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Abstract 

The vertebral endplate is a thin layer of cartilage and bone that separates the intervertebral disc 

from adjacent vertebral bodies and facilitates the transmission of compressive force through the 

spine. Despite this essential function, it remains the weakest component of the vertebra-disc unit 

and is highly susceptible to mechanical failure. Endplate failure typically arises from localized 

tensile strains that manifest as deflection, defined as the out-of-plane displacement of the surface 

under load. While prior work has demonstrated inferior endplates of intervertebral joints exhibiting 

greater deflection and higher incidence of failure than their superior counterpart, current 

techniques for quantifying endplate deflection face notable limitations.  

Early studies using metallic markers or displacement transducers required drilling channels 

into the vertebral body, potentially exaggerating deformation by weakening subchondral bone 

support. Imaging-based approaches, particularly micro-CT, offer high spatial resolution but are 

limited to static or stepwise loading due to temporal constraints. These static conditions do not 

capture the cyclic loading patterns experienced by the spine during daily activity, where repeated 

deformation can cause fatigue-induced microdamage and eventual failure. Additionally, static 

loading promotes excess fluid loss from the nucleus pulposus, altering endplate deflections in ways 

that do not reflect physiological motion. Consequently, existing measurement techniques may 

misrepresent true endplate behavior and are unable to evaluate changes in deflection as a function 

of cyclic load exposure. This study addresses these limitations by developing a unique method to 

assess endplate deflection during cyclic loading without requiring prolonged stepwise protocols or 

causing damage to the vertebral bone. By comparing superior and inferior endplates across 

different load magnitudes and cyclic durations, this work aims to clarify the mechanisms 
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underlying endplate vulnerability and further validate the porcine cervical spine as an experimental 

model for human lumbar spine deflection. 

Eighteen porcine cervical spine functional units (C3C4, C4C5, and C5C6; n = 6 per level) 

were dissected to yield 36 individual vertebrae. High-resolution laser profilometry was then used 

to capture the topography of the caudal endplates of C3, C4, and C5 and the cranial endplates of 

C4, C5, and C6. Custom indenters, designed as negative molds of the nucleus-occupying endplate 

region, were created from the resulting surface scans and fabricated via 3D printing. Specimens 

were then oriented such that the tested endplate was in a neutral position and subjected to a 

normalized haversine waveform, ranging from 0.3 kN to 30% of the predicted ultimate 

compressive strength using a servohydraulic materials testing system. The cycle-dependent 

changes in endplate deflection were measured at 0, 1000, 3000, and 5000 total cycles.  At each 

time point, endplate deflection measurements were captured via the indenter’s displacement while 

specimens were exposed to a brief static force of 0.3 kN, 1 kN, and 3 kN, totaling 12 measurements 

per vertebra. Three separate linear mixed effects models were used to evaluate the impact of 

loading magnitude, loading cycles, endplate level and the proportion of the nucleus occupying 

endplate area on superior and inferior endplate deflection within each joint. A fourth linear mixed 

effects model was used to evaluate the impact of loading magnitude, loading cycles, and joint level 

on the magnitude of the differences between superior and inferior endplate deflection.   

 Utilizing this novel methodology, this study was the first to quantify endplate deflection 

under cyclic loading conditions, observing greater deflection of the inferior endplate across all 

spinal levels, except at baseline (0.3 kN, 0 cycles). This method also enabled comparison of 

deflection rates between endplates, with the C4C5 and C5C6 inferior endplates showing a 

significantly greater rate of deflection during the first 1000 cycles. Among joints, C4C5 exhibited 
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the largest difference in superior and inferior endplate deflection compared to C3C4 and C5C6. 

Endplate deflection was not influenced by the proportion of the nucleus occupying endplate area 

at any spinal level. Lastly, as the first study to examine endplate deflection in porcine cervical 

vertebrae, the observation of greater inferior endplate deflection being consistent with human 

cadaveric studies further supports the validity of this model. Overall, this study demonstrates the 

utility of a novel methodology for measuring and comparing superior and inferior endplate 

deflection under cyclic loading. 
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Chapter 1 - Introduction 

The vertebral endplate is a thin layer of cartilage and bone that separates the intervertebral 

disc from adjacent vertebral bodies (Agur & Dalley, 2017). The daily and traumatic stresses 

imposed on the spine facilitate endplate deflection, which aids in the transmission of compressive 

force. Despite this important function, the endplate is the thinnest and weakest element of the 

vertebra-disc unit, rendering it vulnerable to mechanical failure (Ferguson & Steffen, 2003; Perey, 

1957). Previous literature has shown that within spinal joints, the inferior endplate experiences a 

higher incidence of failure compared to its superior counterpart (Fujiwara et al., 2019; Ortiz & 

Bordia, 2011). However, the mechanism for this discrepancy is still not fully understood.  

While endplate failure arises from localized tensile strains within the structure (Fields et 

al., 2010; Zehr, Watson, et al., 2023), these tissue level-events are revealed by gross endplate 

deflection (Jackman et al., 2014). Deflection is the deviation from a reference point, reflecting both 

local deformation and bending of a structure relative to its static outer boundaries. Prior studies 

have noted that within spinal joints, the inferior endplate displays a greater tendency for deflection 

(Hulme et al., 2008; Jackman et al., 2014) which may partly explain variations in injury incidence 

(Fujiwara et al., 2019; Ortiz & Bordia, 2011). However, current methods for measuring this 

deformation have notable limitations. Some approaches have involved the implantation of metallic 

markers or displacement transducers beneath the centre of the endplate, which require channels to 

be bored through the adjacent vertebral body (Brinckmann et al., 1983; Holmes et al., 1993). While 

these techniques provide direct measurements, they also risk overestimating deflection due to 

localized removal of subchondral trabecular bone which provide essential structural support to the 

endplate. Alternatively, some studies have opted for imaging technologies, particularly micro-CT, 

given its minimally invasive nature and high spatial resolution (Hulme et al., 2008; Jackman et al., 
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2014). Yet, these approaches are also constrained by their reliance on static mechanical testing and 

step wise loading, which are necessary due to the highly limited temporal resolution of micro-CT. 

Consequently, these existing methods may not fully capture the dynamic loading conditions that 

are typical of daily activity given there are clear differences in how static and cyclic loading 

influence load distribution patterns and mechanical properties within the joint (Lambers et al., 

2013; Masuoka et al., 2007; McMillan et al., 1996). 

Specifically, cyclic loading has been shown to play a significant role in the development 

of endplate injury due to its tendency to induce fatigue failure through repeated deflection. Unlike 

static loading, cyclic loading continuously aggregates microdamage causing for a progressive 

weakening in the structure over time (Zehr, Quadrilatero, et al., 2023; Zehr et al., 2024). With the 

vertebral endplate being composed of a cartilaginous layer and an underlying bony layer, micro 

damage transpires as the gradual separation between these layers (Zehr, Rahman, et al., 2022). 

Further, the underlying trabecular bone experiences fissures and collapse in the matrix composing 

the structure with repeated load exposure (Lambers et al., 2013; Wenzel et al., 1996). The cyclic 

paradigm thus offers a unique opportunity to observe how superior and inferior endplate deflection 

evolves with repeated load exposure. Another key distinction lies in the impact of long-term static 

loading which induces a progressive loss of fluid in the nucleus pulposus. Given the nucleus is 

largely responsible for applying stresses to the central region of adjacent endplates, reductions in 

fluid pressure relate to a decrease in endplate deflection (McMillan et al., 1996; van Dieën et al., 

2001). Fluid loss of spinal joints is not exclusive to static loading, as it also occurs in cyclic 

contexts (Gooyers et al., 2012; Masuoka et al., 2007). However, existing literature has primarily 

measured endplate deflection using extended static loading protocols which theoretically, cause 

greater fluid loss from the nucleus pulposus than would occur under cyclic loading of equivalent 
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duration and load magnitude. This is because cyclic loading induces an accumulation of 

microdamage, which can compromise spinal joint integrity more readily than static loading under 

similar loading parameters.  As a result, statically loaded joints are better able to maintain their 

integrity and survive longer under sustained loads, which allows for greater fluid loss compared to 

cyclically loaded joints. Of course, the relationship between joint fluid levels and loading type is 

also strongly influenced by the magnitude of applied force and displacement. Regardless, there is 

strong reason to believe that current endplate measurements may not accurately represent 

deflections occurring under physiologically relevant loading conditions.  

While deflection has traditionally been studied under fixed static loads, evaluating 

deflection in response to varying cyclic load exposures offers an arguably more practical and 

relevant approach for assessing endplate mechanical behaviour.	Consequently, critical gaps remain 

in understanding how endplate deflection relates to load magnitude and cumulative exposure, as 

well as how deflection trajectories of these structures evolve and differ over repeated cycles. 

Further, despite the porcine cervical spine acting as a widely used surrogate for the human lumbar 

spine, the specifics as to whether endplate deflections of this model mimic the human spine remain 

unknown and are yet to be explored. As a result, this work will contribute to our knowledge of the 

validity of the model in this respect. Lastly, there is a need for the development of non-invasive 

methodologies of the vertebral body that enable the studying of the effects of cyclic loading 

duration on the absolute changes in endplate deflection. Ultimately, these findings may provide 

insights into the design of intervertebral disc implants for improving their long-term efficacy and 

success.  
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1.1 Research Questions and Hypotheses 

1. Within a spinal joint, comprising two adjacent vertebrae and the intervening intervertebral disc, 

how does both the absolute and rate of change in deflection differ between superior and inferior 

endplates under cyclic loading conditions? 

Hypothesis: At each increment of cyclic and static load exposure, the inferior endplate is 

expected to exhibit greater deflection compared to the superior endplate. The inferior endplate is 

also hypothesized to display a higher rate of change in deflection between all increments of 

cyclic loading. This prediction aligns with its notably higher incidence of failure (Fujiwara et al., 

2019; Ortiz & Bordia, 2011) and is supported by prior studies comparing endplate deflections 

under static loading conditions (Hulme et al., 2008; Jackman et al., 2014).  Previous work has 

suggested that inferior endplates exhibit reduced thickness and less robust trabecular support 

compared to superior endplates (Zhao et al., 2009), which contribute to their mechanical 

vulnerability. However, the extent to which these differences manifest as deflection under cyclic 

loading has not been fully characterized. By examining this relationship in response to cyclic 

loading, the present study aims to determine whether the same asymmetry in endplate deflection 

persists when subjected to repeated loading cycles, thereby providing further insight into the 

mechanical basis of endplate vulnerability. 

 

2. How does joint level influence the difference between superior and inferior endplate 

deflection? 

Hypothesis: The most central joint (C4C5) will display greater differences between superior and 

inferior endplate deflections compared to C3C4 and C5C6 joints. Previous literature reports that 

superior bony endplates tend to thicken toward the lower lumbar levels, whereas inferior 
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endplates remain relatively uniform in thickness (Zhao et al., 2009). As a result, the 

discrepancies in endplate deflections are likely driven by variations in strength of the superior 

endplate. While middle level superior endplates have only a moderate thickness, the bone 

mineral density of this endplate is more pronounced at centrally positioned joints (Wang et al., 

2011). Together, these anatomical factors suggest that central joints may exhibit greater 

asymmetry in deflection between superior and inferior endplates under mechanical loading. 

 

3. Is the nucleus occupying area, when normalized relative to endplate size, a risk factor for 

increased endplate deflection? 

Hypothesis: A greater proportion of the nucleus-occupying region relative to the total endplate 

area will lead to a reduction in deflection. The integrity of the endplate is non-homogeneous, with 

certain regions, particularly the center, being more prone to failure (Grant et al., 2001; Zhao et al., 

2009). Consequently, despite applied loads being normalized to the nucleus-occupying region to 

maintain constant stress across specimens, a larger nuclear region relative to the total endplate area 

allows more stress to be distributed to the stronger peripheral regions of the endplate. This 

distribution is hypothesized to reduce overall endplate deflection.  
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Chapter 2 - Literature Review 

2.1 Intervertebral Disc Anatomy   

The intervertebral disc is an anatomical structure situated between vertebrae, providing 

spinal flexibility and vertebral load distribution. Each disc consists of three main components: the 

nucleus pulposus, annulus fibrosus, and vertebral endplates. The nucleus pulposus, located at the 

disc's center, is a gel-like substance rich in proteoglycans and water, allowing it to absorb and 

redistribute compressive loads (Cassidy et al., 1989; Hickman et al., 2022). During loading, 

increased pressure within the nucleus is managed through bulging of the annulus fibrosus and 

deflection of the vertebral endplates (Brinckmann et al., 1983).  

