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Abstract

Background: In vivo quantification of the structure–function relationship of the inter-

vertebral disc (IVD) via quantitative MRI has the potential to aid objective stratifica-

tion of disease and evaluation of restorative therapies. Magnetic resonance

elastography (MRE) is an imaging technique that assesses tissue shear properties and

combined with quantitative MRI metrics reflective of composition can inform

structure–function of the IVD. The objectives of this study were to (1) compare

MRE- and rheometry-derived shear modulus in agarose gels and nucleus pulposus

(NP) tissue and (2) correlate MRE and rheological measures of NP tissue with compo-

sition and quantitative MRI.

Method: MRE and MRI assessment (i.e., T1ρ and T2 mapping) of agarose samples

(2%, 3%, and 4% (w/v); n = 3–4/%) and of bovine caudal IVDs after equilibrium dialy-

sis in 5% or 25% PEG (n = 13/PEG%) was conducted. Subsequently, agarose and NP

tissue underwent torsional mechanical testing consisting of a frequency sweep from

1 to 100 Hz at a rotational strain of 0.05%. NP tissue was additionally evaluated

under creep and stress relaxation conditions. Linear mixed-effects models and univar-

iate regression analyses evaluated the effects of testing method, %agarose or %PEG,

and frequency, as well as correlations between parameters.

Results: MRE- and rheometry-derived shear moduli were greater at 100 Hz than at

80 Hz in all agarose and NP tissue samples. Additionally, all samples with lower water

content had higher complex shear moduli. There was a significant correlation

between MRE- and rheometry-derived modulus values for homogenous agarose sam-

ples. T1ρ and T2 relaxation times for agarose and tissue were negatively correlated
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with complex shear modulus derived from both techniques. For NP tissue, shear

modulus was positively correlated with GAG/wet-weight and negatively correlated

with %water content.

Conclusion: This work demonstrates that MRE can assess hydration-induced changes

in IVD shear properties and further highlights the structure–function relationship

between composition and shear mechanical behaviors of NP tissue.
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1 | INTRODUCTION

Low back pain (LBP) has been a leading cause of disability worldwide

with over half a billion cases reported in 2020.1 LBP has been associ-

ated with intervertebral disc (IVD) degeneration which is character-

ized by a progressive breakdown in structure and results in loss of

mechanical function. Previous studies have observed an increase in

in vitro IVD compressive and shear modulus with degeneration via

mechanical testing.2–5 These studies suggest that with aging and/or

progressive degeneration, the IVD's ability to fulfill its primary

mechanical role of load support and flexibility within the spine

becomes compromised. These in vitro results suggest that assessing

IVD mechanics in vivo could facilitate studying the changes in

mechanical properties in physiological conditions and could also mea-

sure the subtle changes that may be present in earlier stages of IVD

degeneration. The in vivo measurements can be correlated with its

current structure as composition and mechanical function have been

seen to be closely linked. Therefore, there is a need for quantitative

imaging techniques that will assess the mechanical behavior and com-

position of the IVD in vivo.

Magnetic resonance elastography (MRE) is an imaging technique

capable of assessing changes in shear mechanical properties with dis-

ease and has been applied to a variety of soft tissues including the

heart, brain, and liver.6–10 Multiple studies have utilized MRE on the

IVD and demonstrated its potential to assess disease-related changes

in shear properties11–16; However, it remains unclear how representa-

tive MRE measures of IVD shear modulus are compared with those

derived from torsional mechanical testing. MRE-derived measure-

ments have been compared with those derived from rheometry in the

liver where there is ample tissue for both MRE and rheological assess-

ment and demonstrated good agreement between techniques.17 Mul-

tiple studies have assessed the changes in mechanical properties of

nucleus pulposus (NP) tissue with degeneration via shear test-

ing4,18,19; however, few studies have made the direct comparison to

MRE-derived mechanical properties. This study aims to directly com-

pare shear properties derived from MRE and rheometry at similar

frequencies.

Quantitative MRI techniques, such as T1ρ and T2 mapping, have

been used to inform IVD composition as they have been seen to cor-

relate with glycosaminoglycan (GAG) and water content.2,20 Given

that the composition and organization of the extracellular matrix

directly impacts the mechanical function of the tissue, quantification

of GAG and water content via T1ρ and T2 mapping, respectively, may

help inform the degeneration process in vivo. Additional studies have

then demonstrated that these quantitative MRI metrics correlate with

functional compressive properties, suggesting that T1ρ and T2 map-

ping can inform changes in mechanical properties of IVDs in early or

advanced stage degeneration.21,22 However, the structure–function

relationship as quantified via T1p and T2 and their association with

shear properties remains unclear. Focusing on the IVD's response to

shear loading may inform the mechanical behavior of the tissue based

more on the organization of extracellular matrix with water influenc-

ing the solid interactions as opposed to compressive loading where

fluid flow plays a larger role in the tissue's mechanical response.

