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ABSTRACT 1 

Intervertebral disc degeneration is the most recognized cause of low back pain, characterized by 2 

the decline of tissue structure and mechanics. Image-based mechanical parameters (e.g., strain, 3 

stiffness) may provide an ideal assessment of disc function that is lost with degeneration but 4 

unfortunately remains underdeveloped. Moreover, it is unknown whether strain or stiffness of the 5 

disc may be predicted by MRI relaxometry (e.g. T1 or T2), an increasingly accepted quantitative 6 

measure of disc structure. In this study, we quantified T1 and T2 relaxation times and in-plane 7 

strains using displacement-encoded MRI within the disc under physiological levels of 8 

compression and bending. We then estimated shear modulus in orthogonal image planes and 9 

compared these values to relaxation times and strains within regions of the disc. Intratissue strain 10 

depended on the loading mode, and shear modulus in the nucleus pulposus was typically an order 11 

of magnitude lower than the annulus fibrosis, except in bending, where the apparent stiffness 12 

depended on the loading. Relative shear moduli estimated from strain data derived under 13 

compression generally did not correspond with those from bending experiments, with no 14 

correlations in the sagittal plane and only 4 of 15 regions correlated in the coronal plane, 15 

suggesting that future inverse models should incorporate multiple loading conditions. Strain 16 

imaging and strain-based estimation of material properties may serve as imaging biomarkers to 17 

distinguish healthy and diseased discs. Additionally, image-based elastography and relaxometry 18 

may be viewed as complementary measures of disc structure and function to assess degeneration 19 

in longitudinal studies.  20 
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INTRODUCTION 21 

Low back pain is the leading cause of chronic disability in industrialized Western societies 22 

(Murray et al. 2013). Although the causes for low back pain are likely multifactorial, lumbar 23 

intervertebral disc degeneration is widely recognized as the most prevalent factor (Endean, 24 

Palmer,Coggon 2011). However, the link between degeneration and pain remains controversial 25 

because structural indications of degeneration – typically assessed via radiography, computed 26 

tomography, and magnetic resonance imaging (MRI) – are also found in asymptomatic 27 

individuals (Borenstein et al. 2001). Efforts to resolve this discrepancy are hindered in part by 28 

the inherent subjectivity and qualitative nature of these clinical assessments. Furthermore, 29 

clinical imaging approaches lack sensitivity to tissue-level changes to composition and 30 

mechanical behavior of degenerated disc. Therefore, noninvasive quantification of early disc 31 

degeneration remains as a significant challenge. 32 

Disc degeneration, even its earliest form, is characterized by a breakdown of the extracellular 33 

matrix (ECM) and a loss of water and proteoglycan content (Antoniou et al. 1996). Because 34 

quantitative MRI (qMRI) can relate changes in relaxation time (e.g. T1, T2) with alterations to the 35 

water, proteoglycan, and collagen content (Chatani et al. 1993; Weidenbaum et al. 1992), 36 

relaxometry biomarkers can be used to evaluate the extent of disc degeneration. T1 and T2 have 37 

been correlated to degeneration grade(Antoniou et al. 1998; Marinelli, Haughton,Anderson 38 

2010) and tissue macromolecule composition, including proteoglycan (Marinelli et al. 2009) and 39 

collagen (Antoniou et al. 2006). Furthermore, relaxation times indicate a spatial distribution of 40 

biochemical content, enabling localization of tissue degeneration (Ellingson et al. 2013). 41 

However, because relaxation time also depends on factors such as collagen orientation (Xia et al. 42 
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1997), age (Marinelli, Haughton,Anderson 2010), and mechanical loading history (Chiu et al. 43 

2001), the interpretation of relaxometry is complex and may not directly correlate to the 44 

mechanical behavior of a disc under load. Assessments of mechanical function like intratissue 45 

strains may provide independent and complimentary imaging biomarkers for evaluation of disc 46 

degeneration. 47 

MRI has additionally been used for full-field strain measurement of the disc under mechanical 48 

loading. MRI-based approaches to calculate tissue deformation and strain in the disc include 49 

warp field image registration (Yoder et al. 2014), digital image correlation (O'Connell et al. 50 