The vertebral endplates, thin structures interfacing the disc from the vertebral bodies, 

consist of two distinct layers: a cartilaginous and bony portion (Agur & Dalley, 2017; Crump et 

al., 2023). The cartilaginous layer, located directly adjacent to the nucleus pulposus and annulus 

fibrosus, is primarily composed of hyaline cartilage. Beneath the cartilaginous layer lies the bony 

endplate, which is a thin, porous layer of subchondral bone closely integrated with the vertebral 

body (Velnar & Gradisnik, 2023). Together, these layers play a critical role in distributing 

compressive stresses from fluid pressure generated from the nucleus while also facilitating nutrient 

diffusion between the vascularized vertebral body and the largely avascular disc (Xiang et al., 

2024). Deflection of the endplate is primarily resisted by the underlying trabecular network, with 

literature demonstrating this subchondral structure being a large determinant of endplate failure 

(Jackman et al., 2014; Zehr, Watson, et al., 2023). The cortical shell of the vertebra may also 

experience deformation during compressional load, but is relatively minor compared to the central 

trabecular structures (Hulme et al., 2008). 
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2.2 Viscoelastic Behavior of the Vertebral Endplate 

Similar to most organic tissues, the vertebral endplate possesses viscoelastic properties, 

meaning it exhibits both elastic and time-dependent viscous behavior when subjected to 

mechanical loading (MacLean et al., 2007; Zehr et al., 2020). Under load, the endplate initially 

deforms elastically, but if the applied stress exceeds its yield strength, it begins to deform 

plastically over time. This time-dependent deformation is characterized by creep, where the 

endplate gradually deforms under a constant stress, and stress relaxation, where the stress exerted 

by the tissue decreases as it adjusts to a fixed strain. The time-dependent mechanical response of 

the endplate also influences its stiffness in relation to the load rate. At higher load rates, the 

structure exhibits increased stiffness because the viscous components of the material have less 

time to respond. As a result, molecular rearrangements are reduced and deformation of the solid 

matrix is slowed due to internal friction. Hysteresis is another key feature of the endplate’s 

viscoelastic behavior, where the loading and unloading curves do not overlap (Twomey & Taylor, 

1982). This energy loss during cyclic loading results in residual deformation, indicating 

inefficiency in energy recovery and highlighting the irreversible nature of some endplate 

deformations under repetitive loading. Over time, repetitive loading can induce microdamage in 

the endplate (Zehr, Quadrilatero, et al., 2023; Zehr et al., 2024), contributing to plastic deformation 

and fatigue failure. This plasticity stems from the gradual accumulation of structural changes 

within the tissue, particularly in the solid matrix. As microdamage accumulates, the endplate 

becomes increasingly susceptible to further deformation, diminishing its ability to return to its 

original shape.  

 



 8 

2.3 Porous Properties and Poroelastic Behaviour of the Vertebral Endplate 

The porosity of the endplate enables the diffusion of material between the avascular 

intervertebral disc and the vascularized vertebral body. Permeability of the endplate varies 

depending on the structure’s region with higher values typically found in the central areas aligned 

with the nucleus pulposus and lower values in the periphery (Nachemson et al., 1970; Zehra et al., 

2015). The cartilaginous layer primarily governs the permeability of the endplate structure given 

its greater impermeability compared to its bony counterpart (Sampson et al., 2019; Wong et al., 

2019). This collagen based structure is described as poroelastic, meaning its mechanical properties 

are influenced by the changes in the distribution of fluid contained within its porous solid matrix 

(Lee & Teo, 2004). In the context of the spinal endplate, this implies the cartilaginous layer 

responds to mechanical loading through a combination of solid deformation and fluid movement 

within its porous structure. Under low compressive forces, fluid is relatively free to exit the tissue. 

However, as compressive strains increase, the interstitial spaces in the cartilage decrease causing 

interstitial fluid to experience greater drag forces ultimately reducing the tissue's permeability (Lee 

& Teo, 2004; Mow et al., 1984; Wu et al., 2016). This impaired ability for fluid exchange increases 

the apparent stiffness of the endplate, making it more susceptible to failure under subsequent 

deformations, especially during dynamic or high rate loading (Watson et al., 2024). In addition to 

mechanical loading, factors such as aging and intervertebral disc degeneration significantly 

influence endplate permeability. Evidence suggests a relationship between reduced permeability 

of the cartilaginous endplate and disc degeneration severity (DeLucca et al., 2016). This decline is 

thought to be driven by anatomical changes such as calcification of the cartilaginous layer (Bernick 

& Cailliet, 1982; Roberts et al., 1996) or thickening and increased density of the endplate’s 

collagen content (Ashinsky et al., 2020). 
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2.4 Anatomical Factors Contributing to Discrepancies in Superior and Inferior Endplate 

Failure 

Medical imaging studies have noted the inferior endplate sustains injuries three to eight 

times more frequently than the superior endplate (Fujiwara et al., 2019; Ortiz & Bordia, 2011). 

While the exact source of this discrepancy remains unclear, anatomical differences between the 

two endplate structures likely play a significant role. For instance, some literature has reported the 

inferior endplate is approximately 11–14% thinner than the superior endplate with the most 

pronounced difference occurring at its center (Grant et al., 2001; Palepu et al., 2019; Zhao et al., 

2009). This finding aligns with the increased likelihood of inferior endplate injury, as a reduction 

in the structure's thickness would increase its compliance, allowing it to reach yield stress more 

quickly and thus providing less resistance to the mechanical stress exerted by the nucleus during 

loading (Fields et al., 2011). Interestingly, the superior endplate is approximately 4% less porous 

than its inferior counterpart, a difference attributed to its greater thickness (Zehra et al., 2015). 

Generally, reduced permeability across the endplate limits fluid exchange, allowing the nucleus 

pulposus to maintain higher internal pressure and, in theory, exert greater stresses on the adjacent 

endplate (van Dieën et al., 2001). However, the increased thickness of the superior endplate 

appears to compensate for this potential rise in stress, conferring greater structural resilience 

overall.  

Another structural variation is the relative curvature of the endplates with the superior level 

exhibiting greater concavity compared to the relatively flatter inferior endplate (Wang et al., 2012). 

Although the biomechanical implications of this curvature remain poorly understood, evidence 

suggests that concavity is linked to tensile strains experienced by the endplate (Fields et al., 2010). 

Drawing on structural engineering principles, a dome subjected to exterior compressive force 
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distributes stress along its meridian—the curved line connecting the apex to the base—to the  

periphery, enhancing strength (Aita et al., 2024). However, in the case of the superior endplate, 

compressive force from the nucleus applies stress internally, generating tensile strains that 

compromise its integrity. This tension should be particularly problematic given the superior bony 

endplate's organic composition, where the rigid mineral content and relatively low collagen 

proportion make it more susceptible to failure under tensile stress  (Bevill et al., 2009; Hart et al., 

2017; Niebur et al., 2000). Yet, this narrative does not seem to hold true as the inferior endplate 

appears to exhibit a greater predisposition to strain-related failure despite an inherently flatter 

structure that would in theory be able to better tolerate force application. Findings by Dudli et al. 

(2018) serve as a potential explanation for this oddity.	Under high-rate impact loading, the superior 

endplate, with its larger concavity and volume, displayed a higher failure load. The authors 

hypothesized that the concavity allowed nuclear stress to be distributed over a larger area of the 

endplate thus reducing localized strain. This theory seems plausible as it is well documented that 

the superior endplate has a notably greater area to distribute nuclear stresses (Kishimoto et al., 

2016). However, it should be considered that high-rate loading is more likely to induce vertebral 

body failure rather than endplate failure, which is more commonly observed under lower loading 

rates  (Yingling et al., 1997). This raises the question of whether the observed differences in failure 

mechanisms were truly dictated by endplate curvature or influenced more significantly by 

variations in the quality of the underlying trabecular bone. 

Regardless, the quality of the underlying trabecular bone is widely considered one of the 

most significant predictors of endplate injury. Trabecular bone provides structural support to the 

vertebral endplates, distributing stresses and strains to prevent injury. Its integrity depends on 

factors such as bone mineral content, apparent density, and volume fraction (Holmes et al., 1993; 
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Jackman et al., 2014; Zhao et al., 2009). A reduction in the trabecular density beneath the inferior 

endplate is likely another contributing factor in its greater incidence of injury (Zhao et al., 2009). 

Trabecular bone quality becomes particularly relevant given endplate injuries are often closely 

associated with degenerative bone conditions such as osteoporosis. This pathology creates an 

impairment in the trabecular structure through decreases in trabecular density and increased 

brittleness from a loss in toughness of the material (Osterhoff et al., 2016). However, the 

implications of endplate thickness may require a more nuanced approach than simply comparing 

absolute values. Due the age related changes to endplate thickness (Ferguson & Steffen, 2003; 

Roberts et al., 1997), a more insightful approach of future work might involve examining the 

relative decreases in thickness that each structure experiences with age. It is possible that the 

superior endplate becomes more vulnerable to injury once it reaches a proportional threshold of 

its original thickness, potentially making it susceptible to failure earlier than the inferior endplate. 

This highlights the importance of considering the synergy of multiple factors as structural 

variations beyond absolute thickness also play a critical role in endplate mechanics. 

 

2.5 Comparative Impacts of Static and Cyclic Loading on Spinal Microdamage and 

Endplate Deflection 

Two primary loading paradigms govern structural failure within materials: cyclic and static 

loads. Static loading involves the continuous application of a load at a given magnitude, whereas 

cyclic loading refers to the dynamic application and withdrawal of repetitive forces that fluctuate 

in magnitude. While both loading types contribute to intervertebral disc-related injuries (Hulme et 

al., 2008; Tsai et al., 1998; Zehr, Quadrilatero, et al., 2023), they also induce unique mechanical 

changes that affect endplate deflection. 
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A critical distinction between these loading types lies in the occurrence of microdamage 

within vertebral components. During cyclic loading, the repeated application of submaximal forces 

leads to fatigue failure in the endplate and the underlying trabecular bone (Lambers et al., 2013; 

Zehr, Quadrilatero, et al., 2023). In vertebral trabecular bone, fatigue failure manifests as 

microcrack accumulation in thinner regions of the osseous matrix where stress concentrations arise 

(Arlot et al., 2008). Overtime, this compromises the cancellous bone’s capacity to provide adequate 

support to the endplate under compressive loads (Hulme et al., 2008; Jackman et al., 2014) 

Similarly, the endplate experiences microdamage in the form of voids and delamination of the 

hyaline cartilage layer from the subchondral bone causing for a reduction in both yield force and 

stiffness of the structure (Rodriguez et al., 2012; Zehr, Barrett, et al., 2022; Zehr, Quadrilatero, et 

al., 2023).  

The occurrence of microdamage in spinal structures is not exclusive to cyclic loading as it 

also observed in static loading events (Jackman et al., 2014; Mirzaali et al., 2020; Nagaraja et al., 

2005). While literature directly comparing the rate of microcrack accumulation of spinal structures 

during static versus cyclic contexts is scarce, one can surmise that static loading of submaximal 

magnitude and duration causes less microdamage than cyclic loading with equivalent parameters. 

This assertion operates under the logic that static loads reach an eventual equilibrium minimizing 

further microdamage, while cyclic loading continuously induces damage with each load repetition. 

Given that microdamage accumulation acts as a precursor to eventual injury (Lambers et al., 2013), 

gross structural failure is likely to occur sooner under cyclic loading conditions than static 

submaximal loads. 

In other words, static loading paradigms enable spinal joints to be loaded for a duration 

that exceeds what would be possible with similar testing parameters in cyclic loading. This 
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distinction is important as loading duration directly influences intervertebral disc hydration 

(McMillan et al., 1996). Given the nucleus pulposus is primarily responsible for inducing endplate 

deflection (Holmes et al., 1993; Jackman et al., 2014), a loss of nuclear pressure impairs its 

capacity to induce deformation in the endplate. Furthermore, losses in nuclear fluid result in a 

reduction in spinal joint height. As joint height decreases, the endplates may contact one another 

in peripheral regions (Massey et al., 2012). This leads to the shunting of compressive forces away 

from the center of the endplate, more uniformly distributing stress across the surface and thereby 

further mitigating central deflection.  

Given that the effects of cyclic loading on joint fluid loss is largely dependent on other 

dynamic loading parameters such as frequency, magnitude, and loading rate, predicting whether 

greater fluid loss occurs under static versus cyclic loading is difficult. In fact, some literature has 

demonstrated that in rat functional spinal units (FSUs), 1 Hz cyclic loading at a peak magnitude 

equal to that of a static load results in statistically insignificant differences in joint fluid loss 

(Masuoka et al., 2007). However, considering both that microdamage accumulation and endplate 

failure occur more quickly under cyclic loading and that fluid loss is time-dependent, it follows 

that static loading can induce more fluid loss simply because the joint can withstand static loading 

for durations unlikely to be survivable under cyclic loading. This touches on a key limitation of 

existing literature (further discussed in the following section) that seeks to quantify endplate 

deflection in FSUs through using static loading of magnitude ranging 1-3 kN over durations of 1 

– 4 hours (Hulme et al., 2008; Jackman et al., 2014). Such measurements are inherently 

constrained, as the fluid loss observed in these tests likely exceeds what could occur under cyclic 

loading, thereby deviating from physiologically relevant conditions. This introduces a significant 

potential for inaccuracy in the reported endplate deflection measurements. 
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2.6 Previous Approaches to Measuring Endplate Deflection 

The first notable attempt to estimate endplate deflection was by Brinckmann et al. (1983), 

who sought to determine the contribution of endplate deflection to the overall height change of 

spinal joints under load. In this study, human cadaveric FSUs were prepared by drilling 2 mm 

diameter bores from the exposed endplates to within 1 mm of the joint endplates. Metallic markers, 

2 mm in diameter, were inserted into these bores along the central surface of the endplates. The 

specimens were mounted in a loading frame, with additional markers placed on the periphery of 

the apparatus. Incremental loading was applied in 1500 N steps, and roentgen 

stereophotogrammetry (RSA) was used to track the relative displacement of the markers. This 

methodology enabled calculation of the proportion of spinal joint height change attributable to 

endplate deflection. While proving endplate deflection to be an important factor in the spine’s 

response to compression force, the accuracy of deflection measurements was largely limited. The 

insertion of metallic markers, which involved removing cancellous bone, likely led to an 

overestimation of deflection due to the crucial role of subchondral trabecular bone in supporting 

the endplate surface (Jackman et al., 2014; Watson et al., 2024). Furthermore, the assumption of 

symmetrical deflection between superior and inferior endplates was flawed, as these structures 

have been demonstrated to exhibit distinct mechanical behaviors and injury susceptibilities (Ortiz 

& Bordia, 2011; Zhao et al., 2009).  

