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Abstract
Background context
The use of finite-element (FE) methods to study the biomechanics of the intervertebral disc (IVD) has increased over recent decades due to their ability to quantify internal stresses and strains throughout the tissue. Their accuracy is dependent upon realistic, strain-rate dependent material properties, which are challenging to acquire. 
Purpose
The aim of this study was to use the inverse FE technique to characterize the material properties of human lumbar IVDs across strain rates.
Study Design
A human cadaveric experimental study coupled with an inverse finite element study.
Methods
To predict the structural response of the IVD accurately, the material response of the constituent structures was required. Therefore, compressive experiments were conducted on 16 lumbar IVDs (39 ± 19 years) to obtain the structural response. An FE model of each of these experiments was developed and then run through an inverse FE algorithm to obtain subject-specific constituent material properties, such that the structural response was accurate.
Results	
Experimentally, a log-linear relationship between IVD stiffness and strain rate was observed. The material properties obtained through the subject-specific inverse FE optimization of the anulus fibrosus (AF) fiber and AF fiber ground matrix allowed a good match between the experimental and FE response. This resulted in a Young’s Modulus of AF fibers (YMAF - MPa) to strain rate ( - /s) relationship of , and the C10 parameter of the Neo-Hookean material model of the AF ground matrix was found to be strain-rate independent with an average value of 0.68 MPa.
Conclusions
These material properties can be used to improve the accuracy, and therefore predictive ability of FE models of the spine that are used in a wide range of research areas and clinical applications.
Clinical Significance
Finite element models can be used for many applications including investigating low-back pain, spinal deformities, injury biomechanics, implant design, design of protective systems, and degenerative disc disease. The accurate material properties obtained in this study will improve the predictive ability, and therefore clinical significance of these models.
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Introduction
[bookmark: _Hlk535245925]Lumbar intervertebral discs (IVDs) are complex structures that consist of three main components; the soft, deformable nucleus pulposus (NP), surrounded by the fibrous concentric layers of the anulus fibrosus (AF), and finally, the thin cartilaginous endplates that enclose the NP and AF cranially and caudally. The biomechanics of the IVD have been studied in a wide range of research areas including low back pain, spinal deformities, injury biomechanics, and degenerative disc disease 1. The majority of these studies have been in vivo or in vitro, however, the use of finite-element (FE) methods has increased due to their ability to quantify internal stresses and strains throughout the tissue 2. The accuracy of the FE models of the spine are dependent upon realistic, strain-rate dependent material properties, which are challenging to acquire.

Spinal models are commonly used to predict loading responses during activities of daily living, both at high, and low rates of loading, and therefore it is important to quantify loading rate effects on the IVDs response. Strain rate effects have previously been investigated in animal IVDs 3–5, human IVDs 6–8, and on components of the IVD such as single lamella samples from the human AF 9. These studies have found an increase in stiffness with strain rate, however none of these studies provided strain-rate dependent material properties that can be readily used in models of human IVDs.

[bookmark: _Hlk535246034]Traditionally, material properties have been obtained through coupon testing; single lamella layers of the AF have been excised and tested in tension and in shear; the NP has been tested in confined compression; and the endplates have been tested using nanoindentation 1. These methods have provided valuable data to characterize the properties of IVDs, however, there are a number of limitations associated with these techniques. Firstly, the removal of surrounding tissues may affect the behavior of the individual components. Secondly, particularly at high strain rates, gripping, and the application of realistic boundary conditions is challenging. One technique to obtain strain-rate dependent material properties, without having to excise individual IVD components or needing to grip the excised samples, is to use an inverse FE approach. This approach has been used to characterize a number of soft tissues, including, the heel fat pad 10,11, the lung 12, the cornea 13, and recently bovine IVDs 4. This technique involves developing an FE model of the whole system (such as the whole IVD) and optimizing material properties of the individual components to ensure good agreement between the experimental data and FE results.

