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Abstract

Endplate deflection frequently occurs with vertebral failure, but the relationship between the two 

remains poorly defined. This study examined associations between endplate deflection under 

compressive loading and characteristics of the neighboring subchondral bone and intervertebral 

disc (IVD). Ten L1 vertebrae with adjacent IVDs were dissected, compressed axially in a stepwise 

manner to failure, and imaged with micro-computed tomography before each loading step. From 

the images, deflection was measured across the surface of each endplate at each step. Trabecular 

microstructure and endplate volume fraction were evaluated in 5mm regions just under the 

superior endplate. IVDs were assessed using computed tomography and histology. A marked 

increase in superior endplate deflection coincided with a drop in the load-displacement curve. 

Endplate deflection was higher in regions with less robust bone microstructure (p<0.009), though 

these associations tended to weaken as loading progressed. Immediately following the ultimate 

point, endplate deflection was higher in regions underlying the nucleus pulposus vs. annulus 

fibrosus (p=0.035), irrespective of disc grade (p=0.346). These results indicate that a sudden 

increase in endplate deflection signals that the mechanical competence of the vertebra has been 

compromised. The mechanisms of endplate failure likely relate to anatomical features of the 

endplate, neighboring trabecular bone, and IVD.
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INTRODUCTION

Vertebral fractures affect at least 12-20% of men and women over the age of 50 years,1-3 

and the risk of fracture increases exponentially with age.4 These osteoporotic fractures are 

notable for their high associated morbidity5 and increased risk of death.6 Vertebral fracture 

is a strong predictor of future fractures in the spine, hip, and wrist, even after adjusting for 
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bone mineral density.7-9 Understanding the mechanisms of vertebral failure will likely have 

extensive clinical impact with respect to prevention and treatment of fractures in the aging 

population. Some clinical classifications10-12 of vertebral fractures and deformities associate 

large endplate deflection with vertebral failure, indicating that the endplates may play a 

critical role in mechanical failure of the vertebra.

Biomechanical studies13-16 of vertebral fractures have reported large endplate deflection in 

conjunction with vertebral failure, but the precise relationship remains poorly defined. 

Specifically, whether vertebral failure initiates with endplate deflection is not clear at 

present. Initial endplate injury in motion segments has been observed to coincide with a 

decrease in stiffness prior to failure,17 and excessive endplate bulging and trabecular 

collapse have been reported to accompany endplate fractures.13,14,18 The underlying 

trabecular bone is widely agreed to provide mechanical support to the endplate: near the 

endplate, the subchondral trabecular bone, and not the cortical shell, bears almost the entire 

load supported by the vertebral body.19,20 Regional variations in microstructure, stiffness, 

and strength have been observed in the underlying trabecular bone,21-23 and these properties 

also change with age and the development of osteoporosis.24 Such variations in the 

mechanical behavior of the adjacent bone may affect both the initiation and progression of 

endplate deflection and, by extension, vertebral failure.

Degeneration of the adjacent intervertebral disc (IVD) may also influence endplate 

deflection. In axial compression, healthy IVDs maintain approximately uniform pressure 

across the nucleus pulposus (NP), but in degenerated IVDs, the regions of high pressure 

shift to the annulus fibrosus (AF).25,26 This shift reduces the load borne by the trabecular 

core,27 and may reduce in-plane tensile strains in the central endplate.28 When compared to 

motion segments with healthy IVDs, those with degenerated IVDs exhibit less spatial 

variation in stiffness of the neighboring bone.29 These studies demonstrate that IVD 

degeneration alters the loading profile across the endplate and suggest that the underlying 

trabecular bone may adapt to the new mechanical environment. Thus, IVD health may play 

a role in the mechanisms of vertebral failure, via effects on vertebral loading and/or 

trabecular microstructure.