Therefore, the objectives of this study were to (1) compare MRE-

derived and rheometry-derived shear modulus in both homogenous

agarose gels and NP tissue and (2) correlate MRE and rheological mea-

sures of NP tissue with composition and quantitative MRI.

2 | METHODS

2.1 | Agarose preparation/testing

For initial agarose validation, multiple batches of 2% (n = 4), 3%

(n = 3), and 4% (n = 3) (w/v) agarose were created to provide a spec-

trum of hydrated gels. From a singular batch, samples were cast for

MRI and mechanical testing. The 2%, 3%, and 4% agarose samples

were cast in a �120 mm � 120 mm � 30 mm plastic container for

MRI scans. The 2% agarose samples contained embedded IVD tissue

which is further explained in Section 2.2 IVD tissue preparation. For

mechanical testing, agarose samples (20 mm Ø � 1.5 mm thick) were

cast on electrophoresis plates (Bio-Rad) to ensure uniform thickness

and a cylindrical plug was punched out. Three replicates of agarose

plugs were created/tested from a singular batch. A schematic of the

mechanical testing setup with the geometry of the agarose sample is

shown (Figure 1C).

2.2 | IVD tissue preparation/testing

Sixteen bovine tails were obtained from a local abattoir from which a

total of 26 IVDs were isolated from the C1/2 or C2/3 level. The

hydration of the IVDs was altered via equilibrium dialysis to provide a
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range of tissue with different mechanical properties. Whole discs with

the endplates removed were sealed in dialysis tubing (cutoff 1 kDa,

Sigma-Aldrich) and placed in one of two osmotic conditions: 5%

(n = 13 IVDs) or 25% (n = 13 IVDs) (g/mL) polyethylene glycol (PEG)

(20 kDa, Sigma-Aldrich) in 0.15 mol/L NaCl exerting an osmotic pres-

sure of 0.027 or 0.565 MPa, respectively.23 The swelling pressure of

the IVD was forced to match the osmotic pressure of the solution

causing the tissue to absorb (5% PEG) or lose water (25% PEG). After

�40 h at room temperature, the discs were removed, vacuum sealed

in plastic bags, and embedded in 2% agarose for MRI scanning. After

completion of MRI scans, the NP region was dissected from the whole

disc and frozen at �20�C. Tissue samples for mechanical testing

(8 mm Ø � 2 mm thick) were then prepared using a cryostat micro-

tome (Tissue-Tek Cryo3 Flex, Sakura, Torrance, CA) as previously

described.24 Briefly, tissue was sectioned to a thickness of 2 mm, an

8-mm biopsy punch was used to extract the plugs, and the wet weight

of the plugs were recorded. A schematic of the mechanical testing

setup with the geometry of the NP tissue plug is shown (Figure 3C).

2.3 | MRI image acquisition and analysis

All imaging was performed using a 3T MRI scanner (Prisma, Siemens

Healthcare, Erlangen, Germany). Mechanical excitation was applied to

the bottom of the agarose container (Figure 1A). Vibration waves

were similarly applied to the bottom of the agarose container contain-

ing the IVDs (Figure 3A). For both agarose and NP tissue, a gradient

recalled echo based T1ρ mapping sequence was used to acquire one

transverse slice with the following parameters: spin-lock

frequency = 500 Hz, sTR (shot repetition time) = 2642 ms, TSL (spin-

lock time) = 10, 20, 30, …, 340 ms, TR (repetition time) = 9.3 ms, TE

(echo time) = 4.4 ms, field of view (FOV) = 200 � 200 mm, slice

thickness = 2 mm, acquisition matrix = 192 � 192, averages = 3. A

spin-echo based T2 mapping sequence was used to acquire a trans-

verse slice with the following parameters: TE = 8, 16, 24, …, 256 ms,

TR = 2000 ms, FOV = 200 � 200 mm, slice thickness = 2 mm, acqui-

sition matrix = 192 � 192, averages = 2. For IVD tissue, a region of

interest (ROI) of the NP region was hand drawn (MC with 5 years'

experience in spine research) based on the respective anatomical

T2-weighted transverse scans and superimposed onto all T1ρ and T2

images. Relaxation values were determined by fitting signal intensity

values to an exponential decay, Si = S0 � exp(�TSL/T1ρ) + C or

Si = S0 � exp(�TE/T2) + C where S is the signal intensity, TSL is the

spin-lock time, TE is the echo time, and C is a constant, using a custom

MATLAB code (version 2018b Mathworks, Natick, MA). A 3 � 3 pixel

kernel median filter and 95 percentile cutoff was applied to all T1ρ

and T2 maps.