[bookmark: _Hlk535246072][bookmark: _Hlk10542120]The aim of this study was to use the inverse FE technique to characterize the material properties of human lumbar IVDs across strain rates.
[bookmark: _Hlk1143127]Methods
Compressive experiments on IVDs were conducted, for each of which an FE model was developed. The inverse FE algorithm was then employed to obtain subject-specific material properties.
Experiments
Sample preparation
[bookmark: _Hlk10547386][bookmark: _Hlk10541969]Sixteen, fresh frozen, human cadaveric vertebral body-disc-vertebral body (VB-disc-VB) samples were obtained from four male donors (L1-L5) aged 22 to 58 years (mean ± standard deviation = 40 ± 18 years). Two younger, and two older specimens were used for this study to ensure a range of IVD degeneration levels. Ethical approval was obtained from the Tissue Management Committee of the Imperial College Tissue Bank ethics committee (ethical approval number: 12/WA/0196). Samples were sealed and frozen at -20°C. Each spine was scanned using a computed tomography (CT) scanner (IVIS SpectrumCT Imaging System, Caliper Life Sciences, Hopkinton, MA, USA – voxel size 0.15×0.15×0.15 mm) to ensure samples did not have with relevant pathology, such as herniations or fractures. A phantom (QRM-BDC, QRM GmbH, Moehrendorf, Germany) was included in the scan. Sagittal MRI scans of each sample (3T Magnetom Skyra, Siemens; Erlangen, Germany - T2-weighted turbo spin echo sequence, time to repetition (TR) = 12730 ms, time to echo (TE) = 105 ms, flip angle = 160°, voxel size 1.0×1.0×5.0 mm) were taken and used to assess the level of disc degeneration using the Pfirrmann scale 14. Each IVD was ranked by three observers and an average score was calculated.

Before testing, each spine was thawed overnight at room temperature. Soft tissues were removed and the lumbar spine was sectioned into four VB-disc-VB samples with anterior and posterior longitudinal ligaments kept intact, and posterior elements removed. After preparation, each sample was wrapped in a paper towel soaked with phosphate buffered saline (PBS, 0.15 m/l) to keep it hydrated.

IVDs from all lumbar-spine levels were harvested from each specimen by cutting midway through the cranial and caudal vertebrae. Due to the curvature of the spine, parallel cuts were not always possible. Therefore, following sectioning, samples were CT scanned for a second time. The vertebrae from these scans were segmented in Mimics (Materialise HQ, v.17.0, Leuven, Belgium) using a threshold of 300 Hounsfield units 15–18. The resulting surface geometry was imported into Geomagic Design X (v.2013.1.1; Geomagic, Inc., Research Triangle Park, NC, USA), where measurements of the angle between the cranial and caudal mid-vertebral transverse cuts were made. Based on these measurements, 3D printed wedges were designed to be positioned above and below each sample to ensure that the mid-plane of each IVD was perpendicular to the axis of loading. The angle of the wedges was 3.9 ± 2.2° (mean ± 1 standard deviation). Using a custom-built alignment jig the samples were fixed in position using polymethyl-methacrylate (PMMA) bone cement.

Experimental procedure
The potted samples were placed into a servo-hydraulic materials testing machine (8872; Instron, Canton, MA, USA). A custom-designed hood was placed on top of the samples to allow the compressive load to be spread across the pot (Figure 1). The cross-head was lowered until a small compressive load (50 N) was recorded indicating that the compression tup was in contact with the top pot. The maximum displacement of the cross-head was determined by the target strain for each sample and according to the average central IVD height measured by three different observers from CT scans. The sample was subjected to four compression cycles to 15 % strain. Preliminary investigations indicated that 15 % strain would not damage the IVDs, thus enabling multiple tests on a single sample. Each IVD was compressed at four strain rates (0.001, 0.01, 0.1, and 1 /s). These rates were chosen so that properties could be provided for a range of loading scenarios, from low rate activities of daily living, to high rate, potentially injurious situations. Preliminary investigations showed that a five-minute relaxation period between tests was sufficient to obtain a repeatable force-displacement response.
	[image: ]

	Figure 1 - Diagram of the test setup. VB = Vertebral body and LVDT = Linear Variable Displacement Transducer.