The overall goal of this study was to investigate the relationship between endplate deflection 

and vertebral failure, with emphasis on associations between endplate deflection and 

characteristics of the neighboring subchondral bone and IVD. The objectives were: 1) to 

quantify axial deflection of the endplate using a series of micro-computed tomography 

(μCT) images acquired as the vertebra was compressed to failure; 2) to identify associations 

between endplate deflection and the microstructure of the endplate and subchondral 

trabecular bone; and 3) to examine the role of IVD health in endplate deflection.

METHODS

Specimen Preparation

Ten functional spine units, each consisting of the L1 vertebra with adjacent IVDs and 

adjoining endplates of T12 and L2, were dissected from fresh-frozen human spines (age: 

61-88 years; 5 male, 5 female; NDRI, Philadelphia, PA) by making transverse cuts just 
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above the inferior endplate of T12 and below the superior endplate of L2. The posterior 

elements were removed due to the size constraints of the μCT scanner. The specimens were 

kept hydrated and, when not in use, wrapped in saline-soaked gauze, sealed in plastic bags, 

and stored at −20°C.

Mechanical Testing and Imaging

The top and bottom surfaces of the specimens were potted in circular dishes filled with 

polymethyl methacrylate (PMMA). Each specimen was first imaged with quantitative 

computed tomography (QCT; GE Lightspeed VCT; GE Healthcare, Milwaukee, WI; 

0.32×0.32×0.626 mm/voxel) and then placed in a custom-built, radiolucent device for 

mechanical testing (Figure 1). After ten cycles of preconditioning to 400N, the specimens 

were imaged with μCT (μCT 80, Scanco Medical, Brüttisellen, Switzerland; 37 μm/voxel). 

The settings for voltage, current and integration time were 70 kVp, 114 mA, and 300 ms, 

respectively. Scan times ranged 3.5-4.0 hours. Each specimen was then axially compressed 

in a stepwise manner (1 mm/step, rate: 0.25 mm/s) by turning the top screw cap to apply the 

specified displacement.30 After a 20-minute relaxation period, the loaded specimen 

underwent another μCT scan, with the same scan settings. This stepwise loading was 

continued to failure, defined as the specimen’s ultimate point. The specimen was then 

unloaded and imaged with μCT to quantify any post-loading recovery.

Endplate Deflection

Image registration (IPL; Scanco Medical) was used to align the series of images of the entire 

vertebral body. The minimum acceptable correlation coefficient between pairs of registered 

images was set at 0.8; visual inspection was also performed to ensure the images were 

properly aligned. The surfaces of the calcified endplates of L1 were determined from the 

aligned images using a semi-automated, custom algorithm in MATLAB (MathWorks, Inc., 

Natick, MA). This algorithm used a Gaussian filter (sigma: 1, support: 2) and a global 

threshold to identify the boundary between calcified and cartilaginous endplate. The 

threshold, 15% of the maximum grayscale intensity (or 4915 on a 16-bit scale), was selected 

based on an adaptive, iterative technique (Scanco Medical) for segmentation of bone tissue 

from marrow. Endplate deflection, defined as the change in axial position between the 

aligned images, was measured at each pixel on the calcified endplate surface at each load 

increment (Figure 2). The three load increments that immediately followed clear initiation of 

endplate deflection, defined as deflection exceeding 0.2 mm anywhere on the endplate 

surface, were identified. This 0.2mm threshold was chosen based on considerations of the 

measurement precision of endplate deflection.

Subchondral Trabecular Microstructure and Endplate Volume Fraction

A grid of contiguous, 5mm squares was defined just under the superior endplate. Each 

square defined the sides of a 3-D volume of interest (VOI) that extended from the inferior 

aspect of the endplate down to a depth of 5 mm (Figure 3). Apparent density (ρapp), volume 

fraction, trabecular separation (Tb.Sp*), trabecular number (Tb.N*), connectivity density 

(ConnD), degree of anisotropy (DA), structural model index (SMI), and mean deflection 

were evaluated for each VOI. The same grid of 5mm squares, but with a VOI depth of 2 mm 

that started from the superior aspect of the endplate,31 was used for computation of volume 
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fraction, termed as endplate volume fraction (Ep.BV/TV). All analyses used a Gaussian 

filter (sigma = 0.8; support = 1) and threshold of 4915.

