution is advised when interpreting the current results 9 

pertaining to this lumbar level. Additional measurement errors would also have been dependent on 10 

the alignment of specimens in the loading apparatus, where the vertebral rims of the center vertebra 11 

were positioned horizontally to provide a vertical line-of-sight through the canal. By using a spirit 12 

level to guide the alignment, it would be expected that these errors would be relatively minimal 13 

compared to the errors related to the spinal curvature.  14 

Finally, the imposed boundary conditions used in the mechanical testing may differ from those 15 

of the lumbar column during loading in vivo, where the curvature and compliance along the spine 16 

allows individual vertebra to translate and rotate during dynamic compression [46]. This may 17 

ultimately reduce posterior disc bulging toward the canal [47–50], resulting in possible 18 

overestimates of occlusion. However, this study limitation was unavoidable considering that level-19 

specific occlusion under dynamic compression can only be measured in short spinal specimens at 20 

each lumbar level, each which has a reduced compliance compared to a full-length spine. 21 

Furthermore, the axial confinement was necessary to maintain the spinal canal within the line-of-22 

sight of the light source and camera system used in the current study. Thus, using alternative 23 
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sensors such as pressure transducers is recommended in future work examining dynamic spinal 1 

occlusion corresponding with reduced axial confinement of the spine [42]. 2 

Clinical Significance  3 

The present study showed that the spinal canal experiences considerable amounts of occlusion 4 

without vertebral fracture under dynamic compression, which is likely to be due to disc bulging. 5 

This finding is of relevance when considering imaging methods to identify potential spinal injury, 6 

since without vertebral fracture the spinal injury may not present any identifiable features in 7 

radiographic imaging. Caudal lumbar vertebrae were found to be more prone to occlusion than 8 

proximal lumbar vertebrae during axial compression, most likely due to variations in the canal and 9 

intervertebral disc cross-sectional area and load response. These findings suggest that the lower 10 

lumbar spine ought to be a focus for injury prevention in scenarios that produce dynamic spinal 11 

compression.  12 
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Tables 

Table 1: Descriptive characteristics for the cadavers corresponding to the three-vertebrae specimens used in the mechanical testing. For 

the corresponding three-vertebrae specimen, the vBMD of the center vertebra, intervertebral disc grading, and number of specimens 

with Schmorls nodes are indicated.  

 Combination 

Number of 

specimens 

Age (yrs) Total  

height (cm) 

Total 

weight 

(kg) 

BMI 

(kg/m2) 

vBMD 

(mg/cm3) 

Intervertebral disc 

grading 

Number of 

specimens with 

Schmorls nodes 

T12-L1-L2 2 62.5±2.1 183.0±0.0 91.0±9.9 27.2±3.0 136.3±43.2 1.0±0.0 1 

L1-L2-L3 4 61.0±12.5 180.0±17.9 84.8±25.6 25.5±3.1 154.5±24.2 0.5±1.0 2 

L2-L3-L4 5 65.6±10.7 171.4±3.4 83.3±24.0 27.9±13.7 166.3±72.8 1.2±0.8 4 

L3-L4-L5 5 57.4±7.8 177.6±6.4 80.9±37.4 23.5±6.0 171.6±56.1 1.0±0.7 0 

L4-L5-S1 4 60.3±12.1 186.3±10.4 74.4±20.1 26.3±2.2 165.5±71.5 1.0±1.2 1 

Total 20 61.3±9.7 178.8±10.4 83.3±24.0 25.9±7.2 162.1±53.7 1.0±0.8 8 

BMI, Body mass index; vBMD, volumetric bone mineral density of vertebral body trabecular bone; Intervertebral disc grading, 

grading of the more severely degraded intervertebral disc of each three-vertebrae specimen according to clinical radiographic criteria 

[22].
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Table 2: Specimen-specific attributes (mean±1SD) related to geometry, rigidity and vBMD of three-vertebrae lumbar spine specimens 

with compression tests of each fracture category. 

