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Abstract

Background: Noninvasive measurement of internal dynamic strain can be potentially useful to 

characterize spine intervertebral disc (IVD) in the setting of injury or degenerative disease.

Purpose: To develop and demonstrate a noninvasive technique to quantify three-dimensional 

(3D) internal dynamic strains in the IVD using a combination of static mechanical loading of the 

IVD using a magnetic resonance imaging (MRI)-compatible ergometer.

Study Type: Prospective.

Subjects: Silicone gel phantom studies were conducted to assess strain variation with load and 

repeatability. Mechanical testing was done on the phantoms to confirm MR results. Eight healthy 

human volunteers (four men and four woman, age = 29 ± 5 years) underwent MRI using a rest, 

static loading, and recovery paradigm. Repeatability tests were conducted in three subjects.

Field Strength/Sequence: MRI (3 T) with 3D continuous golden-angle radial sparse parallel 

(GRASP) and compressed sensing (CS) reconstruction.

Assessment: CS reconstruction of the images, motion deformation, and Lagrangian strain maps 

were calculated for five IVD segments from L1/L2 to L5/S1.

Statistical Tests: Ranges of displacement and strain in each subject and the resulting mean and 

standard deviation were calculated. Student t-tests were used to calculate changes in strain from 

loading to recovery. The correlation coefficient (CC) in the repeatability study was calculated.

Results: The most compressive strain experienced by the IVD segments under loaded conditions 

was in the L4/L5 segment (−7.5 ± 2.9%). The change in minimum strain from load to recovery 

was the most for the L4/L5 segment (−7.5% to −5.0%, P = 0.026) and the least for the L1/L2 

segment (−4.4% to −3.9%, P = 0.51). In vivo repeatability in three subjects shows strong 
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correlation between scans in subjects done 6 months apart, with CCs equal to 0.86, 0.94, and 0.94 

along principal directions.

Data Conclusion: This study shows the feasibility of using static mechanical loading with 

continuous GRASP-MRI acquisition with CS reconstruction to measure 3D internal dynamic 

strains in the spine IVD.

Level of Evidence: 2

Technical Efficacy Stage: 1

Human intervertebral discs (IVDs) are pads of fibrocartilage that fill the space between the 

vertebrae of the spine and provide flexibility and cushioning to the spine.1,2 The mechanical 

properties of the discs are important because they are load bearing and are susceptible to a 

number of degenerative processes resulting from aging and acute injury.2–7 Accurate 

characterization of the spine IVDs in situ during loading conditions and monitoring their 

recovery from loading is important to gain insight about degenerative changes to the tissue.3

Numerous approaches have been utilized to characterize the IVD.8–11 The focus of many 

studies has been on high-strain-rate injuries using animal or human cadaver models.7,8 

Measures such as external displacement, internal pressures, creep, and high loading rate 

properties have been characterized previously.9,12–15 While these studies provide important 

data, internal disc mechanics have different characteristics, and quantifying the behavior of 

internal disc mechanics is technically challenging for in vivo applications in humans.

Magnetic resonance imaging (MRI) offers the opportunity to characterize noninvasively the 

internal mechanical properties of the IVD. MRI has been used successfully to characterize 

internal strains in the myocardium16 and internal strain mapping in the human knee articular 

cartilage.17–19 Displacement-encoded MRI, a method that used tagging of MRI images and 

allowed for direct displacement measurements, has been shown to characterize internal 

strains in IVDs using cyclic loading in a two-dimensional plane.20 Three-dimensional (3D) 

strains have been characterized in ex vivo IVD samples under axial compression using high-

resolution MR and image registration techniques.21

Measurement of 3D internal IVD strains using dynamic loading and recovery schemes is 

challenging due to simultaneous tissue loading and data acquisition requirements and the 

need for high spatial and temporal resolution. Data acquisition of MRI volume with fast 

spatial and temporal coverage has been a requirement for dynamic imaging applications.22 A 

number of advances have helped to increase the efficiency of coverage including parallel 

imaging techniques such SMASH, SENSE, and GRAPPA.23–25 Compressed sensing (CS) is 

another strategy that allows undersampling of data below Nyquist criteria to accelerate data 

acquisition.26 CS methods can be effectively used when the data sampling scheme produces 

incoherent noise-like artifacts and works well for high-dimensional applications with image 

sparsity. While a number of modified Cartesian sampling schemes may be used, the 

incoherence achieved with these techniques does not fully exploit the capabilities of CS 

reconstructions.
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The golden-angle radial sparse parallel (GRASP) technique introduced earlier uses a 

combination of golden-angle radial trajectory with undersampling CS and parallel imaging. 