2007; O'Connell et al. 2011; O'Connell, Vresilovic,Elliott 2011; Tavana et al. 2020), and 51 

displacements measured under applied loading by MRI (dualMRI) (Chan and Neu 2014; Wilson 52 

et al. 2021). dualMRI has been used previously to characterize strain behavior in cartilage and 53 

intervertebral disc (Chan et al. 2011; Chan, Neu,Hull 2009; Griebel et al. 2014; Neu and Walton 54 

2008) and can be readily adapted for measurement of in vivo tissue deformations (Chan et al. 55 

2016; Wilson et al. 2021). 56 

Full field displacements and strains, such as those derived from dualMRI, also enable the 57 

estimation of elastography, or spatial maps of displacements, strain, or material properties (e.g. 58 

shear modulus). Ex vivo and in vivo MRI elastography (MRE) has produced multi-dimensional 59 

shear modulus maps of discs (Cortes et al. 2014; Muthupillai et al. 1995; Streitberger et al. 2015; 60 

Walter et al. 2017), this method is generally limited to high frequency (~1000 Hz) shear waves 61 

that may not reflect the properties of the viscoelastic disc under normal (low frequency; ~1 Hz) 62 

activities like walking or bending. In contrast, dualMRI synchronizes mechanical loading at 63 
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more physiologically relevant loading frequencies (i.e., 1-2 orders of magnitude lower than 64 

MRE) to cyclic phase-contrast image acquisition. 65 

Whereas tissue content and material properties dictate but are not altered by loading, the 66 

mechanical behavior of the disc is inextricably linked to the applied loading and other boundary 67 

conditions. Inverse modelling can be used to estimate mechanical parameters using image-based, 68 

full-field strain (Avril et al. 2008a). These inverse modeling approaches have been successful in 69 

estimating stress tensors (Kim et al. 2012), stiffness ratio (Avril et al. 2008b), and shear moduli 70 

(Avril et al. 2008b). Recent developments have improved the accuracy of calculating shear 71 

modulus of soft tissue-like materials (Mei and Avril 2019). Therefore, our objectives in this 72 

study were twofold: (1) to implement inverse modeling for the estimation of shear moduli from 73 

dualMRI of human cadaveric disc, and (2) to investigate the correlation of mechanical 74 

parameters to MRI-based biomarkers associated with tissue composition (T1 and T2) as functions 75 

of region within the disc. 76 

MATERIALS AND METHODS 77 

Specimen Preparation 78 

Human lumbar L4-L5 motion segments from three donors (1 female and 2 male, 35±13yrs, 79 

range: 22-48yrs, height: 172±12cm, weight: 92±17 kg) were procured (Unyts, Buffalo, NY). The 80 

vertebral bodies were isolated by transecting the vertebrae at the pedicles. Excess tissues, 81 

including the pedicles, laminae, superior and inferior articular processes, and the transverse and 82 

spinous processes, were removed while preserving the anterior and posterior longitudinal 83 

ligaments and the intervertebral disc. The samples were visually inspected during dissection to 84 
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check for features indicative of disc degeneration (i.e., concise margins between the vertebral 85 

bodies and the discs, ample disc space, lack of bony spurs). 86 

L4 and L5 vertebral bodies were secured using fiberglass resin into a sample holder, which was 87 

connected to an electro-pneumatic loading system compatible with a 9.4-Tesla horizontal bore 88 

MRI system (Bruker GMBH, Ettlingen, Germany; Figure 1A) (Chan et al. 2014).The design of 89 

the sample rig allowed for a quick interchange of loading modes from axial compression to 90 

bending mode by the removal of a support pin (Figure 1B). To prevent desiccation, the tissues 91 

were wrapped with PBS-soaked gauze throughout the cyclic loading and MR imaging 92 

experiment, and PBS was replenished as needed. 93 

 94 
Figure 1. Experimental setup for MRI-based elastography measurements throughout the 95 
interior of the intervertebral disc (IVD) in compression and bending. (a) MRI-compatible 96 
electro-pneumatic loading system designed for a 9.4-Tesla MRI system. (b) Support pin 97 
configuration permits toggle of loading modes from centric to eccentric axial compression, the 98 
latter of which generates bending loads. (c) Loading profile synchronized with displacement 99 
encoding with stimulated echoes (DENSE) for dualMRI. 100 
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T1 and T2 Mapping 101 

Prior to loading, T1 and T2 mapping of the disc was performed in both sagittal and coronal 102 

planes, approximately through centroid of the disc (Figure 2). Scan parameters were field of 103 

view = 64×64mm2, spatial resolution = 250×250µm2, slice thickness = 2mm. For T1 relaxation 104 

time mapping, a fast spin echo acquisition was used with multiple repetition times (TR = 100, 105 