Sharing a similar methodology to Brinckmann et al. (1983), Holmes et al. (1993) implanted 

a displacement transducer beneath the center of the inferior endplate in lumbar discs, which 

remained attached to cranial and caudal halves of the adjacent vertebral bodies. Stepwise, 

undefined loads, described as “six roughly equal steps” to a maximum of 5.5 kN, were applied to 

the specimens. Following testing, bone ashing, a method to determine bone mineral content, was 
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performed on the trabecular structures beneath the transducer. Additionally, the nucleus water 

content was assessed by weighing it pre and post dehydration. Interestingly, this study concluded 

that rigidity of the underlying trabecular bone is a greater determinant of endplate deflection than 

the fluid content of the nucleus. However, the accuracy of its deflection measurements was limited. 

Similar to Brinckmann et al. (1983), drilling of a 1.6 mm diameter bore for transducer implantation 

likely caused an unnatural increase in deflection above the bore site. This limitation is especially 

relevant given the study itself concluded the importance of subchondral trabecular support for the 

deformation of the endplate. Furthermore, the exclusive implantation of the transducer in the 

inferior endplate precluded any comparison of superior and inferior endplate deflection. 

Later work by Hulme et al. (2008) iterated upon previous attempts by avoiding the use of 

invasive methodologies and instead employed micro-CT imaging. Human osteoporotic cadaveric 

lower thoracic and lumbar FSUs were prepared with spherical glass fiducial markers adhered to 

the exterior cortical shell to account for cortical shell deformation during compression. FSUs were 

subjected to static loading in a stepwise manner at increments of 200 N, 1000 N, and 1800 N. For 

the 1000 N and 1800 N loads, a 45-minute static preload was applied to minimize stress relaxation, 

followed by a 1-hour whole-joint scan and an 8-minute scan of each endplate (Figure 2.5.1). The 

authors observed a greater deflection of the inferior endplate compared to the superior endplate 

across loading conditions. However, while the use of micro-CT was novel and enabled level 

specific endplate deflection measurements for both endplates within the joint, several limitations 

were noted. Firstly, the authors acknowledged that the poor temporal resolution of micro-CT 

required the joint to be loaded statically. As discussed in Section 2.4, prolonged static loading 

induces excessive fluid loss within the joint, likely exceeding what would occur under typical in 

vivo conditions. This reduction in nuclear fluid pressure likely led to underestimation of endplate 
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deflection at these loads. Additionally, the micro-CT system employed a relatively low nominal 

isotropic resolution of 82 microns to achieve faster scan times, which is problematic given that 

deflection measurements were reported to three decimal places. Although sub-voxel interpolation 

enhanced precision and reproducibility of deflection measurements, its accuracy was inherently 

limited as interpolation remains an approximation. 

Jackman et al. (2014) adopted a similar approach, using stepwise loading to achieve 1 mm 

increments of compressive displacement, followed by 3–4 hours of whole-joint micro-CT imaging 

until failure (Figure 2.5.2).  This extended scanning duration enabled higher-resolution imaging at 

37 μm/voxel and enabled the evaluation of trabecular structural properties such as trabecular 

separation, apparent density, and volume fraction. By imaging endplate deflection and trabecular 

bone structures before and after vertebral fracture, the study also noted the inferior endplate’s 

greater deflection and highlighted endplate deflection as a clinically relevant factor in identifying 

vertebral deformities and fractures. However, the study's deflection measurements faced 

significant limitations similar to those of Hulme et al. (2008), particularly due to the use of 

prolonged static loading. The extended scanning times exacerbated fluid loss in the joint under 

static loading, likely exceeding what would occur in physiological conditions. Additionally, the 

methodology overlooked the effects of microdamage accumulation and fatigue failure associated 

with cyclic loading, a loading pattern more representative of everyday spinal exposure. 

Overall, current literature has established key principles such as endplate deflection and 

the structural integrity of the underlying trabecular bone as major contributors to vertebral failure. 

The inferior endplate has been shown to exhibit greater deflections under prolonged static loading, 

which is thought to contribute to its higher incidence of failure. However, many unknowns remain 

regarding the mechanisms underlying these observed differences. Specifically, the degree to which 
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superior and inferior endplates differ under cyclic loading, a condition notably distinct from static 

loading, remains unclear. The thresholds of cyclic exposure at which deflection rates begin to 

diverge and the trajectories of the deflection–cyclic exposure relationship have not yet been 

explored. Furthermore, while greater inferior endplate deflection is consistently observed in human 

cadaveric tissue, it is not yet known whether the porcine model demonstrates similar behavior. 

Finally, it remains uncertain whether the proportion of the nucleus pulposus occupying the 

endplate area represents a risk factor for endplate failure. Addressing these gaps will bring a 

stronger understanding to the time varying changes of superior and inferior endplate deflections 

and contribute to existing knowledge of vertebral failure mechanisms.  

 
 

Figure 2.5.1: Loading protocol for FSUs used by Hulme et al., 2008 
“Loads were chosen to reflect rest (200 N), standing (1000 N) and light manual work (1500–
2000 N depending on vertebra size). Two scans were performed; a full FSU scan (approx. 60 

min, ‘‘static’’) and a quick scan of the endplates alone (approx. 8 min, ‘‘quick’’). Prior to the full 
FSU scan the specimen was pre-conditioned for 45 min to reduce stress relaxation during 

scanning.” (Hulme et al., 2008) 
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Figure 2.5.2: “Experimental procedure for mechanical testing and imaging.” (Jackman et al., 
2014)  



 19 

Chapter 3 - Methods 
3.1 Overview of Study Design 
 

A mixed-measures study design was used to evaluate the effects of cyclic loading on the 

deflection of porcine cervical vertebral endplates. Loading was applied exclusively to the central, 

nucleus-bearing region of the endplate using a custom-fabricated specimen specific indenter 

shaped to match the region's unique topography. Endplate deflection was quantified by tracking 

the displacement of the indenter during brief, incrementally increasing static loads. Three separate 

linear mixed effects models were fit, each comparing the two endplates from each joint. 

Specifically, caudal C3 vs cranial C4, caudal C4 vs cranial C5, and caudal C5 vs cranial C6. For 

each model, loading magnitude (0.3 kN, 1 kN, and 3 kN whole joint equivalents), loading cycles 

(0, 1000, 3000), and endplate level were included as fixed effects to evaluate their influence on 

endplate deflection. The proportion of the nucleus-occupying region relative to the total endplate 

area was included as a continuous covariate. Lastly, an additional linear mixed effects model was 

fit to compare the effects of joint level (C3C4, C4C5, C5C6) on the difference in superior and 

inferior endplate deflection. Loading magnitude (0.3 kN, 1 kN, and 3 kN whole joint equivalents) 

and loading cycle (0, 1000, 3000) were again included as fixed effects. 

 

3.2 Specimens 
 

This study used porcine cervical vertebrae as a surrogate for the human lumbar spine due 

to its morphological similarities (Yingling et al., 1999). Specimens were procured from adolescent 

domestic hogs (5 – 10 months of age or ~110 kg) via an abattoir. All specimens were stored at -

20°C and thawed at room temperature for a minimum of 12 hours. Although intact intervertebral 

discs are not directly involved in this work, existing literature has demonstrated a close relationship 
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between disc degeneration and endplate health (Chang et al., 2009; Nachemson et al., 1970). To 

ensure representative conditions, intervertebral discs were required to satisfy the Grade 1 criteria 

of the Galante scale (Galante, 1967); no breaches in the annulus fibrosis fibers and the presence of 

a white and gelatinous nucleus.  

For the purpose of clarity, the terms superior and inferior within this document refer to the 

position of the endplates within a spinal joint, while cranial and caudal describe the positioning of 

endplates relative to an individual vertebra (Figure 3.2.1). The endplates of interest in this study 

included the caudal endplates of C3, C4, and C5, as well as the cranial endplates of C4, C5, and 

C6. These specimens were selected because they define the boundaries of the three intervertebral 

joints relevant to the porcine cervical spine model. Since this investigation focused on comparing 

superior and inferior endplate deflection within a joint, accessory structures such as the cranial 

endplate of C3 and the caudal endplate of C6 were excluded. These structures do not form 

complete functional spinal units (FSUs) within the model, making them less relevant to this study’s 

objectives. For vertebrae with both cranial and caudal endplate deflections of interest (C4 and C5), 

only one endplate was mechanically tested per specimen to avoid confounding deflection 

measurements. Since the porcine cervical spine model consists of four vertebrae forming three 

spinal joints (C3C4, C4C5, and C5C6), each spine thus yields either a C3C4 and C5C6 joint (4 

endplate specimens) or a C4C5 joint (2 endplate specimens) whereby C3 and C6 vertebrae are 

excluded (Figure 3.2.2 and 3.2.3). Due to this, the 36 endplate specimens used in this study 

required 36 unique vertebrae. Originally, six porcine cervical spines were intended to provide 24 

specimens (C3C4 and C5C6 joints comprising endplates), and another six spines were to provide 

12 specimens (C4C5 joints). However, due to errors and setbacks during data collection, only three 

pairs of C3C4 and C5C6 joints originated from unique spines (Figure 3.2.4). This imbalance in 
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specimen sourcing was either statistically accounted for or deemed inconsequential to the analyses 

of data (Section 3.9). No vertebra was mechanically tested more than once. 

A sample size of 24 vertebrae, distributed evenly across six groups with four endplates per 

group, was recommended based on an a priori power analysis using data on superior and inferior 

endplate deflection measurements reported by Hulme et al. (2018) – the only available study with 

sufficient data to estimate an effect size. The analysis assumed an alpha level (α) of 0.05, power 

(1 - β) of 0.95, and an effect size of 0.29 (Cohens f). However, given that this power analysis was 

a rough estimate, 12 additional vertebrae were added to the sample size. This created a sample size 

of 36 vertebrae, distributed evenly across 6 groups with 6 endplates per group (Figure 3.2.4) 

 

 

Figure 3.2.1: Illustration of endplate level terminology 
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Figure 3.2.2: Schematic of tested endplate.  
Green and red arrows highlighting the superior and inferior endplates of interest, respectively. 
Scenario 1 illustrates the endplates to be mechanically tested comprising the C3C4 and C5C6 
joints within a spine. Scenario 2 illustrates endplates to be tested that comprise the C4C5 joint 

within a completely different spine from that of scenario 1. No vertebrae were reused at any 
point. 

 
 
 

 
Figure 3.2.3: Diagram of how each endplate within a joint was mechanically loaded 
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Figure 3.2.4: Schematic of specimen allocation 

 
 
 

3.3 Specimen Preparation 
 

Vertebrae (C3, C4, C5, and C6) were excised. Endplates of interest were carefully cleaned 

of nuclear material, ensuring the peripheral annular tissue and endplate surfaces remained intact 

and undamaged. Given the fluid content of the tissue, the endplate surface was inherently 

reflective, which posed a challenge for laser profilometry (further detailed in section 3.4). This 

reflectivity created artifact in the 3D scan resulting in misrepresentations of the endplate surface, 

where areas of glare produce artificial bumps in the scan. To address this issue, a fine layer of 
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cornstarch powder was brushed onto the endplate surface (Figure 3.3.1). Cornstarch (C₆H₁₀O₅)ₙ 

was chosen over alternatives like spray paint, industry-specific 3D scanning sprays, and titanium 

powder due to its availability and chemical inertness. Additionally, cornstarch minimally alters the 

specimen’s color, a crucial factor for subsequent visual imaging steps (Section 3.5). A point can be 

made about the potential dehydrating effects of this substance on the endplate structure. However, 

as less than a gram was applied to each specimen, these effects were likely minimal. Additionally, 

cornstarch could be easily removed from the specimen using saline, which also replenished any 

fluid loss. The use of saline for this purpose is noted in Section 3.8. Therefore, while the exact 

influence of cornstarch application on the endplate’s mechanical properties has not been 

experimentally tested, there is strong reason to believe that its effects were negligible. 