A spin-echo echo-planar imaging (SE-EPI) MRE sequence at

80 and 100 Hz was used to assess shear modulus. 80 Hz was utilized

as previous studies have performed MRE on IVDs at that frequency

F IGURE 1 Agarose shear properties validation: (A) Schematic of slice orientation through T2-weighted scan of agarose sample with wave
propagation in the x, y, and z direction. (B) Comparison of shear modulus derived from MRE between 2% (n = 4), 3% (n = 3), and 4% (n = 3)
agarose at 80 and 100 Hz. (C) Schematic of agarose sample undergoing torsional shear testing using a rheometer. (D) Dynamic frequency sweep

results for all agarose samples at a shear strain amplitude of γ0 = 0.05% at frequencies ranging between 1 to 100 Hz. (E) Comparison of shear
modulus derived from rheometry between all agarose samples at 80 and 100 Hz.
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for adequate wave penetration and wavelength estimation.15,16

100 Hz was utilized as a point of comparison and because it was the

highest frequency within the limits of both the MRE driver and rhe-

ometer. SE-EPI sequences capturing individual (SE-EPI_i/n = 20 IVDs)

or multiple (SE-EPI_m/n = 6 IVDs) discs embedded within agarose

were used with slight differences in parameters based on the different

number of slices. Scans of NP tissue and the surrounding agarose it

was embedded within using the SE-EPI_i sequence consisted of two

or three, 1 mm, contiguous transverse slices (dependent on disc

height) acquired within a single TR using a previously described SE-

EPI MRE sequence.25 Slice locations were chosen to encompass as

much of the NP region as possible. Additional SE-EPI_i parameters:

FOV = 120 � 120 mm, TE = 30.40 ms, TR = 900 ms, acquisition

matrix = 128 � 64, averages = 14, GRAPPA 2. The SE-EPI_m

sequence consisted of 30 � 0.8 mm slices encompassing all discs.

Additional SE-EPI_m parameters: FOV = 120 � 120 mm,

TE = 31.30 ms, TR = 2250 ms, acquisition matrix = 128 � 64,

averages = 22, GRAPPA 2. For IVD tissue, ROI of the NP region was

hand drawn (MC with 5 years' experience in spine research) based on

the MRE magnitude images and superimposed onto all phase images.

The average shear modulus estimates for the NP region was calcu-

lated using a modified principal frequency analysis (PFA) method

described previously.15,26 Briefly, filtering was performed to remove

noise and reflected waves via a fourth order Butterworth bandpass fil-

ter applied in eight directions with cutoff values 1–40 waves/FOV.

The 3D PFA was performed in all three encoding directions to obtain

weighted shear modulus value.

2.4 | Mechanical testing and NP tissue hydration/
GAG analysis

All mechanical testing was performed using a Discovery HR-2 rheom-

eter (TA instruments, New Castle, DE) with a custom humidity cham-

ber to minimize dehydration. Sandpaper (120 grit) was attached to the

upper and lower platen to minimize sample slippage. To determine

the initial height of the sample, the upper platen was lowered until a

compressive preload of 0.1 N was obtained. The gap at the initial

height (i.e., after the pre-load had been achieved) was used to apply

an axial strain of 10% over 10 s which was held for 300 s. After reach-

ing compressive equilibrium, a frequency sweep was performed from

1 to 100 Hz at a rotational strain of 0.05%. A 0.05% strain was deter-

mined to be within the linear viscoelastic region from amplitude

sweep tests from 0.01% to 1% strain (Figure S1). For NP tissue, addi-

tional creep and stress relaxation tests were performed for further

quantification of mechanical properties via the standard linear solid

(SLS) viscoelastic model. For creep testing, a torsional stress of

0.05 kPa was applied and held for 180 s while the strain response was

recorded. Immediately after, the stress was removed, and the tissue

was allowed to relax for 180 s before the stress relaxation test. A tor-

sional strain of 10% was then applied over 1 s and held for 600 s

while the shear stress relaxation response was recorded. Subse-

quently, the tissue plugs were lyophilized to obtain dry weight. Water

content was calculated as a percentage of wet weight, (wet

weight � dry weight)/wet weight � 100%. After lyophilization �5 mg

of dry tissue was digested with proteinase K, and the GAG content of

all samples was assessed via the DMMB assay as previously

described.27 The GAG content from the NP region of three fresh

(non-equilibrated) IVDs was also obtained to assess whether the pro-

cess of equilibrium dialysis had any effect on GAG content.