300, 500, 1000, 2000, 4000 ms) and an echo time (TE) of 10ms. For T2 relaxation time mapping, 106 

fast spin echo acquisition parameters were TE = 20, 60, 100, 141, 181, 221, 261, 301 ms and TR 107 

= 4000 ms. Image analysis software (Paravision, Bruker GMBH, Ettlington, Germany) was used 108 

to estimate T1 and T2 at each pixel of interest with exponential fitting.  109 

dualMRI and Strain Mapping 110 

Using dualMRI, 2D Green-Lagrange strains (Exx, Eyy, Exy) were measured within coronal and 111 

sagittal imaging planes under cyclic compression and bending. In the axial compression mode, 112 

445 N was applied along the superoinferior axis to simulate force experienced during normal gait 113 

(Cappozzo 1984; Rohlmann et al. 2014). In the bending mode, the posterior support pins were 114 

removed to create a 1.33-cm offset to the applied compression (225 N, Figure 1B). This created a 115 

3.0-N∙m bending moment in the anterior direction, which is a typical magnitude within the 116 

lumbar spine under non-strenuous movements (Adams and Dolan 1991; Rohlmann et al. 2014). 117 

Loading was held for 2 seconds to permit MRI imaging and followed by a 3-second unloaded 118 

recovery (Figure 1C). Preconditioning cycles were applied for 30 min to achieve a steady-state 119 

response and minimize motion artifacts before the start of load-synchronized imaging (Chan and 120 

Neu 2012). 121 
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For dualMRI (Figure 1C), displacements were encoded at 0.32 rad/mm (Chan and Neu 2012), 122 

and phase cycling was used to eliminate artefacts (Epstein and Gilson 2004). Acquisition of 123 

images, using the same resolution and field of view as T1 and T2 mapping, was accomplished 124 

with balanced steady state free precession (bSSFP, TE/TR=1.607ms/3.215ms, flip angle=25°). 125 

Custom scripts (Matlab R2012a, The MathWorks Inc., Natick, MA) was used to calculate 126 

displacements and strains (Chan and Neu 2012). Strains were calculated with respect to the 127 

imaging coordinate system (Exx, Eyy, Exy), and principal strains (E1, E2) and maximum shear 128 

strain (γmax) were also determined.  129 

Inverse Modeling 130 

We estimated the shear modulus of each disc utilizing an iterative inverse approach, minimizing 131 

the gap between measured and computed displacement fields throughout the region of interest in 132 

L2 norm (Oberai, Gokhale,Feij o 2003). The computed displacement field was obtained by 133 

solving the forward problem using the finite element method. In the forward model, we assumed 134 

that the disc satisfies an incompressible linear elastic constitutive behavior. In the incompressible 135 

and linear elastic model, only the shear modulus needs to be determined. Since tissue 136 

displacement was measured only within single image planes through the disc, we also assumed 137 

that the disc was in a 2D plane strain state. In the finite element forward simulation, we use 138 

stabilized finite elements to address volumetric locking related to incompressibility. In the 139 

inverse modeling, we introduced a regularization term in the cost function to smooth the 140 

reconstructed elastic property distribution and avoid overfitting. The optimization problem was 141 

solved by the quasi-Newton method where the derivative of the objective function with respect 142 

to every shear modulus in the domain of interest is required. To reduce the computation cost, an 143 

adjoint-based method was employed. This iterative process terminated when the difference of the 144 
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objective function values or the associated gradients between two neighboring iterations were 145 

less a threshold. These procedures were used to estimate relative shear modulus from the image-146 

based strains that resulted from cyclic compression and bending.  147 

Image and Statistical Analysis 148 

Displacement maps from dualMRI were used to map T1 and T2, which were measured in the 149 

undeformed disc, onto the deformed disc geometry, the image space within which strains were 150 

calculated and moduli estimated. Relaxation times (T1, T2) and mechanical parameters (G, 2D 151 

strains) were evaluated for all discs using MATLAB. Data are reported as mean ± standard 152 

deviation across the entire region of interest. Paired t tests were used to compare average shear 153 

moduli estimated from compression or bending. Distributions of these parameters were also 154 

visualized for each disc using histograms for qualitative comparison. 155 

To evaluate the relationships among different relaxation time and mechanical parameters, 156 

regional analyses were performed. Correlations between relative shear modulus as estimated 157 

from compression (G(c)) and relative shear modulus as estimated from bending experiments 158 