During the experiments, load was measured using a 10 kN loadcell above the compression tup, vertical displacement was measured using two 10 mm-stroke linear variable displacement transducers (LVDTs, Model D6/05000A, RDP Electronics Ltd, Wolverhampton, UK) attached to the top pot, and pressing against 3D printed blocks on the bottom pot. An average of the measurements from each of the LVDTs was used to determine the axial deformation of the sample. Finally, a 1.3 mm diameter pressure needle (Model 8CT/4F/SS/HP, Gaeltec Devices Ltd, Isle of Skye, UK) was inserted into the NP of each sample through the antero-lateral portion of the AF. A 20 G guide needle (0.9 mm diameter) was initially inserted to form the path for the pressure needle. The pressure transducer was aligned to measure in the cranial direction at the centre of the NP.
FE model development
Geometry
[bookmark: _Hlk525806731][bookmark: _Hlk529376845]The geometry for each of the sixteen subject-specific models can be seen in Figure 2. Each geometry was obtained using a technique that involves selecting key bony anatomical landmarks from CT scans, which are then used to generate meshed parametric representations of samples 19–21. Within the IVD, the NP size was set to have a transverse cross-sectional area that was 29% of the total cross-sectional area of the IVD. This was chosen because the weighted average cross-sectional area of 59 measurements made in 5 previous studies investigating lumbar IVDs was 29.1 ± 8.3 % (mean ± standard deviation) 22–26. The AF consisted of a matrix, and 20 rebar layers, at ±30° to the transverse plane to represent the layers of collagen fiber bundles 27. Rebars were embedded every 4.35 mm 27, and their area was adjusted to ensure that 17.8 % of the AF volume was taken up by collagen fibers. This value was based on the weighted average AF fiber volume of 276 measurements made in 6 previous studies investigating non-degenerate lumbar IVDs that was 17.8 ± 7.7 % (mean ± standard deviation, note that the AF water content was assumed to be 70% in studies where only percentage dry weight was reported) 28–33. The cartilage endplate (CEP) was represented by 0.58 mm thick shell elements, above and below the IVD (weighted average of 87 measurements made in three previous studies of human lumbar endplates 32,34,35). The cortical bone was modelled using 0.78 mm thick quadrilateral shell elements (weighted average of 474 measurements made in five previous studies of human lumbar endplates 36–40), and trabecular bone was represented by hexahedral, solid elements.

	[image: ]

	Figure 2 - Diagram showing the geometry of the sixteen samples.



[bookmark: _Hlk525806785]Material properties
The NP was modelled as an incompressible cavity with an initial pressure taken from the experimental measurements. The AF ground matrix was assigned non-linear elastic properties modelled using an incompressible Neo-Hookean constitutive model (C10 = 0.436 MPa). These values were obtained by fitting a material model to the average stress-strain response used in previous FE models (Figure 3). 
	[image: ]

	Figure 3 - Material properties of the anulus fibrosus ground matrix used in previous finite element models. An average of the literature values is shown as well as ±1 standard deviation (dotted lines). Neo-Hookean material models were fit to the average (C10 = 0.436 MPa), upper (C10 = 0.751 MPa) and lower (C10 = 0.121 MPa) standard deviation curves for use in the sensitivity study.


The rebar elements that represent the collagen-fiber bundles were assigned tension-only linearly elastic properties with a Young’s modulus of 382.7 MPa (Figure 4). This value was based on an average of common properties from other FE studies 41–49. 
	[image: ]

	Figure 4 - Material properties of the AF fibre bundles commonly used in finite element models of the IVD with a fitted mean ± standard deviation curve. A linear material model was fit to the average (Young’s modulus, YM = 382.7 MPa (R2=0.98)), upper (YM = 534.1 MPa (R2=0.94)) and lower (YM = 231.4 MPa (R2=0.99)) standard deviation curves for use in the sensitivity study.