 Three-

vertebra 

specimen 

n aVB  

(cm2) 

aIVD (cm2) acanal,i (pixels) hVB 

(mm) 

hVB+IVD 

(mm) 

vBMD 

(mg/cm3) 

Intervertebral 

disc grading 

Number of 

specimen with 

Schmorls nodes 

N
o
n

-f
ra

ct
u
re

 

T12-L1-L2 2 12.2±1.7 18.3±2.0 12007.0±878.2 26.7±1.4 35.9±1.4 144.6±46.8 1.0±0.0 1 

L1-L2-L3 4 12.9±0.9 22.0±2.9 5422.3±1876.6 29.8±3.3 39.2±2.9 165.8±34.7 0.5±1.0 2 

L2-L3-L4 3 14.0±0.7 22.5±2.9 4207.0±1734.0 29.4±0.9 38.9±2.1 138.0±62.8 1.0±1.0 2 

L3-L4-L5 6 15.3±1.2 21.5±1.4 5369.0±696.3 28.7±1.4 39.4±0.4 244.6±109.7 1.2±0.4 0 

L4-L5-S1 4 14.9±0.7 22.9±1.7 756.3±378.5 31.9±2.3 38.8±1.2 194.8±120.7 1.0±1.2 1 

Total 19 14.2±1.5 21.7±2.3 4425.6±4775.9 29.5±2.4 38.8±1.8 190.2±91.4 0.9±0.8 6 

           

F
ra

ct
u
re

 

T12-L1-L2 2 12.2±1.7 18.3±2.0 10858.5±870.4 26.7±1.4 35.9±1.4 144.6±46.8 1.0±0.0 1 

L1-L2-L3 4 12.9±0.9 22.0±2.9 4977.0±2577.4 29.8±3.3 39.2±2.9 165.8±34.7 0.5±1.0 2 

L2-L3-L4 5 14.4±1.2 23.6±3.1 3843.8±1842.1 29.1±1.6 36.7±4.6 195.9±112.1 1.2±0.8 4 

L3-L4-L5 3 14.6±1.5 20.6±1.5 4032.0±2101.5 29.0±0.6 39.3±0.6 146.2±18.0 1.0±1.0 0 

L4-L5-S1 4 14.9±0.7 22.9±1.7 833.8±509.4 31.9±2.3 38.8±1.2 194.8±120.7 1.0±1.2 1 

Total 18 14.0±1.4 22.0±2.8 4930.4±4948.4 29.6±2.4 38.1±2.9 175.0±80.0 0.9±0.9 8 

aVB and aIVD, cross-sectional areas at the mid-plane of the vertebral body and intervertebral disc, respectively; acanal,i, area of the spinal 

canal prior to mechanical testing; hVB, height of the vertebral body of the center vertebrae; hVB+IVD, height of the vertebral body of the 

center vertebrae and the lower intervertebral disc; vBMD, volumetric bone mineral density; Intervertebral disc grading, grading of the 

more severely degraded intervertebral disc of each three-vertebrae specimen according to clinical radiographic criteria [22]. 
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Table 3: Pearson’s correlation coefficient (R) (mean±1SD) between canal occlusion and compressive force or displacement up to the 

point of maximum occlusion or for the entire compression experiment. Variables are calculated for specimens of all lumbar levels for 

each fracture category. 

Interval 
Outcome 

variable 

Explanatory 

variable 

Correlation coefficient (R) 

Non-fracture Fracture 

t=0 to tmax,o
 Ocanal 

dz 0.93±0.13*** 0.95±0.04*** 

Fz 0.78±0.28*** 0.93±0.05*** 

t = 0 to 2s Ocanal 
dz 0.86±0.41*** 0.83±0.22*** 

Fz 0.83±0.34*** 0.71±0.28*** 

 Ocanal, spinal canal occlusion; dz, displacement; Fz, compressive force; tmax,o, time corresponding to maximum occlusion 

***p<0.001 
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Table 4: Occlusion and compressive variables (mean±1SD) obtained for each fracture group.  