As MRE and rheometry provided frequency dependent mechani-

cal properties, the time dependent response of NP tissue was

assessed by fitting creep and stress relaxation behavior to a

3-parameter (SLS) viscoelastic model consisting of a Kelvin unit in

series with a spring.28–30 A schematic of the model can be seen

in Figure S2. The model predicts the instantaneous and equilibrium

deformation through the parameters G1 (viscous modulus), G2 (elastic

modulus), and η (viscosity). Curve fitting was performed via a custom

MATLAB code.

2.5 | Statistical analysis

Descriptive summaries of quantitative mechanical properties, MRI

parameters, and compositional measures were calculated using the

mean and standard deviation. Pearson's correlation was used to sum-

marize the pairwise linear relationship among these experimental fac-

tors. Linear mixed-effects models were used to model the complex

shear modulus and relaxation time outcomes in agarose and NP tis-

sue. The agarose-based model for complex shear modulus included

sample-level random intercepts and fixed effects for method of mea-

surement (MRE or rheometry), percent of agarose, and frequency. We

included an interaction between all fixed effects so that the

subgroup-specific effect was estimated. The NP tissue-based model

for complex shear modulus was similar, using %PEG as a fixed effect

and allowing for heteroscedasticity by method of measurement. The

relaxation time models included fixed effects for MRI parameter (T1ρ

or T2) and either %agarose or %PEG. For each model, contrasts

between the levels of each experimental factor were calculated, and

Holm's method was used to adjust the resulting set of P-values for

multiplicity. Statistical significance was assessed at an alpha level of

0.05. Analyses were performed using R version 4.3.1 and MATLAB

version R2018b. R add-on packages included emmeans (version

1.8.8), nlme (version 3.1-162), and lme4 (version 1.1-34).

3 | RESULTS

3.1 | Agarose validation

The MRE-derived and rheometry-derived shear properties were

assessed in agarose which provided a controllable, homogenous mate-

rial. Figure 1A shows T2-weighted image of the agarose with red-

dotted lines representing the acquired slices and snapshots of wave

images in the x, y, and z directions. MRE-derived magnitude of the

complex shear modulus was significantly greater for 4% and 3% sam-

ples compared with 2% at 80 Hz (P < 0.001) and 100 Hz (P < 0.001)

(Figure 1B). The mean shear modulus for 4% samples trended higher
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than for 3% at 80 Hz (P = 0.30) and at 100 Hz (P = 0.21). The magni-

tude of the mean complex shear modulus increased with frequency

for all agarose samples (Figure 1D). Specifically, both imaging and

mechanical testing techniques demonstrated higher shear modulus

values at 100 Hz compared with 80 Hz (Figure 1B,E). From torsional

mechanical testing, 4% samples were significantly stiffer than 3% sam-

ples at 80 Hz (P < 0.001) and 100 Hz (P = 0.01). Shear modulus values

for 4% samples were also greater than 2% samples at 80 Hz

(P < 0.001) and 100 Hz (P < 0.001). 3% samples were stiffer than 2%

samples at 80 Hz (P < 0.01) and 100 Hz (P = 0.05) (Figure 1E). Mean

values for shear moduli of all agarose percentages at 80 Hz can be

seen in Figure 2A. There was a significant positive correlation

between shear modulus values obtained via MRE and rheometry at

80 Hz (r = 0.85, P < 0.01) and at 100 Hz (r = 0.75, P < 0.05)

(Figures 2B and S3). Overall, both MRE and rheometry techniques

produced shear modulus values within the same order of magnitude

that increased with greater agarose percentage and exhibited the

expected frequency dependence as shear modulus increased with

frequency.

T1ρ and T2 relaxation times increased with increasing percentage

of agarose (Figure 2A). Univariate correlation analysis showed that

T1ρ correlated significantly with the magnitude of the complex shear

modulus derived from MRE at 80 Hz (jG*jMRE@80Hz) (r = �0.93,

P < 0.001), the magnitude of the complex shear modulus derived from

rheometry at 80 Hz (jG*jRheometry@80Hz) (r = �0.96, P < 0.001), and T2

(r = 0.99, P < 0.001) (Figure 2B). T2 also strongly correlated with

MRE-derived (r = �0.93, P < 0.001) and rheometry-derived

(r = �0.95, P < 0.001) shear modulus measurements at 80 Hz.