Cartilaginous endplates were assigned linearly elastic material properties with a Young’s modulus of 23.8 MPa, and a Poisson’s ratio of 0.4 44,50,51. Cortical and trabecular bone were assigned linearly elastic properties with a Young’s Modulus of 17.4 GPa, and 181 MPa, respectively. The cortical bone properties were based on a nano-indentation study performed by Roy et al. 52 while the trabecular properties were based on 1061 measurements made from human vertebrae in 14 previous studies 53,54,63–66,55–62. Trabecular bone was assigned a Poisson’s ratio of 0.28 based on a weighted average of 58 measurements from two studies 64,65, while cortical bone was assigned a Poisson’s ratio of 0.3 which has been commonly used in previous finite element studies 42,45,67.
	Boundary conditions
As with the experimental set-up, the inferior boundary of the caudal vertebra was fixed. The axial displacement, measured experimentally by the vertical LVDTs was applied to the superior boundary of the cranial vertebra. All contacts applied in the model (AF and NP, AF and CEP, CEP and cortical bone, cortical bone and trabecular bone, bone and boundaries) were ‘glued’ meaning that no relative motion was allowed between the two surfaces in contact. Force was measured at the upper surface and pressure in the cavity.
Sensitivity study
To determine the contribution of each material property to the overall response of the IVD, a combined sensitivity study was performed on all 16 models at an intermediate strain rate (0.1/s). Ten material, and four geometric properties were adjusted to the bounds detailed in Table 1 resulting in a total of 448 runs. The peak force and peak pressure were compared to the baseline runs of each model.
		(a) – Material properties

		Material Property
	Initial value
	SD / ±20%
	Upper bound
	Lower bound
	References

	AF C10 (MPa)
	0.436
	SD
	0.751
	0.121
	43,44,74,75,47,67–73

	Endplate YM (MPa)
	23.8
	±20%
	28.56
	19.04
	44,50,51

	Endplate PR
	0.4
	±20%
	0.48
	0.32
	44,50,51

	Cortical bone YM (MPa)
	17420
	SD
	20300
	14500
	52

	Cortical bone PR
	0.3
	±20%
	0.36
	0.24
	42,45,67

	Cancellous bone YM (MPa)
	181.0
	SD
	385.2
	23.2*
	53,54,63–66,55–62

	Cancellous bone PR
	0.28
	SD
	0.56
	0.0
	64,65

	Fibre YM (MPa)
	382.7
	SD
	721.8
	145.5
	41–49

	Fibre PR
	0.35
	±20%
	0.36
	0.24
	44

	Cavity pressure (kPa)
	386
	SD
	678
	92
	76–78




	(b) – Geometric properties

		Geometric Property
	Initial value
	SD / ±20%
	Upper bound
	Lower bound
	References

	Fibre Volume (% of AF)
	17.8
	SD
	25.5
	10.1
	28–33

	Rebar angle (˚)
	27.0
	SD
	32.5
	21.6
	26,28,79–82

	Cartilage Endplate thickness (mm)
	0.58
	SD
	0.83
	0.33
	32,34,35

	Bony endplate thickness (mm)
	0.78
	SD
	1.17
	0.39
	36–40







	Table 1 - (a) Initial material properties and upper and lower bounds used in the sensitivity study. Where values were available the initial values were adjusted by ±1 standard deviation (SD), otherwise values were adjusted by ±20%. AF = Anulus fibrosus, YM = Young’s modulus, and PR = Poisson’s ratio.   *The standard deviation for the cancellous bone Young’s modulus was 204.3 MPa which would have resulted in a negative lower bound, therefore the lowest average from the cited papers was used 56.


Inverse FE modelling
Following the sensitivity study, the values of the material properties that had the greatest effect on the behavior of the model were assumed unknown and were set to be determined using the inverse-FE technique. The initial values, and limits of these properties were based on literature values, and an optimization algorithm was employed. The algorithm is based on the derivative free Nelder-Mead or downhill-simplex method for function minimization 83. Using the initial values of the modelling properties of interest, computational results were obtained from the model. An objective function was used to calculate the difference between these results and experimental force-time, and pressure-time responses. The properties were then modified and the model re run to obtain updated results and again compared against the experimental outcome. This was repeated multiple times to minimize the value of the objective function until one of the following criteria was met; alterations of the material properties had an effect smaller than 10-5 on the objective function; the difference between material properties suggested through consecutive optimization iterations was less than 10-5; or the number of optimization iterations reached 5000. This optimization process resulted in material properties for each sample, at each strain rate. In addition, normalized root mean square deviation (NRMSD) was calculated (Equation 1) to quantify the goodness of fit between the optimized FE force-time and pressure-time curves, and the experimentally measured data.
	