The non-scanned endplate of each vertebra was cleaned of cartilage and soft tissue (Figure 

3.3.2). Specimens were then potted in aluminum cups and secured with 19-gauge steel wire and 

non-exothermic dental plaster (Dentstone, Southbend, IN). The cleaned endplate was placed in 

direct contact with the dental plaster prior to curing allowing the compound to conform to the 

irregular endplate surface. This preparation minimized whole specimen vertical displacement 

during loading caused by fluid extrusion from cartilage and soft tissue, which could otherwise 

reduce the accuracy of deflection measurements (Section 3.7).  A pair of painted ball bearings, 

each 2.33 mm in diameter, were placed on the outer annular region of the endplate surface (Figure 

3.3.3). A top-down reference image was captured using a tripod-mounted camera (70D, Canon 

Canada, Inc., Brampton, Ontario, Canada) fitted with a macro lens to achieve a “flat” and 

minimally distorted image. This image served as a visual reference for selecting the nuclear region 

in the colorless 3D scan, as described in Section 3.5. Lastly, specimens were wrapped with saline 
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soaked gauze that was rehydrated every 20 minutes prior to and during mechanical loading (Figure 

3.3.4). 

 

 
Figure 3.3.1: Comparative images of specimen glare: without cornstarch (left) and with 

cornstarch (right). 
 

 
Figure 3.3.2: Non-testing endplate cleaned of cartilage and soft tissue in preparation to 

interface with potting 
  

 
Figure 3.3.3: Representative image of the positioning of image markers on the specimen surface. 
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Figure 3.3.4: Specimen wrapped in saline-soaked gauze 

 
 

3.4 Surface Profilometry 
 

To capture a point map scan of the endplate surface, potted specimens were placed on a 

ball screw linear rail in series with a closed loop servo motor positioned beneath a high-speed 

surface laser profilometer (LJ-V7080, Keyence Corporation, Osaka, Japan) (Figure 3.4.1). A micro 

controller (Arduino Mega 2560 Rev3, Turin, Italy) programmed with custom software (C++, 

Arduino IDE 2.3.2, Arduino, Turin, Italy) controlled the stepper to horizontally displace the 

vertebra in 1-micron increments. The laser was then triggered by the micro controller to capture a 

profile of the endplate surface every 47 microns of the specimen’s displacement. This scanning 

frequency was selected based on the laser’s beam width being 47 microns. The scanning apparatus 

featured a vertical resolution of 0.5 micron and horizontal resolution of 10 micron, both of which 

exceeds what is necessary to capture the macroscopic curvatures of the endplate.  

A smoothing function built into the scanning laser was applied, using a 16-value moving 

average across each of the 800 points in a single sample along the laser's scanning path (Figure 
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3.4.2). This smoothing setting was experimentally determined to effectively reduce glare-induced 

artifact in the 3D scan while also minimizing losses in endplate topographical detail.  

To ensure the profilometer was level relative to the specimen, a three-point leveling system 

mounted to the laser emitter was used (Figure 3.4.3). The built-in lateral angle detection of the 

laser, combined with an inclinometer fixed to the anterior of the system, allowed for the 

measurement and correction of any coronal and sagittal tilt of the emitter. Lastly, to mitigate 

vibrationally induced movement that would introduce noise into the 3D scan, the entire system 

was bolted to an aluminum plate acting as a base.  

 

 
Figure 3.4.1: Custom constructed laser profilometry setup.  

A – Closed loop servo motor in series with a ball screw linear rail, B – Laser profilometer, C – 
Three-point leveling system, D – Inclinometer 
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Figure 3.4.2: Schematic illustrating the operation of the built-in profilometry moving average 

smoothing algorithm. Image adapted from (Keyence, 2012) 
 

 
Figure 3.4.3: The three-point leveling mechanism ensures the scan remains square relative to the 

specimen’s surface. 
 
 

3.5 Indenter Modelling  
 

To utilize the point map scan of the endplate surface, a custom python script (Version 3.11, 

Python Software Foundation, Scotts Valley, CA) was employed to convert the data matrix into a 

3D mesh. The resulting 3D model of the specimen was then imported into a 3D modelling program 

(Blender 4.21 LTS, Blender Foundation, Amsterdam, Netherlands). The top-down image of the 

specimen previously photographed (Section 3.5.1) was superimposed onto the model whereby the 

image markers (ball bearings) aligned with the position that they appeared on the scan. This step 

was necessary for visually determining the nuclear region of the endplate as the color of the 

specimen is not captured during the 3D scanning process. Visual identification of the nucleus 
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occupying area was performed manually via the experimentalist. This approach was preferred over 

automated methods due to the complexity and development costs associated with creating software 

capable of interpreting the highly variable specimen colours and 3D profile data from topography 

scans. A negative mold of the nucleus occupying endplate region was mounted to a standardized 

indenter base to construct the custom indenter model (Figure 3.5.2).  

 

 

Figure 3.5.1: Example of a manually defined nuclear region of the endplate  
 
 

 
 

Figure 3.5.2: Sample of an indenter model generated from a 3D scanned endplate surface. 
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3.6 Indenter Fabrication 
 

The indenter was then fabricated using fused deposition modelling (FDM) 3D printing 

(Kobra 2 Pro, AnyCubic, Shenzhen, China). Indenters were printed with 100% infill black 

polylactic acid (PLA) with a layer height of 0.05 mm (Figure 3.6.1). This print resolution was 

experimentally optimized to balance scan fidelity and manageable fabrication time. PLA was 

selected for its affordability and its high stiffness amongst other 3D-printable materials (Ahmed et 

al., 2016). It has a compressive strength ranging from 48 to 62 MPa (Gao et al., 2022), far 

exceeding injurious endplate stresses (Brown et al., 2008). PLA’s suitability was further confirmed 

through pilot testing where a non-representative endplate indenter was constructed and 

mechanically tested against the nucleus occupying region of the specimen (Figure 3.6.2). The 

endplate failed at approximately 3 kN of load, well above the loads applied in this protocol (section 

3.8), while the indenter’s shape remained unchanged. The structural integrity of the indenter was 

verified by comparing 3D profiles before and after load exposure, showing no observable 

differences. To confirm proper contact between the indenter and the endplate surface, the center of 

the indenter was marked with ink, and the minimum load used in this protocol (see Section 3.8) 

was applied to assess pigment transfer. Contact was verified at the center of the endplate, as this 

region has the thinnest cartilage (Berg-Johansen et al., 2018; Roberts et al., 1996) and thus the 

least ability to conform to the indenter surface, making it the most critical area for ensuring 

accurate surface alignment (Figure 3.6.3). An imprint of the indenter could also be seen across the 

entire endplate surface post loading exposure. 
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Figure 3.6.1: Comparison in fidelity between the modelled and fabricated indenter 
 
 

 
Figure 3.6.2: Endplate of specimen loaded within the central region to failure (Right) using a 

non-representative indenter (Middle and Left)  
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Figure 3.6.3: Verification of central endplate–indenter contact via ink transfer 
 
 

3.7 Measurement Correction 

In previous work, the terms displacement, deformation, and deflection have all been used 

interchangeably to describe both the extent of bending and vertical change in position of the 

endplate (Brinckmann et al., 1983; Holmes et al., 1993; Hulme et al., 2008; Jackman et al., 2014). 

Owing to the lack of consistency in this nomenclature, the present study defines these terms as 

follows. Endplate displacement describes the translational movement of the entire endplate 

structure with the central and peripheral regions moving in tandem. Unless specified otherwise, it 

does not describe localized motion or bending within the structure. Deformation is a change in 

shape occurring anywhere within a structure. Lastly, deflection describes specifically the 

deformation in the central region of the endplate relative its outer bounds. As a result, all deflection 

is deformation, but not all deformation is deflection. Given this logic, the primary measurement of 
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this study will be defined as endplate deflection since this term describes specifically deformation 

in the central region of the endplate where loading was applied.  

In this study, endplate deflection is derived from the difference between the indenter’s 

displacement and the displacement of the endplate’s periphery resulting from net compression of 

the whole system (Equation 1). This net displacement of the tested endplate can be traced to two 

primary sources. First, the non-tested side of the vertebra, which is in direct contact with the rigid 

metal potting and plaster, undergoes fluid loss during loading, particularly within cartilaginous and 

soft tissues. This loss results in a reduction in overall vertebral height that contributes to the 

indenter’s measured displacement. This effect was mitigated via the removal of the cartilaginous 

material interfacing the potting, as described in Section 3.3. Nonetheless, settling of the entire 

structure remained an inevitable and notable source of measurement error. Secondly, while the 

majority of the load borne by the spinal vertebra is supported by the trabecular bone, a significant 

portion is also carried by the cortical shell (Eswaran et al., 2006). Despite cortical deformation 

likely being minimal, ranging from 9 to 40 micron in a 2 kN full joint loading context (Hulme et 

al., 2008), this factor remains a  potential source of error.  

Therefore, to maximize the accuracy of deflection measurements, it was necessary to 

account for compression across the entire vertebra. To do so, a 6 mm diameter ball bearing was 

affixed to the anterior of the specimen at the level of the epiphyseal plate using cyanoacrylate 

(Figure 3.7.1).  This mounting location was chosen because it served as the boundary between the 

endplate and the underlying bone. The marker was mounted above the anterior cortical shell of the 

vertebral body given this region is free of peripheral structures such as transverse processes and 

pedicles, which are present in the lateral and posterior regions. These protruding structures are 

associated with increased localized cortical density at their attachment sites (Zhao et al., 2009), 
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likely resulting in greater regional stiffness of the vertebra.  The absence of such structures in the 

anterior region of the cortical shell makes this a "worst-case scenario" for observing cortical 

deformation during loading thus justifying the placement of the marker in this location. The use of 

adhesive was chosen over more invasive methods, such as bone pins or screws, to minimize 

methodologically induced damage to the vertebra while maintaining the rigidity necessary to 

securely attach the marker. Vertical displacement of the marker during loading was quantified 

using a laser profilometer (LJ-V7080, Keyence Corporation, Osaka, Japan). To prevent reflection 

induced noise in the profilometer’s readings, the marker was spray painted with a matt, minimally 

reflective paint (Tidal Pond Chalked Ultra Matte Paint, Rust-Oleum). The profilometer was 

mounted to a ball screw linear rail driven by a closed-loop stepper motor, allowing consistent 

positioning above the marker (Figure 3.7.2). During brief static loading periods (further discussed 

in section 3.8), the laser profilometer’s measurement beam was repeatedly displaced in 50-micron 

increments above the spherical marker’s surface. A 50 µm	 increment was selected as it was a 

similar value to the laser’s width of 47 µm and represented a clean fraction of large measurement 

units, simplifying calculations, coding, and integration within the scanning system. Despite the 

profilometer’s 1 µm resolution in the z-axis (vertical) and a repeatability of 0.5-micron, small 

vibrations introduced by the surrounding environment, particularly from the material testing 

system’s hydraulic compressor, will impact measurement accuracy. To mitigate this limitation in 

the repeatability of gross vertical endplate displacement measurements, peak heights from 4 

topographical scans of the marker were averaged. Since each scan takes around 8 seconds to 

complete, 4 repetitions of the scanning process provided a reasonable distribution of peak vertical 

positions while also only taking approximately 32 seconds to complete, a duration unlikely to 

significantly influence the overall mechanical response of the specimen.  
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Equation 1: Formulaic representation of endplate deflection in this experimental protocol 

 

  

Figure 3.7.1: 6 mm diameter spherical marker affixed to the anterior surface of the specimen’s 
epiphyseal plate 

 
 

 
Figure 3.7.2: Custom constructed laser profilometry setup interfacing with the material testing 

system apparatus 
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3.8 Cyclic Loading Protocol 
  

The indenter was affixed to a hydraulic material testing system (Model 8872, Instron, 

Toronto, ON) with a frame stiffness of 260 kN/mm via a custom metallic fixture (Figure 3.8.1). 

The potted specimens then had spherical markers placed on the annulus during laser topography 

(Section 3.3) removed and cornstarch gently cleaned off the surface using saline. The vertebrae 

were then positioned such that the tested endplate was in a perpendicular position beneath the 

indenter. Owing to the precise fit between the indenter and endplate surface, and with the 

specimen’s pot positioned on a bed of oiled bearings, alignment between the indenter and endplate 

surface was ensured as the specimen would “snap” into placed upon contact. A static 0.3 kN force 

was then applied for 15 minutes to equilibrate fluid within the cartilage of the endplate (Callaghan 

& McGill, 1995). Cyclic loading was then performed using a normalized haversine waveform 

(Figure 3.8.2) at magnitudes ranging from 0.3 kN to 30% of the predicted ultimate compressive 

tolerance (UCT) (Zehr et al., 2019; Zehr, Watson, et al., 2023). The loading cycles were applied at 

1 Hz, a frequency previously used in studies of identical cyclic loading parameters (Zehr et al., 

2020). The applied compression waveform represents a simulated force-time profile of lumbar 

spinal joints during a lifting task (Granata & Marras, 1995). The baseline load of 0.3 kN represents 

the approximate compressional force experienced by the lumbar spine during upright positioning 

of the trunk (Zehr et al., 2019), while the peak force (30% predicted UCT (Parkinson et al., 2005)) 

reflects typical low-back joint loading during moderately demanding repetitive lifting tasks 

(Gooyers et al., 2018). However, given these values are representative of whole spinal joints and 

this study applied load exclusively to the central region of the vertebral endplate, conversion from 

whole joint force to nuclear pressure was necessary. Finite element modeling from previous 

literature provides the relationship between whole joint compression force and nuclear pressure, 
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enabling the calculation of equivalent nuclear stress levels (Peng et al., 2011) (Figure 3.8.3). To 

determine the appropriate load for inducing such stresses, the stress parameters were normalized 

relative to the indenter-endplate contact area, as determined from the 3D model of the indenter 

(Equation 2). Sample calculations pertaining to this load-stress-load conversion is provided in 

Table 3.1. 