3.2 | Tissue validation

Figure 3A shows the magnitudes images of 5% and 25% PEG equili-

brated samples with red dotted lines representing the acquired slices

and the snapshot of wave images in one of the samples in all three

directions. MRE-derived measurements of the magnitude of the com-

plex shear modulus were significantly greater for 25% PEG equili-

brated samples to 5% samples at 80 Hz (P < 0.001) and 100 Hz

(P < 0.001) (Figure 3B). The magnitude of the mean complex shear

modulus increased with frequency for all NP samples (Figure 3D).

Mean shear modulus values were greater at 100 Hz compared with

that at 80 Hz for both imaging and mechanical testing techniques

(Figure 3B,E). From torsional mechanical testing, 25% samples were

stiffer than 5% samples at both 80 Hz (P < 0.01) and 100 Hz

(P < 0.001) (Figure 3E). Mean values for shear moduli of 5% and 25%

PEG equilibrated tissue at 80 Hz can be seen in Figure 4A. There was

little correlation between shear modulus values derived from MRE

and rheometry at 80 Hz (r = �0.16) and at 100 Hz (r = 0.32)

(Figures 4B and S4). Overall, both MRE and rheometry techniques

demonstrated that less hydrated 25% PEG equilibrated NP samples

were stiffer, and both exhibited the expected frequency dependence

as shear modulus increased with frequency.

Composition of NP tissue was assessed by measuring the %water

content and GAG content normalized to dry and wet weight. Addi-

tionally, the GAG content from the NP of freshly isolated non-

equilibrated IVDs was also assessed and had an average GAG/dry

weight of 560 ± 77.7 μg/mg and average GAG/wet weight of 73.0

± 11.6 μg/mg. The 5% PEG samples significantly had higher water

content than 25% PEG samples (P < 0.001) (Figure 4A). The 5% PEG

samples had significantly less GAG content per dry weight (P < 0.001)

and GAG content per wet weight (P < 0.001) than 25% samples. T2

and T1ρ mapping were also performed to get MRI-based measure-

ments that have been demonstrated to correlate with water and GAG

content, respectively. T2 (P < 0.001) and T1ρ (P < 0.001) relaxation

times were significantly greater for the more hydrated 5% PEG sam-

ples. Univariate correlation analysis (Figure 4B) showed that GAG

content normalized to wet weight significantly correlated with all

other measures with the strongest correlations with %water content

F IGURE 2 (A) Mean and
standard deviation of MRE- and
rheometry-derived mechanical
properties and quantitative MRI
parameters for 2%, 3%, and 4%
agarose groups. (B) Pearson
correlations (r) between
mechanical properties and MRI
parameters. Increasing dot size

indicates stronger linear
correlation and color the direction
of relationship. r-values provided
for significant correlations. The y-
axis labels for mechanical
properties and quantitative MRI
parameters in (A) are also used as
y-axis labels in (B).
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(r = �0.97, P < 0.001), T1ρ (r = �0.94, P < 0.001), and T2 (r = �0.91,

P < 0.001). It was also positively correlated with jG*jMRE@80Hz

(r = 0.72, P < 0.001) and jG*jRheometry@80Hz (r = 0.42, P < 0.05). GAG

content normalized to dry weight was significantly correlated with

T1ρ (r = �0.71, P < 0.001), T2 (r = �0.66, P < 0.001), and

jG*jMRE@80Hz (r = �0.76, P < 0.001). In addition to its strong

F IGURE 4 (A) Mean and
standard deviation of MRE- and
rheometry-derived mechanical
properties, quantitative MRI
parameters, and compositional
measures for 5% PEG and 25%
equilibrated NP tissue. †P < 0.05
compared against 5% PEG
samples. (B) Pearson correlations
(r) between all parameters.
Increasing dot size indicates
stronger linear correlation and
color the direction of relationship.
r-values provided for significant
correlations. The y-axis labels for
mechanical properties,
quantitative MRI parameters, and
compositional measures in (A) are
also used as y-axis labels in (B).