	[bookmark: _Ref525204384][bookmark: _Ref525204402][1]


where Yi represents the FE values, yi the experimental values, n, the number of data points, and  the mean of the experimental values.

Results
Sample details
[bookmark: _Hlk11489314]Sample details, including IVD height measured from the CT scans, and Pfirrmann rank measured from MRI scans are shown in Table 2. A range of degeneration grades were represented through the 16 samples (1 x grade 1, 7 x grade 2, 3 x grade 3, and 5 x grade 4).
		Sample #
	Age (yr)
	Level
	Pfirrmann grade
	Central IVD height (mm)

	1.1
	58
	L1-L2
	3
	9.5 ± 0.3

	1.2
	
	L2-L3
	3
	9.3 ± 0.4

	1.3
	
	L3-L4
	4
	9.7 ± 0.0

	1.4
	
	L4-L5
	3
	10.9 ± 0.6

	2.1
	22
	L1-L2
	1
	9.1 ± 0.1

	2.2
	
	L2-L3
	2
	11.1 ± 0.5

	2.3
	
	L3-L4
	2
	12.8 ± 0.3

	2.4
	
	L4-L5
	2
	12.1 ± 0.3

	3.1
	53
	L1-L2
	4
	8.8 ± 0.2

	3.2
	
	L2-L3
	4
	9.3 ± 0.3

	3.3
	
	L3-L4
	4
	9.9 ± 0.2

	3.4
	
	L4-L5
	4
	9.1 ± 0.2

	4.1
	23
	L1-L2
	2
	7.3 ± 0.1

	4.2
	
	L2-L3
	2
	10.7 ± 0.0

	4.3
	
	L3-L4
	2
	11.8 ± 0.2

	4.4
	
	L4-L5
	2
	12.2 ± 0.4




	Table 2 - Sample details. Pfirrmann grades are rounded averages of rankings made by three observers. IVD heights (± 1 standard deviation) are an average of three measurements at the centre of the IVD.


Experimental results
[bookmark: _Hlk10550903]Experimental data is openly available from Mendeley Data 91. Due to the non-linear behavior of the IVD, the tangent of the stiffness-axial load and pressure-axial load graphs was calculated at three strains; 4, 8, and 12%. No significant differences were seen across spinal levels at any strain (p>0.05) and therefore the data from each level were grouped for further analysis. IVD stiffness increased with strain rate at all three strains, with stiffness (- kN/mm) - strain-rate (- /s) relationships of ,
, and , for 4, 8, and 12% strain, respectively (R2 = 0.97, R2 = 0.97, R2 = 0.99, respectively). 
	[image: ]

	Figure 5 - Intervertebral disc stiffness vs logarithmic strain rate at (a) 4%, (b) 8%, and (c) 12 % strain. Grey lines represent individual samples, and the thick black line represents an average of all samples at each strain rate.


The average pressure within the nucleus pulposus before loading was measured to be 78.5 ± 52.54 kPa (mean ± standard deviation). A linear, strain, and strain-rate independent relationship was seen between axial load and NP pressure of 0.85 ± 0.18 MPa/kN (Figure 6).
	[image: ]

	Figure 6 - Nucleus pulposus pressure per kN of axial load vs logarithmic strain rate at (a) 4%, (b) 8%, and (c) 12% strain. Note that data for specimen 3.3 at 0.001/s and 0.01/s were removed due to errors in the pressure readings.