The cycle-dependent changes in endplate deflection were measured at cumulative load 

exposures of 0, 1000, 3000, and 5000 cycles. The 1000-cycle mark approximates the load 

experienced during 1 hour of repeated exertion (Hansson et al., 1987) while 5000 cycles represent 

94% of the joint’s typical lifespan under these load magnitudes and frequency parameters (Zehr et 

al., 2020). Lastly, the 3000-cycle point serves as an intermediate between these exposure levels. 

At each time point, deflection measurements were captured based on the indenter’s displacement 

while specimens are exposed to brief static stresses. Displacement readings had a resolution of 1 

micron. Previous literature has classified spinal compressive forces during standing, walking, and 

moderate intensity lifting (Beach et al., 2019; Callaghan & McGill, 2001; Gooyers et al., 2018) 

approximately equating 0.3 kN, 1 kN, and 3 kN, respectively. As discussed previously, these whole 

joint equivalent forces necessitated conversion to an applied load within the indenter. A load-to-

stress conversion table displaying a sample of these calculations is provided below (Table 3.2). 

The transition between static load thresholds were automated using a quasi-static ramp protocol 

with a loading rate of 0.025 kN/s (Yingling et al., 1997). As a result, this protocol took 

approximately 10 seconds to increase the force from 0.3 kN to the 1 kN equivalent threshold and 

about 30 seconds to transition between 1 kN and 3 kN equivalent thresholds (Figure 3.8.4). Upon 

reaching the target load during the ramping process, the system was held at that load for 10 seconds 

to allow both its 2nd order response and endplate surface to equilibrate. The material testing system 
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switched to position control to minimize the effect of viscoelastic creep, which would have 

otherwise occurred under load control during sustained static loading periods. During these static 

loading periods, the specimen bound marker was scanned following the protocol discussed in 

section 3.7. The indenter displacement was recorded at the end of the 40 second period for each 

force magnitude based on the material testing system’s actuator position. The entirety of the cyclic, 

ramp protocol, and marker scanning processes were automated using both custom waveform 

protocols within the material testing system (WaveMatrix2, Instron, Toronto, ON) in parallel with 

custom python code to initiate scanning protocols. This automation ensured a high repeatability 

and consistency in load exposures and measurement periods across specimen.  

The order of static load magnitudes (0.3 kN, 1 kN, and 3 kN whole joint equivalents) was 

not randomized as applying a higher load prior to lower increments would have confounded 

subsequent, lower magnitude endplate deflection measurements. A schematic of the entire loading 

protocol is illustrated in Figure 3.8.5.  

Fixed stress targets during static loading, rather than values relative to the predicted UCT 

of each specimen, were selected as this approach aligns more closely with ergonomic 

recommendations which are based on absolute spinal compressive forces and not individual 

anatomical variations. This method allows the results of this study to be more directly applicable 

with current injury prevention tools and provide direct insights relevant to ergonomic guidelines 

and workplace risk assessment (NIOSH, 1991). 
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Figure 3.8.1: A. Metallic Fixture, B. Indenter 

 
 

 
Figure 3.8.2: Normalized Haversine waveform representative of the force time pattern during a 

moderate demand repeated lifting task 
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Figure 3.8.3: Nucleus load-pressure relationship (Peng et al., 2011) 

 
 

 
Figure 3.8.4: Automated static-ramp and scanning protocol 
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Figure 3.8.5: Schematic of Cyclic Loading Protocol  

*Static loads are listed as whole joint equivalent magnitudes 
 
 

 Whole Joint Force 
(kN) 

Nuclear 
Equivalent 

Pressure (kPa) 

Indenter Load 
Magnitude (kN)* 

Baseline Load 0.3  270 0.101 
30% UCT 3 2700 1.013 

Table 3.1: Sample Indenter Cyclic Load Calculation Table.  
*A nuclear area of 375 mm2 (estimated average among pilot specimens) is used as an example in 

the indenter load magnitude column 
 

 
Whole Joint Force 

(kN) 
Nuclear Equivalent 

Pressure (kPa) 
Indenter Load 

Magnitude (kN)* 
0.3  270 0.101 
1 900 0.338 
3 2700 1.013 

Table 3.2: Sample Indenter Static Load Calculation Table.  
*A nuclear area of 375 mm2 (estimated average among pilot specimens) is used as an example in 

the indenter load magnitude column 
 

 
Equation 2: Nuclear stress to load conversion equation based on indenter area 
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3.9 Statistical Analysis 
 
All statistical processing was performed using R (Version 3.6.0+, R Foundation for Statistical 

Computing, Vienna, Austria). 

 
3.9.1 Paired-Endplate Deflection Comparisons 
 

The 36 specimens were divided into six vertebral groups: cranial endplates (C4, C5, C6) 

and caudal endplates (C3, C4, C5). Endplate deflection measurements were paired for analysis as 

follows: caudal C3 with cranial C4, caudal C4 with cranial C5, and caudal C5 with cranial C6 

given these structures share the same joint.  

Three separate linear mixed-effects models (LMEM) were used rather than a single 

combined model because each comparison of interest was within a single joint (superior vs. 

inferior endplate). Each model analysed deflection as a function of loading magnitude (0.3 kN, 1 

kN, and 3 kN), loading cycles (0, 1000, 3000, and 5000 cycles), and endplate group. The 

proportion of the nucleus-occupying endplate area relative to the whole endplate area was included 

as a covariate (continuous variable). Furthermore, a nested random-effects structure accounted for 

repeated measurements by allowing the model to recognize that multiple observations from the 

same specimen are correlated, while also capturing the fact that endplates within the same joint 

are of greater similarity than the specimens from other joints.  

Homoscedasticity was assessed by examining residuals versus fitted values plots. The 

normality of residuals was evaluated visually using Normal Q-Q plots. To formally assess residual 

behavior while accounting for the nested structure of the data (joints within spines), DHARMa, an 

R package that generates standardized simulated residuals for hierarchical models, was used. 

Uniformity tests in DHARMa assessed whether residuals were evenly distributed and dispersion 

tests detected over- or under-spread. Random effects at both the spine and joint-within-spine levels 



 43 

were inspected with Q-Q plots used to evaluate their approximate normality. In the event of severe 

violations, the response variable would be log-transformed to improve residual normality and 

homoscedasticity. 

For each LMEM, two sets of post hoc pairwise comparisons were performed. First, 

estimated marginal means (EMMs) were compared between superior and inferior endplates for 

each combination of loading magnitude and loading cycle (e.g., Superior vs. Inferior at 0.3 kN and 

0 cycles), with Tukey corrections applied to control for multiple testing. This directly assessed 

differences in endplate deflection between superior and inferior surfaces at each loading condition. 

Second, post-hoc pairwise comparisons of superior and inferior endplates were performed using 

differences of EMMs of deflection between consecutive loading cycles (0→1000, 1000→3000, 

3000→5000) for each loading magnitude. These contrasts tested whether the rate of change in 

deflection between loading cycle increments differed between the superior and inferior endplates 

within a joint for a given loading magnitude (e.g., Superior vs Inferior rate of deflection between 

0→1000 at 0.3 kN). Tukey corrections were applied to control for multiple testing. 

 

3.9.2 Between Joint Differences 

 After performing the statistical analysis in Section 3.9.1, notable visual differences were 

observed in superior and inferior endplate deflection at each spinal level. This prompted 

investigation into whether spinal joint level influences the magnitude of difference observed 

between superior and inferior endplate deflection. To quantify this, the difference between superior 

and inferior deflection measurements was calculated for each joint across each loading condition 

and magnitude. Absolute differences were used rather than a relative percentage difference 

because, while not representing a perfect one-to-one comparison, they better highlight anatomical 
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and material variations between spinal levels. Even when differences are influenced by level-

specific size or structural properties, these magnitudes remain physiologically meaningful.  

A LMEM was then used to assess whether endplate deflection differences were statistically 

significant, with joint level (C3C4, C4C5, C5C6), loading magnitude (0.3 kN, 1kN, 3kN), and 

loading cycles (0, 1000, 3000, 5000) as fixed effects. However, the data structure presented two 

key challenges: repeated measures within each joint across multiple loading conditions, and the 

fact that several joints (three C3C4 and C5C6) originated from the same spine. These dependencies 

violate the assumption of independent observations required for traditional linear models. To 

account for this, the linear mixed-effects model included random intercepts for joints nested within 

spines. This allowed the model to account for correlated measurements within the same joint 

(repeated measures) and similarities among joints from the same spine. By modeling variability at 

both the spinal and joint levels, the fixed effects of joint level, loading magnitude, and loading 

cycles could be estimated without bias from repeated or hierarchically structured data. 

Homoscedasticity was assessed by generating and examining residuals versus fitted values 

plots, and the normality of residuals was assessed visually using Normal Q-Q plots. In addition, 

DHARMa simulated residuals were used to formally test for uniformity and dispersion, which 

account for the random effects structure in LMEM. Random effects at both the spine and joint-

within-spine levels were inspected, with Q-Q plots used to evaluate their approximate normality. 

In the event of severe violations, the response variable would be log-transformed to better meet 

model assumptions of normality and homoscedasticity of residuals.  Pairwise contrasts were 

performed between joint levels within each combination of loading magnitude and loading cycle 

using EMMs, with Tukey adjustment applied to control for multiple comparisons. 
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Chapter 4 – Results 
 

4.1 C3C4 Endplate Deflections 
 

Model 1 compared superior and inferior endplate deflections within the C3C4 joint. 

Diagnostic checks confirmed that model assumptions were met.  

Significant main effects of loading magnitude and loading cycles were observed. 

Compared to baseline (0.3 kN, 0 cycles), deflection of both endplates increased by 49 µm at 1 kN 

(p < 0.001) and 194 µm at 3 kN (p < 0.001). Similarly, repeated cycles increased deflection by 71 

µm at 1000 cycles, 91 µm at 3000 cycles, and 103 µm at 5000 cycles (all p < 0.001). The proportion 

of the nucleus occupying the endplate showed a trend toward predicting deflection though it did 

not reach significance (p = 0.062). Average endplate area, nucleus occupying area, proportion of 

the nucleus occupying area, and applied forces can be found in Table 4.1 for both endplates. 

A significant two-way interaction was observed whereby after accounting for the main 

effects of loading magnitude and cycle count, the inferior endplate deflected 53 µm more than the 

superior endplate at a 3 kN loading magnitude (p < 0.01). No three-way interactions reached 

statistical significance, indicating that endplate group differences were largely consistent across 

loading cycles and lower loading magnitudes.  

Post-hoc pairwise comparisons of superior and inferior endplate EMMs for each 

combination of loading magnitude and cycle count found inferior endplate deflection to be only 

significantly greater (p < 0.05) at 0 cycles with a 3 kN loading magnitude. Results, including 95% 

confidence intervals, are shown in Figure 4.1.1. 

Post hoc pairwise comparisons of the rate of change in deflection between consecutive 

loading cycles (0→1000, 1000→3000, 3000→5000) for superior and inferior endplates were 

performed at each loading magnitude. No significant differences in the rate of deflection were 
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found between either endplate. Results are illustrated in Figure 4.1.2. The rate of deflection 

between cycle counts at both endplate levels can be seen in Table 4.2.  

Model and pairwise comparison outputs can be found in the Appendices in Tables 8.1, 8.2, 

and 8.3 

 

 

Figure 4.1.1: C3C4 endplate deflections measured throughout the experimental process.  
 

* Significant difference between endplates at the indicated measurement (p < 0.05) 
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Figure 4.1.2: Estimated marginal means of C3C4 endplate deflection across loading cycles (0, 

1000, 3000, 5000) at each loading magnitude (0.3, 1, and 3 kN) for visualizing differences in the 
rate of deflection. 

 
No significant differences in deflection change between endplates were observed across cycle 

increments. 
Error bars represent 95% confidence intervals. 
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Table 4.1: Average Endplate Areas, Nucleus Area, Proportion of Nucleus Occupying Area, and 

Applied Force Magnitudes of superior C3 and inferior C4 endplates 
 

 Endplate 
Area 

(mm2), 
Mean (SD) 

Nucleus 
Area (mm2), 
Mean (SD) 

Proportion 
of Nucleus 
Area (%), 

Mean (SD) 

0.3 kN Full 
Joint 

Equivalent 
Load (kN), 
Mean (SD) 

1 kN Full 
Joint 

Equivalent 
Load (kN), 
Mean (SD) 

3 kN Full 
Joint 

Equivalent 
Load (kN), 
Mean (SD) 

30% Full 
Joint 

Equivalent 
UCT (kN), 
Mean (SD) 

Superior 
C3 

692 (76) 376 (77) 54 (8) 0.101  
(0.021) 

0.338  
(0.07) 

1.014 
(0.211) 

1.018 
(0.290) 

Inferior 
C4 

613 (53) 339 (56) 56 (8) 0.092  
(0.015) 

0.305 
(0.051) 

0.916 
(0.153) 

0.828 
(0.178) 

 
 
 

Table 4.2: Rate of change in deflection between superior C3 and inferior C4 endplates at 
differing cycle increments 

Blank cells indicate no significance. 
 