IVD Histology and Grading

Histological assessment (supplementary material: S1) of the T12-L1 IVDs was performed to 

identify the location of the NP and to evaluate the overall health of the disc. The IVDs were 

also graded from photographs taken during extraction32 and from the QCT images, the latter 

according to the grading scale, “apparent loss of disc integrity” (“ALDI”; supplementary 

material: S2)33, which ranges from 0 (no/mild degeneration) to 2 (severe degeneration) 

(Figure 4). With the severely degenerated IVDs (n = 3), the NP boundary was not visible in 

the QCT images and was instead approximated according to Adams et al.25 (supplementary 

material: S3). The subchondral VOIs were identified as underlying either the NP or AF.

Statistical Analyses

For each parameter of bone microstructure, a repeated-measures analysis of variance 

(ANOVA) (JMP 9.0, SAS Institute Inc., Cary, NC) was carried out with load increment as 

the within-subjects factor and the microstructural parameter as a between-subjects factor. An 

additional factor, the distance of the VOI to the site of initial deflection (“VOI distance”; 

Figure 5), was included in the ANOVA model, to control for the distance when evaluating 

the association between deflection and microstructure (i.e. to account for the possibility that 

large deflection would be more likely in regions close to the site of initial deflection). An 

ANOVA was performed for each load increment individually, as a post-hoc test to 

determine how the association between trabecular microstructure and endplate deflection 

changed as loading progressed. A paired t-test with ALDI score as the grouping variable was 

used to compare median deflection in the region of endplate adjacent to the NP and AF at 

the single increment just after the ultimate point. A significance level of 0.05 was used for 

all statistical analyses.

RESULTS

The superior endplates exhibited a marked increase in deflection that coincided with a drop 

in the load-displacement curve (Figure 6, Table 1). The average (± standard deviation) 

maximum deflection of the superior endplate was 0.91 (± 0.60) mm prior to the drop in load 

and then increased 1.22 mm on average (Figure 7, Table 2). Circumferential cracks appeared 

in six of the ten superior endplates. Eight failed in the posterior half—and specifically in the 

ring apophysis for five of these eight—while two failed in the anterior half. On average, 

68% (±18%) of the maximum deflection at the last loading increment remained in the 

superior endplate after unloading. Deflection of the inferior endplates never exceeded 0.15 

mm at any load increment.

Irrespective of VOI distance and for all load increments, endplate deflection was higher in 

regions with high Tb.Sp*, SMI (Figure 8A), and DA (p<0.001) and lower in regions with 

high Tb.N*, ConnD, and Ep.BV/TV (Figure 8B) (p<0.009), though substantial variations 

were observed among specimens. An effect of load increment was observed (p<0.034) in 

that the aforementioned associations tended to weaken as loading progressed. VOIs with 
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higher ρapp experienced smaller deflections (p=0.003) at the first of the three increments; no 

correlation was found in the other two increments (p>0.324). For the increment 

corresponding to the large drop in the load-displacement curve, the median endplate 

deflection in the NP region was higher than that in the AF region (0.46 mm vs. 0.21 mm, 

p=0.035), irrespective of disc grade (p=0.346).

DISCUSSION

With both clinical classifications10-12 and biomechanical studies13-16 identifying endplate 

deflection as a frequent feature of vertebral fractures and deformities, our goal in this study 

was to examine the relationship between endplate deflection and vertebral failure. Further, 

to understand the mechanisms underlying this relationship, we investigated associations 

between endplate deflection and structural properties of the endplate, adjacent bone and 

IVD. We found that sudden and non-recoverable endplate deflection was a defining feature 

of biomechanical failure of the vertebra. Although large endplate deflection was initially 

localized, a marked increase in endplate deflection indicated that the mechanical 

competence of the vertebra had been severely compromised. Endplate deflection initially 

propagated preferentially to regions of lower Ep.BV/TV and less robust trabecular 

microstructure, and these associations with bone microstructure then waned as loading 

progressed. Immediately after the point of vertebral failure (the ultimate point), deflection 

was larger in regions adjoining the NP, for all IVD grades. These results connote a 

biomechanical basis for clinical use of large endplate deflection as a characteristic of 

vertebral deformities and fracture,10-12 and they suggest that the failure mechanisms relate 

to anatomical features of the endplate, neighboring bone, and IVD.