(G(b)) were calculated. Correlations between relaxation-time maps (T1, T2) and relative shear 159 

moduli (G(c), G(b)) were separately evaluated. Each disc was divided into five evenly spaced 160 

regions horizontally and three regions vertically (top 25%, middle 50%, and bottom 25% by 161 

height), resulting in a total of 15 regions in each disc. These divisions followed the contours of 162 

the disc region of interest. Within each of these regions, Pearson’s correlation was used to 163 

evaluate the relationship between each pair of parameters. Statistical significance was defined at 164 

α = 0.05 for all tests.  165 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted September 5, 2023. ; https://doi.org/10.1101/2023.09.01.555817doi: bioRxiv preprint 

https://doi.org/10.1101/2023.09.01.555817
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

 10 

RESULTS 166 

T1 and T2 Relaxation Time Mapping 167 

T1 relaxation time from coronal and sagittal planes were 1300 ± 265 and 1308 ± 270 ms, and T2 168 

were 71 ± 29 and 71 ± 28 ms, respectively, taken across the full disc. Regions of elevated T1 and 169 

T2 values were observed in the central region of the disc in both coronal and sagittal planes 170 

(Figure 2), suggesting the location and margins of the NP and AF. 171 

 172 
Figure 2. Representative morphometric and T1/T2 relaxation time maps in coronal and 173 
sagittal imaging planes. Morphometric (proton density-weighted) images indicate a bright, 174 

fluid-rich nucleus pulposus surrounded by the annulus fibrosis. Elevated values for T1 and T2 are 175 
observed in the nucleus pulposus compared to the annulus fibrosis, corresponding the fluid levels 176 
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in individual tissue compartments. Relaxation time maps suggest potential imaging-based 177 
biomarkers that could also serve as surrogates for biomechanical function. 178 

dualMRI and Strain Mapping 179 

Strain fields, measured under compression and bending using dualMRI, were heterogeneous in 180 

both coronal and sagittal planes (Figures 3 and 4). Mean strains Exx, Eyy and Exy were 0.018 ± 181 

0.006, -0.031 ± 0.006 and 0.002 ± 0.002, respectively, taken across all discs (Table 1). Average 182 

principal strain measures (E1, E2, γmax) were 0.0166 ± 0.0075, -0.0510 ± 0.0045, and 0.0338 ± 183 

0.0023, respectively, across all discs. Under compression, the location of maximum Exx and Eyy 184 

within the disc showed no apparent pattern in neither coronal nor sagittal planes among the discs; 185 

however, under bending, locations of strain maxima appeared to be more consistent. In the 186 

coronal plane, maxima were located at the midline of the disc, and, in the sagittal plane, at the 187 

posterior aspect. A significant difference between compression and bending was found in first 188 

principal strain (p = 0.029) and maximum shear stress (0.013) calculated in the coronal plane but 189 

for no other mechanical parameters nor in the sagittal plane. 190 
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 191 
Figure 3. Representative Green-Lagrange Strains and Corresponding Shear Modulus 192 

Maps under Compression. Strains in coronal and sagittal image planes were calculated from 193 
displacement maps derived from displacement-encoded MRI under cyclic axial compression. 194 

Relative shear modulus was calculated separately using strain data from each image plane. 195 
Strains and moduli are shown for a representative specimen. 196 
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 197 
Figure 4. Representative Green-Lagrange Strains and Corresponding Shear Modulus 198 
Maps under Bending. Strains in coronal and sagittal image planes were calculated from 199 

displacement maps derived from displacement-encoded MRI under cyclic bending. Relative 200 
shear modulus was calculated separately using strain data from each image plane. Strains and 201 

moduli are shown for a representative specimen. 202 

  203 
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Table 1. Average Mechanical Parameters across all Discs. In-plane strain calculated from 204 
displacement-encoded imaging (dualMRI) and relative shear moduli were averaged over the 205 

entire disc regions of interest in the indicated image planes. Strains were calculated with respect 206 
to the image plane (Exx, Eyy, Exy) as well as in in-plane principal directions (E1, E2). Maximum 207 

shear strain (γmax) was also determined per pixel. Data represents mean ± standard deviation (n=3 208 
biological replicates). Significant differences in a mechanical parameter estimated from 209 
compression vs. estimated from bending experiments are indicated in bolded p values. 210 