Group Three 

vertebra 

specimen 

n Number of 

tests per 

specimen 

εz,max  

(%) 

dz,max  

(mm) 

Fz,max 

(N) 

Omax 

(%) 

Ofinal 

(%) 

N
o
n

-f
ra

ct
u
re

 

T12-L1-L2 2 2.5±0.7 10.0±6.3 3.6±2.1 2325.9±938.2 18.1±0.4 0.0±0.0 

L1-L2-L3 4 3.0±1.4 9.7±2.3 3.8±1.0 5425.6±1632.2 57.8±49.2 0.6±1.0 

L2-L3-L4 3 2.3±0.6 8.8±3.2 4.0±1.2 4866.1±2539.6 27.5±45.4 0.6±0.5 

L3-L4-L5 6 2.8±1.2 9.4±6.2 3.3±2.0 3624.7±3469.7 58.8±31.1 0.5±1.2* 

L4-L5-S1 4 2.3±0.5 9.5±1.1* 3.7±0.3* 6818.2±2470.3 31.3±12.4 5.3±10.7 

All 19 2.6±1.0 9.4±3.5*** 3.6±1.3*** 4866.1±2631.7 43.6±34.6 1.5±4.9* 

F
ra

ct
u
re

 

 

        

T12-L1-L2 2 3.5±0.7 16.0±5.8 5.7±1.9 2259.5±1203.3 26.6±10.4 6.8±4.6 

L1-L2-L3 4 4.8±2.4 18.5±7.5 7.4±3.4 6971±3207.1 21.5±13.5 8.5±11.0 

L2-L3-L4 5 2.8±0.8 14.9±3.9 5.5±1.9 7014.4±2498.8 48.6±27.9 0.9±2.0 

L3-L4-L5 3 2.3±0.6 15.1±1.1 6.0±0.3 6249.2±2670.6 61.2±39.7 77.7±38.6* 

L4-L5-S1 4 3.3±0.5 12.3±1.6* 4.8±0.6* 6620±1205.6 56.1±47.5 12.0±14.2 

All 18 3.3±1.4 15.3±4.6*** 5.9±2.0*** 6261.2±2581.6 43.9±32.5 18.5±31.5* 

n, number of specimens; dz,max, displacement at maximum occlusion ; Fz,max maximum axial compressive force; Omax, maximum 

occlusion; Ofinal, final occlusion; 

* p<0.05.  

*** p<0.001 
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Table 5: Occlusion and compressive variables (mean±1SD) obtained for the tests identified with isolated trabecular fractures or 

combined cortical and trabecular fractures. 

Fracture 

type 

Three 

vertebra 

specimen 

n Number of 

tests per 

specimen 

εz,max  

(%) 

dz,max  

(mm) 

Fz,max 

(N) 

Omax 

(%) 

Ofinal 

(%) 

Is
o
la

te
d
 t

ra
b
ec

u
la

r 

fr
ac

tu
re

 

T12-L1-L2 1 4.0 20.1±0.0 7.0±0.0 3110.4±0.0 19.3±0.0 3.6±0.0 

L1-L2-L3 1 5.0 21.6±0.0 7.8±0.0 6899.3±0.0 27.7±0.0 10.6±0.0 

L2-L3-L4 1 2.0 15.2±0.0 4.4±0.0 11038.7±0.0 71.3±0.0 0.0±0.0 

L3-L4-L5 0 0.0±0.0 0.0±0.0 0.0±0.0 0.0±0.0 0.0±0.0 0.0±0.0 

L4-L5-S1 2 3.5±0.7 12.9±2.5 4.9±1.0 6982.5±1896.8 56.6±53.3 13.9±19.6 

All 5 3.6±1.1 16.5±4.3 5.8±1.6 7002.7±2960.1 46.3±34.5 8.4±11.6 

         