A novel aspect of this study is that it examined both the initiation and propagation of 

endplate deflection using quantitative and three-dimensional techniques. Deflection was 

measured across the entire surface with high spatial resolution, allowing for comparison 

between regional deflection and local microstructure of the endplate and subchondral 

trabecular bone. Another strength of this study is that it made direct temporal connections 

between the observed endplate deflection and the load-carrying capacity of the vertebral 

body under axial compression.

After the sudden increase in endplate deflection, trabecular collapse was observed primarily 

in the superior third of the vertebral body (supplementary material: S4). In time-lapsed 

failure analyses of specimens of trabecular bone, Nazarian et al. reported that failure 

occurred in a localized band with surrounding portions staying relatively intact.34 This 

failure pattern is similar to the local band of trabecular collapse observed in this study, just 

underneath the superior endplate, where bone density is low.35 These observations further 

indicate that the subchondral trabecular bone is critically involved in endplate deflection and 

vertebral failure. The disparity between superior and inferior endplate deflection supports 

previous findings that superior endplates are more susceptible to failure.36,37 The larger 

endplate deflection underlying the NP vs. AF may reflect regional variations in endplate 

thickness,38 trabecular microstructure, and intra-discal pressure.25 The last factor may not be 

dominant, given that no effect of disc grade was found; however, a larger sample size is 

required to provide a definitive conclusion.
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The limitations of this study primarily relate to experimental procedures. First, the temporal 

resolution of deflection data was coarse, providing on average only 14 load increments and 

as few as three increments after initiation of endplate deflection. The number of increments 

was limited because of long scan times and the perishable nature of the tissue. Ancillary 

time-course experiments of five L3 vertebrae scanned repeatedly over 72 hours showed no 

change in attenuation of the bone tissue (p>0.08). In contrast, marrow attenuation decreased 

27% on average over 72 hours in four of the specimens (p<0.01). Thus, the current protocol 

is sufficient for quantifying bone parameters over several days, but the prospect of 

increasing the duration must be evaluated with caution. Scan times could be reduced by 

imaging only the endplates; however, acquiring images of the entire vertebral body aids in 

image registration. Second, due to size constraints of the μCT scanner, the posterior 

elements were removed from the vertebral body prior to testing. The neural arch may act to 

support the posterior cortical shell, and its absence may have led to some of the posterior (as 

opposed to anterior) endplate failures observed here. Future studies with thoracic segments 

or with larger capacity μCT scanners are needed to examine how the posterior elements 

affect vertebral load transmission, both in axial compression and anterior bending, a loading 

condition that may be associated with wedge fractures. Third, static loads differ from the 

dynamic loading conditions experienced in vivo.39 Sustained loading exudates fluid from the 

IVD, causing a drop in NP pressure that shifts the load distribution to the periphery.40 

However, the ultimate loads recorded in this study agree with those obtained from 

continuous loading of lumbar vertebral segments.41 Prior studies of trabecular bone have 

also shown good correlation between mechanical properties obtained with continuous vs. 

step-wise loading.42 The Fourth, QCT is less sensitive than magnetic resonance imaging43 

for characterizing the internal anatomy of the IVD; however, the QCT-based ALDI scores33 

agreed well with the assessments based on photographs and histological sections.