F IGURE 3 Nucleus pulposus (NP) shear properties validation: (A) Schematic of slice orientation through T2-weighted scan of a 5% and 25%
PEG equilibrated NP sample with wave directions in the x, y, and z direction. (B) Comparison of shear modulus derived from MRE between 5%
(n = 13) and 25% (n = 13) NP tissue at 80 and 100 Hz. (C) Schematic of NP sample undergoing torsional shear testing using a rheometer.
(D) Dynamic frequency sweep results for all NP samples at a shear strain amplitude of γ0 = 0.05% at frequencies ranging between 1 to 100Hz.
(E) Comparison of shear modulus derived from rheometry between all NP samples at 80 and 100 Hz.
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correlation with GAG content per wet weight, %water content

strongly correlated with T2 (r = 0.93, P < 0.001) and T1ρ (r = 0.96,

P < 0.001). It was also significantly correlated with jG*jMRE@80Hz

(r = �0.64, P < 0.001) and jG*jRheometry@80Hz (r = �0.48, P < 0.05).

T1ρ correlated significantly with jG*jMRE@80Hz (r = �0.69, P < 0.001)

and jG*jRheometry@80Hz (r = �0.46, P < 0.05) and strongly correlated

with T2 (r = 0.97, P < 0.001). T2 correlated significantly with

jG*jMRE@80Hz (r = �0.66, P < 0.001) and jG*jRheometry@80Hz (r = �0.40,

P < 0.05).

Focusing on the modeling parameters obtained via creep and

stress relaxation of NP tissue in shear, the elastic and viscous modulus

(G1, G2) was greater for 25% PEG equilibrated NP tissue compared

with 5% tissue. In addition, the viscosity (η) of 25% tissue was greater

than that of 5% tissue (Figure 5A). These findings are consistent with

the understanding that less hydrated samples would be stiffer and

have a greater resistance to flow. Univariate correlation analysis was

performed focusing specifically on the correlations between composi-

tion and the modeling parameters (Figure 5B). Creep and stress relax-

ation model parameters were positively correlated with GAG content

normalized to wet weight (r > 0.73, P < 0.001) and were also posi-

tively correlated with GAG content normalized to dry weight

(r > 0.50, P < 0.01) while %water content was negatively correlated

with all viscoelastic modeling parameters (r < �0.76, P < 0.001). Both

T1ρ and T2 had significant negative correlations with all viscoelastic

modeling parameters (r < �0.68, P < 0.001). Representative creep and

stress relaxation responses with the corresponding SLS model fits are

shown in Figure S5. Overall, the average R2 for creep testing for all

NP samples was 0.96 ± 0.02, and the average RMSE was 0.002

± 0.002 kPa. The average R2 for stress relaxation testing for all NP

samples was 0.92 ± 0.03, and the average RMSE was 0.08

± 0.08 kPa.

4 | DISCUSSION

This study aimed to (1) compare MRE-derived and rheometry-derived

shear modulus in homogenous agarose gels and heterogenous bovine

NP tissue and (2) correlate MRE and rheological measures of NP tis-

sue with composition and quantitative MRI. A spectrum of hydrated

agarose samples and hydrated NP tissue were created to assess a

range of shear properties. Results demonstrated that both MRE and

rheometry derived shear moduli increased in NP tissue and agarose

samples with lower water content, and both MRE and rheometry

measurements demonstrated a frequency dependence with shear

modulus increasing with increasing frequency. However, despite a

strong correlation between MRE and rheometric shear measurements

present in agarose, there was little correlation between MRE and

rheometry in NP tissue demonstrating that MRE can provide a relative

assessment of NP tissue shear properties. Comparing the mechanical

properties from both techniques with measures of composition and

quantitative MRI metrics demonstrated positive correlations with

water content and negative correlations with GAG/wet weight, T1ρ,

and T2. Collectively, results suggest MRE measurements of shear

mechanical behaviors can inform the structure-function relationship

of the IVD.

Altering NP tissue hydration resulted in a change in shear proper-

ties as 25% PEG equilibrated NP tissue with lower %water content

exhibited greater shear modulus values. A study comparing the shear

modulus of normal and severely degenerated human lumbar NP tissue

observed similar findings where degenerated tissue demonstrated

lower water content and higher modulus values.19 The complex shear

modulus values from this study were within a similar range to past

studies. For example, the rheometry-derived complex shear modulus

of 5% PEG samples from this study had an average modulus of 10.0

± 3.2 kPa at 1 Hz, 16.6 ± 5.2 kPa at 10 Hz, and 25.8 ± 7.6 kPa at

20 Hz which are similar to those previously reported for non-

degenerate human lumbar NP4; 11.3 ± 17.9 kPa at 1 rad/s (�0.2 Hz)