C
o

m
b

in
ed

 c
o
rt

ic
al

 a
n
d
 

tr
ab

ec
u
la

r 
fr

ac
tu

re
 

T12-L1-L2 1 3.0±0.0 11.9±0.0 4.4±0.0 1408.6±0.0 34.0±0.0 10.0±0.0 

L1-L2-L3 3 4.7±2.9 17.5±8.8 7.2±4.1 6994.9±3927.5 19.4±15.8 7.7±13.4 

L2-L3-L4 4 3.0±0.8 14.9±4.5 5.8±2.0 6008.3±1255.9 43.0±28.8 1.2±2.3 

L3-L4-L5 3 2.3±0.6 15.1±1.1 5.9±0.3 6249.2±2670.6 61.2±39.7 77.7±38.6 

L4-L5-S1 2 3.0±0.0 11.7±0.7 4.7±0.4 6257.5±486.2 55.7±62.6 10.1±14.2 

All 13 3.2±1.5 14.8±4.7 5.9±2.2 5976.1±2490.7 43.0±33.1 22.4±36.1 

n, number of specimens; dz,max, displacement at maximum occlusion ; Fz,max maximum axial compressive force; Omax, maximum 

occlusion; Ofinal, final occlusion; 

  



26 

 

Table 6: Stepwise multiple linear regression results describing the dependencies of the occlusion variables. 

Outcome 

variable 

Step Included 

predictor 

variables 

R B β p-value Tolerance VIF Excluded predictor variables 

(corresponding p-value) 

Omax 1 Constant 

Lumbar level 

0.57** -2.61 

14.29 

 

0.57 

0.832 

<0.001 

 

1.00 

 

1.00 

dz,max (<0.001) 

εz,max (<0.001) 

aVB (0.036) 

aIVD (0.063) 

acanal,i (0.247) 

hVB (0.921) 

hVB+IVD (0.425) 

vBMD (0.595) 

Fracture status (0.997) 

Schmorl’s nodes (0.900) 

Intervertebral disc grading (0.980) 

          

 2 Constant 

Lumbar level 

dz,max 

0.79** -55.00 

17.05 

9.22 

 

0.68 

0.56 

<0.001 

<0.001 

<0.001 

 

0.96 

0.96 

 

1.04 

1.04 

εz,max (0.909) 

aVB (0.031) 

aIVD (0.159) 

acanal,i (0.340) 

hVB (0.429) 

hVB+IVD (0.888) 

vBMD (0.123) 

Fracture status (0.331) 

Schmorl’s nodes (0.798) 

Intervertebral disc grading (0.330) 
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 3 Constant 

Lumbar level 

dz,max 

aVB 

0.82** 31.79 

22.28 

8.77 

-0.07 

 

0.89 

0.53 

-0.31 

0.438 

<0.001 

<0.001 

0.031 

 

0.52 

0.95 

0.52 

 

1.91 

1.06 

1.92 

εz,max (0.932) 

aIVD (0.463) 

acanal,i (0.197) 

hVB (0.335) 

hVB+IVD (0.775) 

vBMD (0.284) 

Fracture status (0.275) 

Schmorl’s nodes (0.923) 

Intervertebral disc grading (0.653) 

Ofinal 1 Constant 

Fracture 

status 

0.37* 1.51 

17.00 

 

0.37 

0.770 

0.026 

 

1.00 

 

1.00 

dz,max (0.592) 

εz,max (0.775) 

aVB (0.307) 

aIVD (0.499) 

acanal (0.483) 

hVB (0.928) 

hVB+IVD (0.228) 

vBMD (0.775) 

Schmorl’s nodes (0.158) 

Intervertebral disc grading (0.640) 