Force 
(kN) 

Cycle 
Increment 

Change in Deflection 
(µm/1000 Cycles)  

 
Significance 

C3 Superior C4 Inferior 
 

0.3  
0 à 1000 71 85  

1000 à 3000 10 11  
3000 à 5000 3 7  

 
1 

0 à 1000 67 66  
1000 à 3000 11 16  
3000 à 5000 6 1  

 
3 

0 à 1000 46 39  
1000 à 3000 10 10  
3000 à 5000 6 5  

 

 

4.2 C4C5 Deflections 
 

Model 2 compared superior and inferior endplate deflections within the C4C5 joint. 

Diagnostic checks confirmed that model assumptions were met.  

Significant main effects of loading magnitude and loading cycles were observed. Relative 

to baseline (0.3 kN, 0 cycles), deflection of both endplates increased by 47 µm at 1 kN (p < 0.001) 
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and 170 µm at 3 kN (p < 0.001). Similarly, repeated cycles increased deflection by 46 µm at 1000 

cycles, 60 µm at 3000 cycles, and 66 µm at 5000 cycles (all p < 0.001). The proportion of the 

nucleus occupying the endplate was not predictive of deflection (p = 0.57). Average endplate area, 

nucleus occupying area, proportion of the nucleus occupying area, and applied forces can be found 

in Table 4.3 for both endplates.  

Several significant two-way interactions were observed between group and loading 

magnitude. After accounting for the main effects of loading magnitude and cycles, the inferior 

endplate deflected 32 µm more than its superior counterpart at 1 kN (p < 0.05), increasing to 105 

µm at 3 kN (p < 0.001). With repeated cycles, the inferior endplate deflected 84, 98, and 104 µm 

more than the superior endplate at 1000, 3000, and 5000 cycles, respectively (all p < 0.001). 

 Three-way interactions indicated partial attenuation of group differences at high loading 

magnitudes with repeated cycles. At 3 kN and 1000, 3000, and 5000 cycles, the difference between 

superior and inferior endplates were reduced by 57, 62, and 66 µm, respectively, relative to the 

sum of the individual magnitude and cycle effects (all p < 0.01). No significant three-way 

interactions were observed at 1 kN.  

 Post-hoc pairwise comparisons of superior and inferior endplates were performed using 

EMMs for each combination of loading magnitude and cycle count. Inferior endplate deflection 

was significantly greater (p < 0.01) under all conditions, except at 0 cycles for 0.3 kN and 1 kN 

loading levels. Results, including 95% confidence intervals, are shown in Figure 4.2.1. 

Post hoc pairwise comparisons of the rate of change in deflection between consecutive 

loading cycles (0→1000, 1000→3000, 3000→5000) for superior and inferior endplates were 

performed at each loading magnitude. The inferior endplate was found to deflect at a significantly 

greater rate between 0 and 1000 loading cycles at 0.3 kN (p < 0.001), 1 kN (p < 0.001), and 3 kN 
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(p < 0.05) compared to the superior endplate. Results are illustrated in Figure 4.2.2. The rate of 

deflection between cycle counts at both endplate levels can be seen in Table 4.4.  

Model and pairwise comparison outputs can be found in the Appendices in Tables 8.4, 8.5, 

and 8.6. 

 

Figure 4.2.1: C4C5 endplate deflections measured throughout the experimental process with 
95% confidence intervals. 

 
* Significant difference between endplates at the indicated measurement (p < 0.01) 
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Figure 4.2.2: Estimated marginal means of C4C5 endplate deflection across loading cycles (0, 
1000, 3000, 5000) at each loading magnitude (0.3, 1, and 3 kN) for visualizing differences in the 

rate of deflection. 
 

Error bars represent 95% confidence intervals. 
*** (p < 0.001) * (p < 0.05) 
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Table 4.3: Average Endplate Areas, Nucleus Area, Proportion of Nucleus Occupying Area, and 

Applied Force Magnitudes of superior C4 and inferior C5 endplates 
 

 Endplate 
Area 

(mm2), 
Mean (SD) 

Nucleus 
Area (mm2), 
Mean (SD) 

Proportion 
of Nucleus 
Area (%), 

Mean (SD) 

0.3 kN Full 
Joint 

Equivalent 
Load (kN), 
Mean (SD) 

1 kN Full 
Joint 

Equivalent 
Load (kN), 
Mean (SD) 

3 kN Full 
Joint 

Equivalent 
Load (kN), 
Mean (SD) 

30% Full 
Joint 

Equivalent 
UCT (kN), 
Mean (SD) 

Superior 
C4 

718 (32) 394 (70) 55 (11) 0.107 
(0.019) 

0.355 
(0.064) 

1.065 
(0.191) 

1.109 
(0.189) 

Inferior 
C5 

615 (23) 345 (35) 56 (7) 0.093 
(0.010) 

0.310 
(0.032) 

0.931 
(0.096) 

0.839 
(0.080) 

 
 

Table 4.4: Rate of change in deflection between superior C4 and inferior C5 endplates at 
differing cycle increments. *** (p < 0.001) * (p < 0.05) 

Blank cells indicate no significance. 
 

Force 
(kN) 

Cycle 
Increment 

Change in Deflection 
(µm/1000 Cycles)  

 
Significance 

C4 Superior C5 Inferior 
 

0.3  
0 à 1000 46 130 *** 

1000 à 3000 7 14  
3000 à 5000 3 6  

 
1 

0 à 1000 45 109 *** 
1000 à 3000 7 14  
3000 à 5000 4 7  

 
3 

0 à 1000 31 58  
1000 à 3000 6 10  
3000 à 5000 5 6  

 
 

4.3 C5C6 Deflections 
 

Model 3 compared endplates within the C5C6 joint. Diagnostic checks confirmed that 

model assumptions were met.  

Significant main effects of both loading magnitude and loading cycles were observed. 

Relative to baseline (0.3 kN, 0 cycles), deflection increased by 58 µm at 1 kN (p < 0.001) and 205 

µm at 3 kN (p < 0.001). Similarly, with repeated cycles, deflection rose by 64 µm at 1000 cycles, 
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76 µm at 3000 cycles, and 83 µm at 5000 cycles (all p < 0.001). The proportion of the nucleus 

occupying area relative to endplate size was not predictive of deflection (p > 0.70). Average 

endplate area, nucleus occupying area, proportion of the nucleus occupying area, and applied 

forces can be found in Table 4.5 for both endplates.  

Several two-way interactions were significant. After accounting for the main effects of 

loading magnitude and cycles, the inferior endplate deflected 32 µm more than the superior 

endplate at 1 kN (p > 0.01), increasing to 90 µm at 3 kN (p < 0.001). Likewise, with repeated 

cycles, the inferior endplate deflected 57 µm, 64 µm, and 67 µm more than the superior endplate 

at 1000, 3000, and 5000 cycles, respectively (all p < 0.001).  

Three-way interactions showed that these group differences were partially attenuated at 

high magnitude with repeated cycles. At 3 kN and 1000, 3000, and 5000 cycles, the difference 

between endplate groups was 40-45 µm beyond what would be predicted by the sum of the main 

effects and two-way interaction (all p < 0.05).  

 Post-hoc pairwise comparisons of superior and inferior endplates were performed using 

EMMs for each combination of loading magnitude and cycle count. Inferior endplate deflection 

was significantly greater (p < 0.01) under all conditions, except at 0 cycles for 0.3 kN and 1 kN 

loading levels. Results, including 95% confidence intervals, are shown in Figure 4.3.1. 

Post hoc pairwise comparisons of the rate of change in deflection between consecutive 

loading cycles (0→1000, 1000→3000, 3000→5000) for superior and inferior endplates were 

performed at each loading magnitude. The inferior endplate was found to deflect at a significantly 

greater rate between 0 and 1000 loading cycles at 0.3 kN (p < 0.001) and 1 kN (p < 0.01) compared 

to the superior endplate. Results are summarized in Figure 4.3.2. The rate of deflection between 

cycle counts at both endplate levels can be seen in Table 4.6.  
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Model and pairwise comparison outputs can be found in the Appendices in Tables 8.7. 8.8, 

and 8.9.  

 

 

Figure 4.3.1: C5C6 endplate deflections measured throughout the experimental process with 
95% confidence intervals. 

 
* Significant difference between endplates at the indicated measurement (p < 0.01) 
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Figure 4.3.2: Estimated marginal means of C5C6 endplate deflection across loading cycles (0, 

1000, 3000, 5000) at each loading magnitude (0.3, 1, and 3 kN) for visualizing differences in the 
rate of deflection.  

 
Error bars represent 95% confidence intervals. 

*** (p < 0.001) ** (p < 0.01) 
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Table 4.5: Average Endplate Areas, Nucleus Area, Proportion of Nucleus Occupying Area, and 
Applied Force Magnitudes of superior C5 and inferior C6 endplates 

 
 Endplate 

Area 
(mm2), 

Mean (SD) 

Nucleus 
Area (mm2), 
Mean (SD) 

Proportion 
of Nucleus 
Area (%), 

Mean (SD) 

0.3 kN Full 
Joint 

Equivalent 
Load (kN), 
Mean (SD) 

1 kN Full 
Joint 

Equivalent 
Load (kN), 
Mean (SD) 

3 kN Full 
Joint 

Equivalent 
Load (kN), 
Mean (SD) 

30% Full 
Joint 

Equivalent 
UCT (kN), 
Mean (SD) 

Superior 
C5 

682 
(68) 

376 
(41) 

55 (4) 
 

0.101 
(0.011) 

0.338 
(0.037) 

1.014 
(0.112) 

1.016 
(0.198) 

Inferior 
C6 

613 
(84) 

365 
(54) 

60 (4) 0.099 
(0.015) 

0.329 
(0.050) 

0.987 
(0.149) 

0.904 
(0.239) 

 
 

Table 4.6: Rate of change in deflection between superior C5 and inferior C6 endplates at 
differing cycle increment. *** (p < 0.001) ** (p < 0.01) 

Blank cells indicate no significance. 
 

Force 
(kN) 

Cycle 
Increment 

Change in Deflection 
(µm/1000 Cycles)  

 
Significance 

C5 
Superior 

C6 Inferior 

 
0.3  

0 à 1000 64 130 *** 
1000 à 3000 6 14  
3000 à 5000 4 6  

 
1 

0 à 1000 54 109 ** 
1000 à 3000 5 14  
3000 à 5000 2 7  

 
3 

0 à 1000 23 58  
1000 à 3000 4.5 10  
3000 à 5000 3 6  

 
 

4.4 Effect of Joint Level 
 

Model 4 compared endplates across C3C4, C4C5, and C5C6 joints. Diagnostic checks 

confirmed that model assumptions were met. A main effect of loading magnitude was observed, 

with deflection increasing by 53 µm at 3 kN (p < 0.001) relative to baseline. The main effect of 

repeated cycles was not statistically significant.  
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Two-way interactions, representing differences beyond the main effects of loading 

magnitude and cycles, showed that at 3 kN, the difference in deflection between inferior and 

superior endplates of C4C5 and C5C6 joints was 52 µm and 37 µm more than C3C4, respectively 

(p < 0.001, p < 0.05). With repeated cycles, the magnitude of the superior–inferior deflection 

difference in the C4C5 joint increased relative to C3C4, rising by 69 µm (p < 0.001) at 1000 cycles, 

81 µm (p < 0.001) at 3000 cycles, and 86 µm (p < 0.001) at 5000 cycles. Similarly, C5C6 showed 

an increase of 42 µm (p < 0.05) at 1000 cycles, 47 µm at 3000 cycles (p < 0.01), and 50 µm at 

5000 cycles (p < 0.01), respectively, compared to the C3C4 joint. No three-way interactions 

reached statistical significance. 

Post-hoc pairwise comparisons of superior–inferior endplate differences across joint levels 

were conducted using EMMs at each loading magnitude and cycle combination. Only a significant 

difference existed between C3C4 and C4C5 joints (p < 0.05) under all conditions, except at 0 

cycles for 0.3 kN, 1 kN, and 3 kN loading levels. Results, including 95% confidence intervals, are 

summarized in Figure 4.4.1. 

Model and pairwise comparison outputs can be found in the Appendices in Tables 8.10 and 

8.11. 
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Figure 4.4.1: Comparison of differences in endplate deflections across C3C4, C4C5, and C5C6 
joints with 95% confidence intervals.  

 
* (p < 0.05), ** (p < 0.01) 
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Chapter 5 - Discussion  

This study developed methodology that enabled the comparison of deflection in superior and 

inferior spinal joint endplates in response to novel physiologically relevant cyclic loading. Partially 

supporting the first hypothesis of this study, FSUs at all levels beyond baseline (0 cycles, 0.3 kN) 

exhibited greater deflection in the inferior endplate, with only the inferior endplates of C4C5 and 

C5C6 showing significantly higher rates of deflection during the first 1000 cycles of cyclic 

loading. Partially consistent with the second hypothesis, the most centrally oriented joint (C4C5) 

displayed statistically greater differences between superior and inferior endplate deflection 

compared to C3C4 but not C5C6. Lastly, this study failed to support the third hypothesis, in that 

the proportion of the nucleus occupying the endplate surface was not a significant determinant of 

endplate deflection across all vertebral levels. The following sections will discuss the likely causes 

of these observations.  