and 19.8 ± 31.4 kPa at 100 rad/s (�15.9 Hz). This study is the first to

extend the range of frequency sweep testing to 100 Hz allowing for

the comparison between MRE-derived and rheometry-derived shear

moduli of NP tissue at similar frequencies. Average MRE-derived mea-

surements of 12.3 ± 2.7 kPa for 5% PEG samples and 17.5 ± 3.4 kPa

for 25% PEG samples at 80 Hz were of a similar range to in vivo

MRE-derived measurements at varying degeneration levels at the

same frequency from prior literature.15,16

F IGURE 5 (A) Mean and standard deviation of model parameters

for creep and stress relaxation for 5% PEG and 25% equilibrated NP
tissue. †P < 0.05 compared against 5% PEG samples. (B) Pearson
correlations (r) between model parameters, quantitative MRI
parameters, and compositional measures. Increasing dot size indicates
stronger linear correlation and color the direction of relationship. r-
values provided for significant correlations. The x-axis labels for
model parameters in (A) are also used as x-axis labels in (B).
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From univariate regression analysis, multiple parameters were

identified that were significantly correlated with shear mechanical

behaviors (Figures 4 and 5). Specifically, GAG content normalized to

wet weight was positively correlated with shear mechanical properties

(i.e., MRE- and rheometry-derived shear modulus and creep and stress

relaxation parameters), and %water content was negatively correlated

with shear properties. The changes observed between water content

and shear modulus are consistent with prior work which characterized

torsional shear behaviors of human NP tissue from a range of degen-

erated IVDs and found that more degenerated samples with a lower

%water content had a higher shear elastic modulus.19 Interestingly,

multiple studies have evaluated the relationship between composition

and mechanical behaviors in compression and found that measures of

water content did not significantly correlate with compressive

mechanical properties.2,21 This difference in correlations between

mechanical behaviors of different loading modes with water content

emphasizes that water content may more directly inform shear behav-

iors. A potential mechanism underpinning this relationship is that in

shear, fluid flow effects (i.e., poroelastic behaviors) are minimal due to

negligible volume changes. Therefore, dynamic responses are primarily

driven by interactions between the solid components with the water

acting similar to a lubricant influencing the spacing between solid

components and, consequently, the number and strength of connec-

tions. A similar role has been observed and proposed in rheological

behaviors of proteoglycan solutions in which samples with greater

proteoglycan concentration (i.e., lower water content) facilitated a

greater number of interactions between the solid components and

resulted in higher shear moduli.31 In compression, the water content

itself may be less directly informative of mechanical behaviors which

are primarily dominated by the ability of fluid flowing through the

solid. It is also notable that we observed a very high correlation

between T2 relaxation time and %water content (r = 0.93) and corre-

lations between T2 and shear mechanical parameters were very simi-

lar to those between %water content and shear properties. The

correlation between T2 relaxation time and %water content has been

previously demonstrated by many groups and is expected based on

MR physics.21,32 Collectively, our results, literature, and the under-

standing of how water contributes to shear responses suggest that T2

relaxation time may more directly inform shear mechanical behavior

as compared with compression.

An interesting finding from the univariate regression analysis was

that T1ρ had a significant negative correlation with GAG content—a

finding that was consistent with those observed between T1ρ and

GAG content in articular cartilage33–36 but opposite from those

observed in the IVD.22,37 Fundamentally, the T1ρ parameter describes

the spin–lattice relaxation by locking the spins in the rotating frame

and captures the interactions between water molecules (i.e., spins)

and their local macromolecular environment38 which, in the tissue, is

predominately the interaction between water and the extracellular

matrix. In particular, T1ρ measurements are sensitive to how the

extracellular matrix restricts the motion of surrounding water mole-

cules when they are locked by a constant radiofrequency energy that

is being applied.39 In this study, equilibrium dialysis alters both the

amount of free water within the tissue and the density of the solid

matrix (i.e., likely altering how the extracellular matrix constricts the

water within the tissue) which is most clearly reflected in the solid-

to-fluid ratio or hydration (g water/g dry weight). For example, water

was extracted from the 25% PEG equilibrated tissue resulting in less

free water molecules within the tissue while becoming more restricted

as the tissue was condensed (hydration: 2.8 ± 0.3 g water/g dry

weight). The opposite occurred for the 5% PEG equilibrated tissue as

the tissue was allowed to imbibe water resulting in more water mole-

cules and the spreading out of macromolecules (hydration: 9.6 ± 1.2 g

water/g dry weight). Another interacting factor that may contribute to

the similar correlation between T1ρ and GAG content in our system

and that seen in cartilage is that the volume of the NP tissue was able

to expand/contract uninhibited by the physical constraints imposed

by the endplates (which would limit both expansion and contraction).