FE models
Sensitivity
An overview of the results of the sensitivity study is shown in Figure 7. The C10 parameter of the AF ground matrix, Young’s modulus of the AF fibers, volume of the AF fibers, thickness of the CEP, and pressure in the NP had the greatest effects on the model (on average, >5% change from the baseline in either peak force or peak NP pressure). Of these, the C10 parameter of the AF ground matrix, and the Young’s modulus of the AF fibers were chosen as the variables to be adjusted in the optimization study. Since the model was sensitive to the pressure of the NP, the experimentally measured values were used rather than values from literature. Additionally, the Young’s modulus of cancellous bone was assigned subject-specific values based on the average Hounsfield units of the trabecular bone in each vertebra taken from the CT scans 57. Although the AF fiber volume had a relatively large effect on the model’s response it was not optimized due to its linear correlation with the Young’s modulus of the AF fiber bundles. The thickness of the CEP was not optimized since the geometry of the subject-specific models had IVD heights based on the selection of landmarks from CT scans, and therefore adjusting the thickness of the CEP would have resulted in inaccurate IVD heights. 
	[image: ]

	Figure 7 - Overview of the results of the sensitivity study. The y-axis represents a percentage change from the peak force and peak nucleus pulposus pressure calculated from the baseline model when the variable was increased (), or decreased () to the bounds shown in Table 1. AF = Anulus fibrosus, NP = Nucleus pulposus, CEP = Cartilage endplate, BEP = Bony endplate, YM = Young’s modulus, PR = Poisson’s ratio.


Optimization
The initial material properties used in the optimization were the same as those used in the sensitivity study and presented in Table 1. Figure 8 shows the goodness-of-fit NRMSD values between the experimental and FE force-time (Figure 8a), and pressure-time (Figure 8b) curves for each sample, at each strain rate. Average NRMSDs were lower for the force-time curves in comparison to the pressure-time curves (average 0.11 ± 0.09 vs. 0.39 ± 0.32, respectively).
	[image: ]

	Figure 8 - Normalised root mean square deviation (NRMSD) between experimental and optimised FE (a) force-time, and (b) pressure-time histories.


[bookmark: _Hlk535243753]The average optimized Young’s modulus of the AF fibers, and the C10 parameter of the AF ground matrix are shown in Figure 9. An increase in optimized Young’s modulus of the AF fibers (YMAF) was seen with strain rate, with a log-linear relationship of  (R2 = 0.95). The optimized C10 parameter of the AF ground matrix did not have a clear strain rate dependent relationship (Figure 9b). The average C10 parameter of the AF ground matrix was 0.068 ± 0.06 MPa across all specimens, and all strain rates.
	[bookmark: _GoBack][image: ]

	Figure 9 - Optimised (a) Young’s modulus of the AF fibres, and (b) C10 parameter of the AF ground matrix at each strain rate. Grey lines represent individual samples, and the thick black line represents an average of all samples at each strain rate.


Discussion
Experimental results
The experiments conducted in this study are the first to measure IVD force-time, and NP pressure-time behaviors at a range of strain rates in human samples. In agreement with previous studies 3,4,7,8, an increase in IVD stiffness was seen with increased strain rates (Figure 5). The log-linear relationships shown in Figure 5 supports the findings of Race et al. 3 who reported a threshold above which the strain rate sensitivity in stiffness was negligible in animal IVDs, although a discrete value for this threshold was not identified in this study. On average, a 1000-times increase in strain rate (from 0.001/s to 1/s) caused a 30.8 ± 8.4 % increase in stiffness at 12% strain, demonstrating the importance of considering strain rate when predicting the response of an IVD, particularly when modelling activities of daily living that load the IVD at a range of strain rates. However, the experimental data show that the inter-specimen response is an even more important parameter to consider when developing subject-specific FE models, demonstrated by the 6-fold increase in stiffness seen between the softest, and stiffest specimen at 12% strain, and at an intermediate strain rate (0.1/s). This highlights the need to use subject-specific material properties to accurately capture the response of a specific IVD using FE modelling. It also shows that care that needs to be taken when extrapolating to a large population the results obtained on an average geometry model of the IVD, as has also been found in FE models of other body regions such as the hip 84.

The relationship between NP pressure and load in this study (0.85 ± 0.17 MPa/kN), was comparable to that found by Brinckmann et al. 85 (0.97 ± 0.24 MPa/kN). They tested 19 human lumbar IVDs and measured IVD pressure at discrete load steps, although they did not investigate the strain-rate dependence of this relationship.