 

5.1 Comparison to Previously Measured Values 
 

Hulme et al. (2008) reported similar findings to the present study, observing greater 

deflection in the inferior endplates of intact spinal joints using micro-CT imaging. While their 

experiment employed prolonged, stepwise static loading at differing magnitudes than the cyclic 

loading used here, some overlap exists. As summarized in Table 5.1, the present study’s 1 kN and 

interpolated 1.75 kN whole joint equivalent loads (Figure 5.1.1) at 0 cycles showed greater 

endplate deflections. Notably, the magnitude of the difference between superior and inferior 

endplates in both studies was similar, ranging from 20 – 40 µm.  

One potential cause for Hulme et al. (2008) demonstrating smaller endplate deflections 

overall is the use of sustained static loading required for CT scanning. Prolonged static loading 
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leads to reduced intradiscal fluid pressure due to water expulsion (McMillan et al., 1996), thereby 

diminishing endplate deformation. This relationship was evident within their study, which showed 

an increase ranging between 13 and 29 µm in endplate deflection when comparing 45-minute-long 

whole vertebral scans from a brief 8-minute endplate-only scans. In contrast, the present study’s 

use of a rigid indenter is unaffected by fluid loss, perhaps enabling greater endplate deflections 

through maintained stress application. Given our inability to account for indenter deformation, as 

further discussed in 5.7.2, some deformation of the indenter may have contributed to magnitude 

differences. However, there was no plastic deformation of the indenters for the loads applied 

(Section 3.6) and elastic deformation is assumed to be consistent at a load level and minimal.  

Another possible source for Hulme et al. (2008) observing lesser endplate deflections is 

the combination of intervertebral fluid loss and the use of intact FSUs, likely resulting in the 

offloading of stress from the central, nucleus-facing region of the endplate. This occurs through 

the shifting of load transmission toward the periphery of the endplate and cortical shell through 

contact with the adjacent vertebra (Adams et al., 1996; van Dieën et al., 2001) as well as facet 

joints bearing a greater proportion of the joint’s load (Bashkuev et al., 2020; Fujiwara et al., 1999). 

Furthermore, the intact annulus of spinal joints and relatively low compression forces allows for 

elastic deformation of annular fibers to change the volume of the nuclear cavity and reduce nuclear 

pressures, thereby decreasing the load transmitted to the endplate and contributing to lower 

measured deflections (Biggemann et al., 1988; Brinckmann et al., 1983). These sources of 

reductions in endplate deflection were not possible in this project’s experimental setup as the tested 

endplate always experienced the full stress of the indenter with no peripheral contact at any point 

shunting force away from the central nuclear region. 
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While not identical, the similarity of values between this study and Hulme et al. (2008) 

lends support to the precision of the present methodology and its measured outcomes. Admittedly, 

a 20 µm difference in a 30 µm measurement represents a large relative deviation; however, it is 

important to consider the true scale at hand. For reference, the width of a human hair ranges from 

30 to 80 µm (Geneviève et al., 2016; Singh, 2009) meaning these discrepancies are quite literally 

on the scale of splitting hairs. From this perspective, one might argue that such small absolute 

differences are practically insignificant, particularly given the distinct experimental models, 

specimen histories, and measurement uncertainties involved. As discussed in Section 2.6, even the 

micro-CT systems previously used to assess endplate deflection had resolutions between 37 and 

82 µm (Hulme et al., 2008; Jackman et al., 2014), relying on sub-voxel interpolation to achieve 

finer precision. Therefore, emphasizing absolute numerical differences may be inappropriate. 

Instead, the key takeaway here may be the general agreement in the pattern of endplate deflection 

observed between micro-CT and 3D printer–based indenter methods, particularly at the lower 

force magnitudes used in this comparison. 
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Figure 5.1: Interpolation of mean endplate deflection across all spinal joint levels at 0 cycles to 
estimate deflections corresponding to the 1.5–2 kN whole-joint load reported by Hulme et al. 
(2008). An intermediate value of 1.75 kN was used, as the original study reported a load range 
due to normalization to stress. 
 

 
Table 5.1: Comparison of Hulme et al.’s endplate deflection measurements at 1 and 1.75 kN with 

the present study’s estimated endplate deflection at 0 cycles. 
Force 

Magnitude 
(kN) 

 
Source 

Superior 
Endplate 

Deflection (µm) 

Inferior Endplate 
Deflection (µm) 

1 Hulme et al. (2008) 30 52 
This Study 51 80 

1.75 Hulme et al. (2008) 72 113 
This Study 113 158 
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5.2 The Validity of Assessing Injury Risk Through Endplate Deflection Patterns 

The most pronounced differences in deflection rates between superior and inferior 

endplates occurred during the first 1,000 cycles, with the inferior endplate exhibiting a faster initial 

response. Both endplates follow an asymptotic relationship between deflection and cycle count, 

although the inferior surface responds more rapidly at the outset. This pattern, combined with 

greater absolute deflections suggests that the inferior endplate may develop microdamage more 

quickly than its superior counterpart. While this interpretation is consistent with the higher injury 

incidence reported for the inferior endplate (Fujiwara et al., 2019; Ortiz & Bordia, 2011), a 

potential critique is that the observed differences could reflect recoverable fluid loss rather than an 

intrinsic susceptibility to deflection-induced damage. 

However, it is unlikely that fluid loss alone drives these differing deflection responses when 

considering the structural dimensions of the endplate components. Cartilaginous endplate 

thickness ranges from 0.1 to 1.6 mm, decreasing toward the central nucleus region (Berg-Johansen 

et al., 2018; Roberts et al., 1989). Given the high fidelity of endplate surface scans and the tight fit 

of the indenter (Section 3.6), the indenter center contacts the thinnest central region of the 

cartilaginous endplate. Maximal deflection in the inferior endplate often approached or exceeded 

350 µm, far exceeding the minimal ~0.1 mm thickness of the central cartilage. Even assuming the 

hyaline cartilage is fully compressed to a height of 0, around 200 µm of displacement would still 

be taken up by the bony endplate. With the bony endplate ranging from 700 to 800 µm in thickness 

(Wang et al., 2011), this corresponds to roughly 25% compression of its original height. While 

exact failure strains for the bony endplate are not well-defined, trabecular bone typically has an 

ultimate strain of 1–2.5% (Chang et al., 1999; Turner, 1989). Since endplate deflection is largely 

dictated by the strength of this underlying cancellous structure (Holmes et al., 1993; Jackman et 
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al., 2014) and measured deflections likely exceed strains necessary for causing damage in the 

trabecular bone, it is reasonable to conclude that the inferior endplate’s greater deflection indicates 

higher injury potential. 

 As a result, this link between endplate deflection and injury further challenges the notion 

that the superior endplate’s concavity predisposes it to failure while the inferior endplate’s flatter, 

more convex shape is protective (Section 2.4). Instead, failure patterns are likely dominated by 

other anatomical factors such as endplate thickness (Grant et al., 2001; Zhao et al., 2009), 

underlying trabecular bone strength (Holmes et al., 1993; Jackman et al., 2014), and size 

discrepancies, (Dudli et al., 2018) rather than curvatures. 

 
 

5.3 The Effects of Joint Level on Endplate Deflection 
 
 While only the C3C4 and C4C5 joints showed statistically significant differences in 

endplate deflection, the variations observed across all joints warrant discussion. When averaged 

across all loading magnitudes and cycle counts, the mean difference in deflection between superior 

and inferior endplates was 46 µm at C3C4, 98 µm at C4C5, and 79 µm at C5C6. Although these 

differences may appear small, particularly given the discussion of “splitting hairs” in Section 5.1, 

the fact that they represent average differences across all loading conditions and cyclic exposures 

suggests a consistent overall trend in how adjacent joints differ in relative endplate behavior. In 

addition to intra-joint variations in endplate structure (Grant et al., 2001), interlevel differences in 

endplate thickness may also contribute to these findings. Zhao et al. (2009) reported that superior 

bony endplates become thicker toward lower lumbar levels, whereas inferior endplates remain 

relatively constant in thickness. This pattern could help explain why the C3C4 joint exhibited 

smaller differences in deflection than C4C5 and C5C6. At higher joint levels, the superior and 
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inferior endplates may be more similar in strength and stiffness than those located lower in the 

spine. 

Wang et al. (2011) reported similar findings, noting that superior endplate thickness 

generally increases with descending spinal levels. Interestingly, they observed an exception at 

L5S1, where thickness decreased relative to L4L5 (Figure 5.3). This parallels the current study’s 

findings, in which C5C6 exhibited a smaller difference in deflection between superior and inferior 

endplates than C4C5, suggesting reduced disparity in endplate strength at C5C6. However, an 

additional layer of complexity arises when considering variations in mineral density of the 

endplate’s bony layer, with Wang et al. (2011) reporting the superior L3L4 endplate exhibiting the 

highest density among lumbar levels (Figure 5.3). Thus, although the superior L3L4 endplate may 

not be the thickest, its density likely contributes to its structural strength. Given the L3L4 and 

C4C5 joints are both most centrally located within their respective spinal sections, they may reflect 

similar structural principles. However, without formal literature identifying which porcine cervical 

vertebrae correspond most closely to human lumbar levels, pinpointing the exact cause of inter-

joint differences remains challenging. Nevertheless, variations in endplate deflection across joint 

levels are rooted in biological differences between upper and lower spinal joints, likely involving 

endplate thickness and trabecular bone density. 
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Figure 5.3: Superior and inferior endplate thicknesses and subchondral trabecular bone density.  
 

Note, cranial and caudal are used interchangeably with this study’s use of superior and inferior describing 
endplate levels with respect to the joint. Dots and diamonds represent outliers within the original data set. 

Adapted from Wang et al. 2011. 
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5.4 The Limited Role of Nucleus-Endplate Contact Area 
 
 This study found that the proportion of nucleus area relative to the total endplate surface 

area was not a significant determinant of deflection. While this result may seem unsurprising given 

that all specimens were subjected to fixed stress targets, it warrants consideration of the vertebral 

endplate’s heterogeneous structure. The endplate exhibits marked regional variation in thickness 

and strength, with the central region being the thinnest and weakest (Grant et al., 2001; Zhao et 

al., 2009). Accordingly, one might expect that a smaller nucleus area concentrated over these 

weaker central regions would result in greater deflection. In practice, however, even the smallest 

nucleus proportions likely extended into the stronger peripheral regions of the endplate. Moreover, 

the rigid indenter used in this study redirects force toward these stronger peripheral areas, reducing 

the influence of weaker central regions that would otherwise deflect more under load. As a result, 

although nucleus coverage varied substantially among specimens (40–70%), these differences 

were insufficient to meaningfully affect endplate deflection under the present experimental 

conditions. 

A remaining question is whether larger nucleus–endplate contact areas influence deflection 

or injury risk in intact spinal joints. Theoretically, a larger contact area should reduce average 

stress, as the same load is distributed over a greater surface. However, in-vivo endplate deflection 

is often concentrated within small regions (Hulme et al., 2008; Jackman et al., 2014), and the 

endplate’s nonuniform material properties likely limit the theoretical benefit of increased contact 

area. Although the hydrostatic pressure of the nucleus distributes relatively evenly, deformation 

and failure are primarily governed by the weakest local regions which typically include the central, 

thinner portions of the endplate (Zhao et al., 2009). Thus, even when overall endplate–nucleus 

contact area is larger, local deflection and failure are dictated by the spatial distribution of endplate 
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strength rather than global contact area. While the present study’s methods do not permit direct 

observation of localized, point-source failures due to the rigid indenter, the lack of correlation 

between total deflection and nucleus area reinforces the idea that endplate deformation is driven 

by localized structural weakness.  

 

 

5.5 Implications for the Validity of the Porcine Cervical Spine Model  
 
 As research using animal models to study the human lumbar spine grows in scale and 

complexity, the suitability of the porcine cervical spine as a surrogate warrants closer scrutiny. 

Significant uncertainties remain regarding how closely porcine and human vertebral endplates 

correspond, and what structural or mechanical consequences may result from any discrepancies. 

Although the outcomes of this study align with existing knowledge on endplate thickness (Wang 

et al., 2011; Zhao et al., 2009), strength (Grant et al., 2001), and subchondral bone properties 

(Hulme et al., 2008; Jackman et al., 2014), the observation that superior endplates deflect more 

than inferior ones and how this pattern mirrors that of the human lumbar spine represents a 

meaningful contribution. As the first known investigation to quantify endplate deflection in a 

cyclic loading context while also using the porcine model, this work provides further validation of 

the model’s relevance for studying vertebral endplate behavior of humans. 

 However, as is typical with scientific pursuits, this work raises additional questions. Key 

determinants of endplate deflection such as endplate thickness and regional trabecular qualities 

remain poorly characterized in the porcine model, particularly in comparison to the human lumbar 

spine. Moreover, discrepancies persist in the types and locations of endplate injuries observed 

between species. In humans, failures are more frequently observed in inferior endplates (Fujiwara 
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et al., 2019; Ortiz & Bordia, 2011). In contrast, multiple studies using porcine cervical models 

have documented the opposite pattern under a range of loading conditions and experimental setups. 