These conditions are more like articular cartilage in which the tissue is

not as physically confined and is able to swell more freely primarily

limited by collagen tension. Collectively, our findings reinforce the

understanding that T1ρ is reflective of the interactions between GAG

and surrounding water molecules and that while general correlations

of T1ρ with GAG content are relevant within their respective tissues,

they are often overly simplistic. Additionally, T1ρ may be influenced

by other macromolecules such as collagen and could be dependent on

its orientation/organization. Other degenerative changes such as

fibrosis or cross-linking have also been suggested to influence this

interaction.22,40,41 This finding may elucidate the minor differences in

structure or composition that occur during early or late-stage degen-

eration between IVD and articular cartilage.

4.1 | Limitations

There are a few limitations in this study. The GAG content (both

GAG/dry weight and GAG/wet weight) reported in this study is higher

than previously reported for bovine NP tissue.40 To ensure that the

equilibrium dialysis technique was not altering GAG, we assessed

the GAG content from NP tissue of three freshly isolated non-

equilibrated IVDs. The GAG content from the fresh NP was found to

be within the range reported for 5% and 25% equilibrated discs col-

lectively supporting the conclusion that equilibrium dialysis did not

influence GAG content. The difference in GAG content in comparison

with Mwale et al. may be related to differences in DMMB protocols

where Mwale used an earlier iteration of the DMMB protocol42 that

is less sensitive than the more recently refined method used here.27

Two separate SE-EPI sequences were utilized (SE-EPI_i and SE-EPI_m)

to scan either individual IVDs or multiple IVDs simultaneously. The

main difference between the two sequences was the slice orientation

relative to individual or multiple IVDs. The switch from SE-EPI_i to

SE-EPI_m was driven by the desire to reduce scan time as the SE-

EPI_m sequence reduced the amount of scan time by a factor of 4. No

major differences between shear modulus values obtained by the SE-

EPI sequences were observed, and the results from the two

sequences were combined. The application of MRE on small regions

of interest can impact the ability to accurately estimate the wave-

length. To address this limitation, multiple slices through each IVD
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were obtained and at least half of the wavelength (Figure 3A) could

be seen within the IVD region to report the robust stiffness estimates.

Additionally, the PFA inversion algorithm was chosen because it is

known to be more robust to noise than other methods as it is per-

formed in the frequency space; however, it provides only a single

global modulus value for the entire ROI. Further investigation into

other inversion algorithms applicable for small regions of interest is

needed to provide spatial stiffness maps.

Although there was a strong correlation between MRE-derived

and rheometry-derived shear modulus in agarose, there was little cor-

relation in tissue. We believe inertial effects may have contributed to

high rheometry-derived values of tissue due to the geometric limita-

tions of isolating samples from the tissue. Samples with a large diame-

ter and small thickness generally minimize inertial effects on

calculated shear properties for torsional testing. This was confirmed

by preliminary rheometer testing performed on 2% agarose samples

of both 8 mm and 20 mm diameter where the shear modulus values

for the 8 mm diameter samples were an order of magnitude higher

than the 20 mm diameter samples values reported in this study

(80 Hz: jG*j2%Agarose,8mmØ = 261 ± 118 kPa and jG*j2%Agarose,20-

mmØ = 14.1 ± 2.66 kPa). For agarose, there was no size limitation of

samples and larger 20 mm diameter samples were used; however, the

largest diameter possible from bovine NP tissue was 8 mm. Addition-

ally, the minimum thickness for NP tissue that could be reproducibly

obtained via cryo-sectioning was 2 mm; collectively limiting the

dimensions of NP tissue to 8 mm Ø � 2 mm thick plugs. Additionally,

the inhomogeneity and animal-to-animal variation of biological tissue

may also have contributed. Despite smaller sample geometry, data

from rheometry still demonstrated the same frequency dependence

as seen with MRE and clearly showed that it was able to detect differ-

ences between 5% and 25% PEG groups.

5 | CONCLUSION

Overall, results in both agarose and IVD tissue demonstrated that

MRE and rheometry can detect differences in shear properties with

changes in hydration. Both techniques provided relative measures of

frequency-dependent shear modulus and demonstrated that decreas-

ing water content increases the agarose or tissue shear “stiffness.”
Our results further demonstrated that composition, such as water

content and GAG content, play an important role in the mechanical

function of NP tissue. Second, MR imaging metrics (T1ρ and T2 relax-

ation times) that have primarily been used to assess composition

within IVD tissue also correlated with shear mechanical properties

and may further inform mechanics of the tissue. Collectively, this

study demonstrated that MRE-derived shear properties of IVD tissue

aids in explaining the complex relationship between structure and

function within IVDs in shear.
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