In spite of these limitations, the measurements obtained in this study demonstrate that 

progression of endplate deflection is associated with the microstructure of the endplate and 

the adjoining trabecular bone, and the anatomy of the adjacent IVD. Non-recoverable 

endplate deflection was observed when the mechanical competence of the vertebra had been 

compromised, while much of the vertebral body remained undeformed. These results 

indicate that vertebral failure initiates as endplate deflection and that additional study of the 

mechanisms of endplate deflection may further elucidate the pathogenesis of age-related 

vertebral fractures.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Experimental procedure for mechanical testing and imaging
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Figure 2. 
Sagittal half-section of vertebra before loading (gray) and after failure (blue): Endplate 

deflection was defined as the vertical movement of the endplate between registered images.
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Figure 3. 
Above: Transverse slice of vertebra with an overlay of the VOIs used for quantification of 

trabecular microstructure and Ep.BV/TV. Below: cross sectional view of the VOIs.
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Figure 4. 
ALDI scoring: Shown at the left in each of the three rows is a transverse QCT slice of the 

IVD (acquired prior to mechanical testing). The ALDI score is shown at the top left. Yellow, 

orange, and red regions are portions of the endplates and calcification within the IVD; no 

osteophytes were present in the QCT images of the mid-sections of these three IVDs. Shown 

at the top and bottom right in each row are a corresponding optical image and histological 

section (FAST staining44), respectively, of a sagittal cross-section (acquired after 

mechanical testing).
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Figure 5. 
VOI distance is defined as the in-plane distance from site of initial deflection to the center of 

a given VOI used for evaluating trabecular microstructure. Yellow indicates areas of higher 

endplate deflection, while red indicates areas with little or no deflection.
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Figure 6. 
(A-E) Axial deflection (negative values indicate downward movement) in the superior 

endplate for the six loading increments labeled on the load-displacement curve. For this 

vertebra, increment C is the increment of marked increase in endplate deflection. (F) 

Endplate deflection after unloading. (G) ρapp for each VOI of subchondral trabecular bone. 

The deflection colorscale is non-linear, and the red image above the abscissa is the QCT 

image used for ALDI scoring.
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Figure 7. 
Maximum endplate deflection for each specimen at loading increments leading up to and 

immediately after the drop in the load-displacement curve.
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Figure 8. 
Regions of large endplate deflection (outlined in blue and red), defined as >0.5 mm, and (A) 

distribution of SMI in the VOIs of subchondral bone (grayscale) or (B) distribution of 

Ep.BV/TV in the VOIs of subchondral endplate (grayscale): The lighest blue outline 

corresponds to the increment at which endplate deflection clearly initiated. The boundaries 

at subsequent increments are represented with progressively darker shades of blue. The red 

outline corresponds to the unloaded scan. SMI values typically range from 1 (plate-like 

trabeculae) to 3 (rod-like trabeculae) and can include values up to 4 (sphere-like trabeculae).
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Table 1

Ultimate force (in N) and the drop in force occurring after the ultimate point (in N and as a percentage of the 

ultimate force): values presented are mean ± standard deviation (SD), minimum and maximum for the 10 

specimens.

Mean ± SD Min. Max.

Ultimate Force (N) 2,184 ± 702 1,138 3,055

Drop in Force Following Ultimate Point N
%

196 ± 92
(11.0 ± 8.3)

71
(2.9)

329
(28.9)
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Table 2

Maximum endplate deflection measured before and after the load drop and increase in deflection between 

these two load increments, expressed in mm and as a percentage of the height of the vertebral body: values 

presented are mean ± standard deviation (SD), minimum and maximum for the 10 specimens.

Mean ± SD
(mm)
(%)

Min.
(mm)
(%)

Max.
(mm)
(%)

Maximum Deflection at Ultimate Point 0.91 ± 0.60
(3.7 ± 2.7)

0.37
(1.6)

2.41
(10.7)

Maximum Deflection at After Load Drop 2.13 ± 0.83
(8.6 ± 3.7)

1.44
(5.2)

3.92
(17.5)

Increase in Deflection 1.22 ± 0.44
(4.9 ± 1.8)

0.63
(2.2)

2.07
(7.6)
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