Mechanical 
Parameter Image Plane Compression Bending Paired t Test (p) 

Exx Coronal 0.017 ± 0.003 0.010 ± 0.001 0.061 

 Sagittal 0.023 ± 0.002 0.023 ± 0.004 0.835 

Eyy Coronal -0.035 ± 0.005 -0.034 ± 0.008 0.924 

 Sagittal -0.026 ± 0.005 -0.0311 ± 0.006 0.189 

Exy Coronal 0.001 ± 0.002 0.001 ± 0.002 0.505 

 Sagittal 0.003 ± 0.001 0.002 ± 0.001 0.039 

E1 Coronal 0.017 ± 0.007 -0.001 ± 0.005 0.029 

 Sagittal 0.029 ± 0.005 0.022 ± 0.004 0.127 

E2 Coronal -0.051 ± 0.004 -0.048 ± 0.005 0.700 

 Sagittal -0.035 ± 0.010 -0.037 ± 0.008 0.814 

γmax Coronal 0.034 ± 0.002 0.024 ± 0.003 0.013 

 Sagittal 0.031 ± 0.004 0.030 ± 0.006 0.923 

Relative shear 
modulus 

Coronal 18.3 ± 5.8 38.9 ± 16.8 0.031 

Sagittal 8.4 ± 1.6 50.4 ± 13.0 0.133 

Shear Modulus 211 

Estimates of shear modulus from compression-only testing (Table 1) demonstrated relatively 212 

stiff AFs and compliant NPs (Figure 3, lower panels). However, discs showed an apparent 213 

stiffening in both the AFs and anterior aspects of the NP under bending (Figure 4, lower panels). 214 

Relative shear moduli estimated from strain maps taken under bending (Table 1) were 215 
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significantly greater than moduli estimated with compression in the sagittal (p = 0.031) but not 216 

coronal (p = 0.133) planes. 217 

Comparison of Relaxometry and Mechanical Parameters 218 

The relationships between shear modulus and relaxation times were evaluated by region in the 219 

coronal (Figure 5) and sagittal images (Figure 6). Each disc in the coronal and sagittal planes 220 

was divided into 15 regions for analysis (Figures 5A and 6A). The distribution of relaxation 221 

times and relative shear moduli was evaluated across all discs (Figures 5B-C and 6B-C). 222 

Interestingly, relative shear modulus estimates derived from compression and bending 223 

experiments were better correlated – primarily in the regions that correspond to the anterior inner 224 

AF and outer NP – in the coronal plane than the sagittal plane (Figures 5D and 6D). 225 

Under compression, relative shear modulus showed significant correlations with relaxation times 226 

in four regions in the coronal plane but none in the sagittal plane (Figures 5E and 6E). Under 227 

bending, relative shear modulus showed significant correlations with relaxation times in only one 228 

region (Figures 5E and 6E). Of the 15 total regions analyzed, ten did not show any significant 229 

correlations in any combination of relaxation time and shear modulus. Of the significant 230 

correlations, only one was between T1 and relative shear modulus, while T2 and relative shear 231 

modulus were correlated in six regions. Under compression in both the sagittal plane and coronal 232 

plane, few statistically significant correlations were found between strains and relaxation times 233 

in any of the 15 regions within the discs (Supplemental Figures 1 & 2). Under bending, four 234 

regions in the sagittal plane and only one in the coronal plane had statistically significant 235 

correlations between strains and relaxation times. 236 
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 237 
Figure 5. Relaxation Time and Relative Shear Moduli in the Coronal Plane. Each disc was 238 

segmented into 15 regions (A) for analysis of parameters in the coronal image plane. Histograms 239 
(with each disc indicated with white, aqua, or black bars) of the relaxation times (T1, T2) and 240 
relative shear moduli estimated in compression and bending (G(c), G(b)) showed no qualitative 241 

differences among discs (B, C). Correlations between G(c) and G(b) and between relaxation times 242 
and shear moduli were calculated within each region (E) (* p < 0.05). For correlations, the color 243 

bars represent the sign and R2 value of the correlations in each region. 244 
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 245 
Figure 6. Relaxation Time and Relative Shear Moduli in the Sagittal Plane. Each disc was 246 