[bookmark: _Hlk10549923][bookmark: _Hlk10550362]Inherent with studies of this kind, a potential limitation is sample size. Here we used 16 IVDs from four donors which was enough to obtain rate dependent stiffnesses for this inverse-FE study and is within the range of sample sizes used in other studies that have investigated strain rate effects in IVDs - 17.5 ± 17.2 IVDs (mean ± standard deviation, range 7-52 IVDs) 3-8.  However, a future study with a larger sample size may uncover differences in IVD stiffness due to level of degeneration, or lumbar level.

Sensitivity
The sensitivity study was conducted on all 16 geometrically subject-specific FE models. To our knowledge this is the largest set of subject-specific models on which a study of this kind has been conducted. The sensitivity results were broadly in agreement with previous studies which, in general, have found that IVD models are sensitive to soft tissue properties, but not hard tissue properties 86–89. Understandably, there have been differences in the relative importance of AF ground matrix, AF fibers, and the NP properties in previous studies because they are dependent on the initial stiffness values of each material; for example, if the ground matrix is stiffer than the fibers it is likely to play a greater role in the load transfer. In this study, cancellous bone properties were found to influence the IVD behavior under load, likely due to the change in the degree of endplate bulging. This effect was also seen in the axisymmetric sensitivity study performed by Suwito et al. 88. Here, the CEP thickness was altered by shifting the VBs away from the IVD to allow the CEP thickness to increase, thus increasing the IVD height, which has been shown to affect model response in other studies 42. The effect of CEP Young’s Modulus was less pronounced and probably a more realistic indicator of the importance of CEP properties on the response of the IVD.

A limitation of this sensitivity study is that one variable was altered at a time and so combined effects may have been missed. The purpose of this sensitivity study was to identify properties to be optimized and therefore altering one parameter at a time was deemed appropriate. A probabilistic or factorial analysis may be more useful for studies that aim to understand the effects of different combinations of parameters on the IVD response.

Optimization
There was a close match between experimental and FE responses following optimization of the AF fibers and AF ground matrix material properties demonstrating that the compressive behavior of an IVD can be captured by determining these two parameters. There was a closer match in the force-displacement response compared to the pressure-displacement response; this could be partly due to the consistent NP:AF ratio in all models.

The significant influence of strain rate on the optimized material properties demonstrates the importance of accounting for these variables when developing FE models. The range of values for Young’s modulus of the AF fibers obtained here (200 - 415 MPa) was within what has been used previously in FE studies (44.7 – 500 MPa; Figure 4), and a similar inverse-FE technique for bovine samples (277-540 MPa) 4. The optimized C10 parameters of the AF ground matrix (0.060 – 0.083 MPa) were at the low end, but within the range of values in the literature (0.0146 - 0.7 MPa; Figure 3).

Geometric simplifications in the FE models used in this study include assuming the same NP:AF ratio, AF fiber volume, number of lamella layers, endplate thickness, and cortical bone thickness for all samples.  In addition, the angle of the AF fibers was not increasing towards the centre of the IVD in the FE models as has been seen physiologically 26,27,80,81,90. The effects of most of these geometric differences will have been captured by the optimization of the AF fiber and AF ground matrix material properties, or the effect on the response of the model was small (for example the cortical (or BEP) bone thickness – Figure 7), however, the differences between experimental and FE NP pressure – displacement response (Figure 8b) in some of the samples shows that the NP:AF ratio may need to be refined for applications where accurate NP pressure values are important. This study has only investigated the response of the IVD under axial compression, therefore, an obvious direction for future work would be to determine whether these properties are valid for use in other modes of loading.
Conclusions
[bookmark: _Hlk535246188]Experimentally, a log-linear relationship between lumbar IVD stiffness and strain rate was observed. Using a subject-specific inverse FE optimization, the Young’s modulus of the AF fibers (YMAF - MPa) to strain rate ( - /s) relationship was determined as , and the C10 parameter of the Neo-Hookean material model of the AF ground matrix was found to be strain-rate independent with an average value of 0.68 MPa.
These material properties can be used to improve the accuracy, and therefore predictive ability of FE models of the spine that are used in a wide range of research areas and clinical applications including low-back pain, spinal deformities, injury biomechanics, implant design, design of protective systems, and degenerative disc disease.
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