Omax, maximum occlusion; Ofinal, final occlusion; Lumbar level, level along lumbar spine of center vertebra; dz,max, displacement at 

maximum occlusion; εz,max, compressive strain at maximum occlusion, aVB, cross-sectional area at the mid-plane of the vertebral body; 

acanal,i, initial canal area; aIVD, cross-section area cross-sectional area at the mid-plane of the lower intervertebral disc; hVB, height of the 

vertebral body of the center vertebrae; hVB+IVD, height of the vertebral body of the center vertebrae and the lower intervertebral disc; 

vBMD, volumetric bone mineral density; Fracture status, categorical variable denoting a test with no fracture or a fracture as 0.0 and 

1.0, respectively; Schmorl’s nodes, categorical variable denoting absence or presence of Schmorl’s nodes as 0.0 and 1.0, respectively; 

Intervertebral disc grading, grading of the more severely degraded intervertebral disc of each three-vertebrae specimen according to 

clinical radiographic criteria [22].R, Pearson’s correlation coefficient; B, B-coefficient representing regression slope between predictor 

and outcome variable; β, standardized B-coefficient; VIF, variance inflation facture.  
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Figure captions 

Fig. 1: Geometric parameters describing specimen size from the CT images. (a) Sagittal view of 

three-vertebrae specimen, depicting the mid-planes of the center vertebral body and the caudal 

intervertebral disc (yellow and red dashed lines, respectively), the height of the vertebral body 

(hVB), and the combined height of the center vertebral body and caudal intervertebral disc (hVB+IVD). 

(b) Axial view of mid-plane of the center vertebral body from which its corresponding area (aVB) 

was measured, as indicated by the yellow line. (c) Axial view of mid-plane of the caudal 

intervertebral disc, from which its corresponding area (aIVD) was measured, as indicated by the red 

line.  

Fig. 2: Schematic of mechanical testing method. Each specimen was tested in a loading sequence 

that comprised preloading of 5 cycles at 1 Hz from 0 to 0.1 mm of compression, dynamic loading 

at the maximum acceleration of the testing machine to a 4% interval of axial strain (εz), unloaded 

over a 1 second interval, then allowed to recover unloaded for approximately 30 minutes. The 

loading sequence was repeated in increments of 4% increase in εz until a fracture was detected. 

The dynamic loading data from the final test was assigned to the fracture group, whilst the dynamic 

loading data from the second last test was assigned to the non-fracture group.  

Fig. 3: Schematic of instrumentation and mechanical testing setup. The frontal view of the center 

vertebra depicts the position of the left and right AE sensors and the sagittal view of three-vertebrae 

specimen depicts the measurement of the spinal canal occlusion. Light generated from the cold 

light source travels anteriorly and is reflected downwards by a 45-degree mirror through the spinal 
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canal. The light is then reflected by a second 45-degree mirror and travels posteriorly to a high-

speed camera.  

Fig. 4: Plots demonstrating occlusion and compression variables obtained from each 

compression test. (a) Spinal occlusion measurements obtained for the entire two seconds of the 

compression test. From Time = 0 ms, the specimen was dynamically compressed to a specified 

amount of displacement. The compression was subsequently removed over the next 1000 ms, 

then remained unloaded for 1000 ms. The final occlusion (Ofinal) was obtained at 2000 ms. The 

initial region of dynamic loading (black dashed line) was considered for further analysis. (b) 

Close-up view of occlusion measurements during dynamic compression. The dashed black lines 

indicate the point of maximum occlusion (Omax). (c) Compressive force during dynamic 

compression. The force at maximum occlusion (Fz,max) is shown. (d) Compressive displacement 

during the dynamic compression. The displacement at maximum occlusion (dz,max) is indicated. 

Fig. 5: Occlusion and compressive force measurements obtained during dynamic compression 

for a representative specimen at each lumbar level. Data represent measurements from -20 ms to 

60 ms, relative to the start of dynamic compression (Time = 0 ms). Images depict the high-speed 

camera view at the time points: prior to compression (0 ms), maximum occlusion (Omax), and 

shortly after maximum occlusion (50 ms). The anterior (a) and posterior (p) directions are 

indicated. 
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Fig. 1 
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Fig. 2 
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Fig. 3 
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Fig. 4 
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Fig. 5 

 