segmented into 15 regions (A) for analysis of parameters in the sagittal image plane. Histograms 247 
(with each disc indicated with white, aqua, or black bars) of the relaxation times (T1, T2) and 248 
relative shear moduli estimated in compression and bending (G(c), G(b)) showed no qualitative 249 

differences among discs (B, C). Correlations between G(c) and G(b) and between relaxation times 250 
and shear moduli were calculated within each region (E) (* p < 0.05). For correlations, the color 251 

bars represent the sign and R2 value of the correlations in each region.  252 

DISCUSSION 253 

In this study we used dualMRI in orthogonal (coronal and sagittal) imaging planes to evaluate in-254 

plane strains resulting from cyclic compression and axial bending in human lumbar intervertebral 255 

discs. Futhermore, to investigate the utility of MRI relaxometry in the disc as a surrogate 256 

parameter to assess mechanical function of the tissue under load, we examined correlations 257 
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among relaxation times (T1, T2), relative shear modulus, and principal strains (E1, E2, γmax). 258 

Average strain measures do not capture the complexity and heterogeneity of strains observed 259 

throughout the tissue, which motivates the need for spatial mapping of mechanical behavior. 260 

Moreover, full-field displacement and strain data enable quantification of spatial maps of 261 

material properties and elastography as new potential biomarkers for IVD health. Although fully 262 

three dimensional dualMRI would suffer from impracticably long imaging times, doubling the 263 

imaging time by acquiring tissue strains in orthogonal directions could be a promising approach 264 

to obtaining greater information for inverse modeling. The goals of this study were (1) to 265 

evaluate MRI relaxation times and dualMRI-derived mechanical parameters such as strain and 266 

estimated modulus in orthogonal anatomic planes under two common modes of loading in the 267 

disc and (2) to determine if MRI relaxation times and mechanical parameters can act as mutual 268 

surrogates in characterizing heterogeneity within the disc. 269 

The mechanical function of the disc is closely associated with the structure and content of the 270 

extracellular matrix (ECM) within both the nucleus pulposus (NP) and annulus fibrosis (AF) 271 

(Inoue and Espinoza Orias 2011). Therefore, direct measurement of the mechanical behavior of a 272 

disc under load could provide a more comprehensive picture of disc health, including the 273 

physical origin of pain, than structure or content biomarkers alone. In prior studies, measurement 274 

of nominal changes in disc height via MRI (Dimitriadis et al. 2012), video fluoroscopy (Nagel et 275 

al. 2014), ultrasound (Zheng et al. 2014), and dynamic radiographic imaging (Byrne, 276 

Aiyangar,Zhang 2019) under extension and flexion have been used to estimate disc deformation 277 

in vivo. However, these methods are often based on nominal measures (e.g. distances between 278 

endplate surfaces) and do not permit measurement of internal mechanics required to detect the 279 

focal and heterogeneous changes with disc degeneration (Boos et al. 2002). 280 
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Interestingly, deformable image registration methods (e.g., warp field, digital image correlation) 281 

have been used to calcluate strain in the AF using tracking of intrinsic textural features visible in 282 

the morphological images (O'Connell et al. 2007; Yoder et al. 2014). In contrast to texture 283 

correlation, the phase encoded data in dualMRI enables the measurement of tissue displacements 284 

with high precision and resolution independent of image texture (Chan and Neu 2014), an 285 

advantage for disc imaging because the NP may lack readily trackable features or textures. 286 

While dualMRI experiments can be designed to understand cyclic processes that mimic normal 287 

activities like walking, a caveat of this technique is that it cannot measure the immediate 288 

mechanical response of tissue in its fully hydrated and undeformed state (e.g., strains under a 289 

single impact load). Despite this limitation, dualMRI remains a highly precise technique for the 290 

direct measurement of deformations in tissues, which, under normal conditions, are more often 291 

intermittently loaded than not. The same regions in different samples sometimes resulted in a 292 

variance for shear modulus. For example, the same central region under bending in the sagittal 293 

plane had an average relative shear modulus of 27.45 ± 23.15 across the three samples. There are 294 

multiple factors that could cause the high variation, including differences among donors and any 295 

image noise that would increase the expected error from the inverse method. Furthermore, the 296 

inverse method assumed that each imaged cross section of the IVD was in a state of plane strain. 297 