For instance, Zehr et al. (2023) observed that fracture lesions developed only in the superior 

endplate of healthy porcine cervical vertebrae subjected to cyclic loading, contradicting the 

expectation that superior endplates are generally considered mechanically stronger. Similarly, 

Brown et al. (2008) found that experimentally increasing nucleus pressure produced a 

disproportionately greater incidence of injury in the superior joint endplate compared to the 

inferior one. Other studies also support this trend of the preferential superior endplate failure in 

porcine models across diverse loading contexts (Gooyers et al., 2015; Watson et al., 2024). 

Findings like these which challenge intuitive expectations underscore the need for further 

investigation into the structural and mechanical distinctions between porcine and human spinal 

models beyond superficial morphological features and gross load-bearing properties. As a result, 

these discrepancies raise important questions about the deeper validity of the porcine model in 

emulating human tissue. 

 

5.6 Experimental Cost and Accessibility Considerations 
 

An important aspect of scientific research is the effort to democratize access to both the 

information and tools necessary for experimentation. This study demonstrates the potential utility 

of a methodology constructed from readily available electronics and mechanical hardware. The 

custom-built setup, which included a profilometer, servomotor, ball screw linear rail, and 3D 

printer, had a total cost of roughly $2,500 CAD, making it far more accessible than micro-CT 

systems which typically cost hundreds of thousands of dollars. Traditional systems also incur 
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additional expenses for technician salaries, maintenance, and infrastructure, further raising the 

financial barrier to entry. 

Admittedly, the reported cost of this apparatus does not include a full material testing 

system, which represents a substantial additional expense. The intent, however, is not to claim 

equivalence to enterprise-grade X-ray imaging systems, but to demonstrate that meaningful 

mechanical and structural data can be obtained using comparatively low-cost and modular 

components. In many research environments where basic testing infrastructure already exists, this 

approach could substantially reduce the marginal cost of experimentation. With further refinement, 

particularly through improved indenter technology as discussed in Section 5.8.1, this methodology 

could evolve into a highly affordable and adaptable platform for studying endplate mechanics. By 

lowering both financial and technical barriers, such systems could broaden participation in 

biomechanical research and enable exploratory studies that would otherwise remain confined to 

well-funded laboratories. 

 

5.7 Orthopedic Applications 
 

During total disc arthroplasties, both the intervertebral disc and cartilaginous endplates are 

completely excised and replaced with an artificial implant designed to restore height and preserve 

physiological motion between adjacent vertebrae (Salzmann et al., 2017; Sandhu et al., 2020). 

Long-term implant success is threatened by subsidence, the sinking or settling of the implant into 

the vertebral endplate, which occurs when contact between the implant and bony endplate is 

uneven or insufficient to distribute loads uniformly (Lee, 2007).  

Previous studies of intact spinal joints show that the inferior endplate exhibits greater localized 

deflections, driven by point-source weaknesses exploited by the fluid nucleus (Grant et al., 2001; 
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Hulme et al., 2007; Jackman et al., 2014). By using a rigid indenter, this study also demonstrates 

that the inferior endplate tends to undergo more global deflection, with the entire nucleus-

occupying region showing greater overall compliance than the superior endplate. For disc 

replacement implants interfacing with endplates via rigid metal plates, this global deflection is 

arguably more relevant than the localized deflections expected in vivo. These findings emphasize 

the need for implant manufacturers to account for the generally higher compliance of the inferior 

endplate, particularly at lower spinal levels, where this study observed the largest differences in 

endplate deflection. 

 
 

5.8 Limitations 
 
5.8.1 Consequences of a Rigid Indenter 
 

The primary limitation of this study lies in the indenter design. It is unsurprising that a rigid 

plastic structure fails to replicate the fluid and surface conforming behaviour of the spinal joint’s 

nucleus. Although this study’s premise was partly based on the rationale that cyclic loading could 

help maintain fluid pressure more effectively than static loading protocols previously employed to 

measure endplate deflection, fluid loss still occurs under dynamic loading conditions (Gooyers & 

Callaghan, 2015; Gooyers et al., 2012). Consequently, the indenter fails to reproduce the effects of 

nucleus fluid loss, particularly under prolonged cyclic loading. This may lead to an over estimation 

of endplate deflection at higher cycle counts and loading magnitudes. Another limitation is in the 

rigidity of the indenter which enforces an even stress distribution. As localized weaknesses in the 

endplate begin to deform or fail, stress redistributes to stronger peripheral regions the indenter 

contacts. The resulting deflection measured in this study therefore reflects a global deformation 

pattern rather than a localized deflection that would otherwise occur in an intact spinal joint. While 
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the severity of these limitations stemming from the indenter’s design is difficult to quantify, it is 

conceptually clear that this method does not perfectly model the injury mechanisms typical of 

endplate failure. This is supported by the absence of  observable macroscopic damage after 5000 

loading cycles using parameters typically sufficient to cause failure in an intact spinal joint (Zehr 

et al., 2020; Zehr, Watson, et al., 2023). Without insight into the microdamage occurring, it remains 

uncertain to what extent this study’s loading protocol reflects true whole-joint conditions.  

If more accurate deflection measurements are to be achieved, two hypothetical avenues can 

be considered. The first involves developing an indenter that better mimics the native nucleus by 

dynamically conforming to the endplate surface while maintaining a consistent stress distribution. 

One conceptual design draws inspiration from a pin art toy, where a field of independently moving 

pins record their relative displacements as the endplate surface they contact deforms under load. 

In this setup, greater displacement of individual pins could both indicate and measure the initiation 

of a localized deflection, more closely replicating the deformation and failure mechanisms that 

occur in the presence of the nucleus. More ideally, a micro-CT system capable of capturing a 

snapshot mid-loading cycle, without the need for prolonged scan times, would provide the most 

direct visualization of endplate deformation. Although both ideas remain theoretical, they illustrate 

interesting ideas about how future iterations of this work might one day be approached.  

  

5.8.2 Errors in Measurement Corrections 
 

Vertical compression of the system was subtracted out of the indenter’s displacement by 

tracking a spherical marker attached to the anterior of the specimen. However, the profilometer 

system could not account for any tilting of the specimen during the loading process, which may 

have misrepresented the vertical displacement of the bearing. Although vertebral potting and 
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fastening strategies were implemented to minimize this effect (Section 3.3), small, visually 

imperceptible tilts may have occurred, representing a potential source of error in the corrected 

endplate deflection measurements. 

Similarly, deformation of the indenter under load could not be feasibly accounted for either. 

Since each indenter differed in geometry and structural stiffness, mechanical testing to obtain an 

indenter-specific stress-strain curve would require creating a negative replica of each indenter to 

provide uniform contact and avoid unrepresentative stress concentrations and deformations. While 

this is theoretically possible, fabricating such replicas would be laborious and costly, necessitating 

CNC machining of a material significantly stiffer than the indenter, likely a metal. An alternative 

approach involved testing flat indenters with cross-sectional areas equivalent to the original ones 

they are based upon, but with a flat face contacting the material testing system bed. However, 

inevitable imperfections in surface mating and alignment between the flat indenter and testing 

surface alters the stress–strain response, particularly within the toe region where most forces in 

this study were applied. Even small deviations in this region could substantially affect the 

correction factors applied to measured deflections. Moreover, this approach neglects the effects of 

differing indenter geometries arising from the distinct curvatures of superior and inferior endplates. 

For these reasons, indenter deformation could not be corrected for in this study, likely resulting in 

small elastic deformations of the indenter contributing to the measured endplate deflections. 

However, as shown in Section 3.6, loads exceeding those applied in this study by 300% produced 

no measurable plastic deformation of the indenter. Therefore, although elastic deformations of the 

indenter contributed to deflection measurements, their effect is constant between measures of the 

same magnitude. This indicates that the observed increases in deflection with loading cycles reflect 

genuine changes in endplate deformation rather than artifacts from the indenter. 
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5.9 Sources of Curiosity and Future Avenues of Research  
 

Given both the limited ability to explain the differences in endplate deflection across spinal 

joint heights (Section 5.2) and the assumption that human lumbar endplate thickness and vertebral 

bone mineral density are comparable to those of the porcine cervical spine, future work should 

examine how well these two structures truly align in these respects. Such data would help further 

validate the porcine cervical spine as an appropriate surrogate for the human lumbar spine and 

provide context for the between-joint differences observed in this study. Additionally, 

investigations into how the more exaggerated endplate curvatures of the porcine cervical spine 

influence loading behavior and failure patterns, relative to the human lumbar spine, may further 

clarify the differences in failure locations and types observed between the two models. 

Another avenue for future work lies in examining how spinal joint height loss influences 

endplate mechanics. Reductions in joint height, whether from sustained loading (Gooyers et al., 

2012) or degenerative processes, can cause endplates within a joint to contact one another in 

peripheral annular regions (Massey et al., 2012). Such contact shunts compressive stress away 

from the nucleus toward the periphery (van Dieën et al., 2001), thereby decreasing central endplate 

deflection. Developing an apparatus capable of selectively loading either the nucleus-containing 

region or including the peripheral annular regions would allow targeted investigation of the effects 

of the edge-loading scenarios. This could clarify how individuals with degenerative disc disorders 

might experience reduced deflection-related endplate injury risk due to increased peripheral 

support. 

Lastly, because this study applied relatively low compressive forces compared to those 

typically required to produce whole joint failure, it would be valuable to compare this method’s 
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endplate deflection measurements with micro-CT data obtained at higher loads approaching 

endplate failure. At these higher compressive forces, the signal-to-noise ratio would likely 

improve, making true differences between measurement methodologies more apparent. 

Conducting such a comparison would require developing an approach capable of continuously 

recording total vertebral compression during ramp-to-failure testing to maximize deflection 

measurement accuracy. This data could help clarify how the relative stiffness and compliance of 

the superior and inferior endplates change across load magnitudes, and at what points their 

respective deformation trajectories begin to converge or diverge.  
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Chapter 6 – Conclusions 

This study aimed to quantify and compare superior and inferior endplate deflection under 

cyclic loading using the porcine cervical spine as a surrogate for the human lumbar spine. Across 

all tested levels (C3C4, C4C5, and C5C6), the inferior endplate consistently exhibited greater 

deflection than the superior endplate. This finding aligns with previous studies of human lumbar 

joints that have reported similar within-joint differences under static loading conditions. Further, 

a significantly greater rate of accumulation in inferior endplate deflection was only observed in 

the first 1000 cycles of the C4C5 and C5C6 joints. As the first investigation of endplate deflection 

using the porcine cervical spine model, this work strengthens the evidence supporting its suitability 

for replicating human cadaveric endplate mechanics in this specific context. 

A relationship between spinal level and the magnitude of discrepancy in endplate deflection 

was also demonstrated, with the C4C5 joint exhibiting the greatest difference between inferior and 

superior endplates, followed by C5C6 and C3C4. This trend suggests that variations in inferior–

superior endplate compliance depend on spinal level, likely reflecting inter-joint anatomical and 

structural differences that influence susceptibility to injury. Additionally, this work found no 

relationship between the proportion of the nucleus-occupying region and endplate deflection, 

indicating that deflection behavior is likely governed more by localized structural weaknesses than 

by the relative area of nucleus occupation. 

Lastly, this study developed a novel method using custom 3D-printable indenters that 

enabled the measure of endplate deflection patterns under cyclic loading. This approach builds on 

previous investigations that relied strictly on prolonged stepwise loading and micro-CT imaging, 

methods that can cause excess joint fluid loss and alter deflection measurements. In contrast, the 

present method is both non-destructive to the vertebral bone and yielded deflection measurements 
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similar to costly imaging systems. Given this experimental setup can be fabricated using readily 

available consumer hardware, it offers a financially accessible and practical alternative for 

assessing certain endplate mechanics. While this system by no means replaces CT-based imaging, 

it represents a successful proof of concept for a low-cost and novel endplate deflection 

measurement technique. 
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Appendices 
 

Table 8.1: Outputs of linear mixed effects model comparing superior and inferior endplate 
deflection in the C3C4 joint. 
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Table 8.2: Pairwise comparisons between endplates of the C3C4 joint within each loading 
magnitude × cycle combination (Tukey-adjusted) 
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Table 8.3: Pairwise comparisons of changes in deflection between superior C3 and inferior C4 
endplates across loading magnitudes and consecutive cycle intervals (Tukey-adjusted). 
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Table 8.4: Outputs of linear mixed effects model comparing superior and inferior endplate 
deflection in the C4C5 joint. 
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Table 8.5: Pairwise comparisons between endplates of the C4C5 joint within each loading 
magnitude × cycle combination (Tukey-adjusted) 
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Table 8.6: Pairwise comparisons of changes in deflection between superior C4 and inferior C5 
endplates across loading magnitudes and consecutive cycle intervals (Tukey-adjusted). 
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Table 8.7: Outputs of linear mixed effects model comparing superior and inferior endplate 
deflection in the C5C6 joint. 
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Table 8.8: Pairwise comparisons between endplates of the C5C6 joint within each loading 
magnitude × cycle combination (Tukey-adjusted) 
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Table 8.9: Pairwise comparisons of changes in deflection between superior C5 and inferior C6 
endplates across loading magnitudes and consecutive cycle intervals (Tukey-adjusted). 
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Table 8.10: Outputs of linear mixed effects model comparing magnitude of differences between 
endplate of C3C4, C4C5, and C5C6 joints 
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Table 8.11: Pairwise comparisons of endplate deflection between joints for each magnitude × 
cycle combination (Tukey-adjusted) 
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