Neglecting strains in the out-of-plane direction could induce artefacts in the obtained shear 298 

moduli, with variations from an individual to another depending on the subject specific 299 

morphology of each IVD. Another limitation to this study is that there were only three samples 300 

used for the correlations with little background on previous health history. Finding multiple 301 

samples of a similar age and health history would allow for a better understanding of MRI 302 

relaxometry and mechanical property correlations. 303 
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Although relaxometry may provide a straightforward measurement of disc composition, it is 304 

unknown whether relaxation time can act as a sole indicator of the mechanical behavior of the 305 

disc. Such an indirect link may be reasonable to assume because the qMRI reflects biochemical 306 

content and structure of the disc and would naturally influence the mechanical response of the 307 

tissue under load. qMRI of the disc may thus complement or support deformation patterns 308 

observed under load, as has been previously demonstrated with qMRI and dualMRI in articular 309 

cartilage (Griebel et al. 2014). However, more recent work compared principal strains to T1ρ and 310 

T2 relaxation times within cartilage in vivo but found no statistically significant correlations 311 

(Wilson et al. 2021). 312 

Based on the regional correlation analysis, we found limited evidence supporting a relationship 313 

between mechanical parameters and relaxation times T1 and T2. Among the correlations with 314 

relative shear modulus, only one region was statistically significant between T1 and G(c) (coronal 315 

plane, p = 0.043).  Previous studies have shown that relaxometry may be associated with the 316 

amount of deformation under compressive loading (O'Connell, Vresilovic,Elliott 2011) and 317 

bending stiffness (Ellingson et al. 2013) in human disc and that these values do not drift 318 

significantly during or after application of moderate cyclic loading (Chan and Neu 2014). The 319 

lack of correlations between T2 and shear modulus is not consistent with previous work within 320 

the NP (Cortes et al. 2014), wherein MRE was applied to 16 cadaveric samples. However, in that 321 

prior work, inverse mechanics was applied solely to the NP. Other studies have shown 322 

inconsistent correlations between T1ρ relaxation time and radial and axial strains in the AF 323 

(O'Connell, Vresilovic,Elliott 2011). The lack of significant correlations in multiple regions of 324 

the disc shows that, currently, MRI relaxometry outputs cannot be used as direct proxies for 325 

localized mechanical parameters of a tissue, nor vice versa. These results may also suggest that 326 
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both relaxation times, and potential any other MRI-based correlate to tissue composition or 327 

ultrastructure, and mechanics should be assessed independently, consistent with a previous study 328 

that correlated strain to relaxation times in the cervical spine (Wilson et al. 2021). 329 

Finally, in comparing the relative shear moduli estimated with strains under compression and 330 

bending, we found correlations in the coronal plane but not the sagittal. Since sagittal in-plane 331 

strains differ between the two loading regimes, this lack of correlation in estimated shear 332 

modulus is not unexpected. The load boundary conditions used in the inverse model provide an 333 

inherently differing set of inputs. In the coronal plane, where in-plane strains were expected to be 334 

more similar, relative shear moduli correlated in some but not all regions of the disc. The low 335 

number of correlations between relative shear moduli from two loading regimes and between 336 

relative shear moduli and relaxation times suggest the limitation of considering different loading 337 

conditions, applied to the same disc, as independent. Continuing development of these and 338 

similar inverse methods could achieve greater accuracy by constraining multiple sets of 339 

deformation data – obtained in orthogonal planes or even through the full tissue volume – to a 340 

single, nonhomogeneous model. 341 

In summary, we applied dualMRI to measure the deformation of the disc under cyclic axial 342 

compression as well as anterior bending. Deformations and shear modulus, in addition to 343 

relaxation times T1 and T2, were calculated in a coronal and a sagittal plane through the midline 344 

of the disc. This work demonstrates the potential for dualMRI in orthogonal planes to collect 345 

greater tissue deformation information without the imaging time cost of a full-volume multi-slice 346 

acquisition. Our application of inverse modeling to estimate relative shear modulus in the disc 347 

enabled investigation of potential correlations to relaxation times T1 and T2. We found that the 348 
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estimated shear modulus did not consistently show significant correlations with relaxation times, 349 

and that relative shear moduli estimated from different loading regimes may differ. 350 

Consequently, we viewed image-based elastography and relaxometry as complementary 351 

measures of disc structure and function with potential to assess degeneration in longitudinal 352 

studies. 353 
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