This technique allows for dynamic volumetric imaging with a flexible framework27,28 for 

MR acquisitions with high temporal and spatial resolution and is well suited for this 

application requiring synchronization with simultaneous mechanical loading and MRI data 

acquisition. The aim of this study was to apply the 3D-GRASP technique to quantify and 

assess 3D internal dynamic strains in the IVD with static mechanical loading of the IVD 

using an MRI-compatible ergometer.

Materials and Methods

Design of Experiments

In this study, strain was measured by loading the spine IVD with mechanical load. Loading 

of the spine was achieved using an MRI-compatible ergometer setup as shown in Fig. 1a.The 

MR-compatible ergometer (Orthospect; Ergospect, Innsbruck, Austria) was kept at the base 

of the MR scanner table and was able to deliver requisite static mechanical loads to the spine 

during the imaging using an external controller. The ergometer used pneumatic air resistance 

to deliver the load with air pressure hoses connecting from the ergometer to the controller 

and an air compressor located outside the MR scanner room.29 To prevent movement during 

the loading, the ergometer was placed on a vendor-provided vacuum platform with separate 

hoses to an external vacuum system outside the MR suite. The schematic in Fig. 1b shows 

the loading of the spine during the experiment. Compressive force is applied at the foot 

using the ergometer, and a vendor-provided harness with straps on the shoulder and waist 

was used to immobilize and minimize volunteer movements during the mechanical loading 

experiment. The harness was effective at dissipating the fixation pressure between the 

shoulder and the hips.

The experiment followed a rest-loading-recovery paradigm with continuous MR scanning 

done during IVD rest, loading, and recovery. The rest condition lasted for 2 minutes, loading 

condition for 5 minutes, and the recovery lasted for 5 minutes, respectively. The resting 

phase was used to establish baseline reference strain levels. During the loading condition, a 

user-controlled, static mechanical load was delivered to the subject. To determine the 

loading force to be used, a range of mechanical loading forces were tested. A loading force 

of 200 N/leg was determined to be comfortable for most subjects to bear during the 5-minute 

loading section of the imaging scan. With a total force of 400 N being delivered to the IVD, 

this represented 52.5% of the average body weight of the subject cohort in this study.

GRASP-MRI Protocol and Data Acquisition

All MRI scans were performed with a clinical 3-T MRI scanner (Prisma; Siemens 

Healthineers, Erlangen, Germany). A vendor-provided multiarray spine coil on the backside 

of the subject and a flexible 12-channel array coil on the front side of the subject were used. 

The imaging sequence consisted of a continuous MRI acquisition using a 3D golden-angle 

stack-of-stars trajectory that acquires in-plane radial spokes (Kx-Ky) and Cartesian sampling 

in the through-plane dimension. Radial spokes are acquired using a golden-angle ordering 

scheme, with consecutive spokes rotated by 111.246°.27 The MR imaging parameters were 
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repetition time = 5 msec, echo time = 2.5 msec, flip angle = 12°, field of view = 250 × 250 

mm2, slab thickness = 80 mm, matrix size = 256 × 256 × 40, voxel resolution = 0.98 × 0.98 

× 2 mm3, inplane orientation = along the sagittal direction, receiver bandwidth = 590 Hz/

pixel, and radial spokes = 3000 spokes. The total scan time for the rest, loading, and 

recovery was 12 minutes.

Strain Phantom Experiments

To simulate the effects of the loading on the spine IVD, a strain phantom was custom-

prepared to test the repeatability of this technique and to characterize the variation of strain 

with applied load. A silicone gel phantom was constructed (Sylgard 184 dielectric gel; Dow 

Corning, Midland, MI),20 with the two parts of the gel combined in a 10:1 ratio and mixed 

thoroughly. Vitamin E tablets were embedded in the gel as contrasting markers. The 

resulting gel was cured for 24 hours at room temperature to remove air bubbles.

To perform the experiment, the gel phantom was placed on a hard substrate and immersed in 

water. For loading, a fixed calibrated load was applied on the gel phantom, which allows for 

unconfined compression along four sides of the gel phantom. For the repeatability 

experiments, the loading and recovery experiments were repeated five times with a fixed 

load of 20 N. To test the variability of strain with load, the experiment was repeated with 

loads of 0 N, 10 N, 15 N, 20 N, and 25 N.

The MR protocol used for the phantom experiments were identical to the in vivo human 

experiments. Figure 2a shows a picture of the constructed strain gel phantom, and Fig. 2b 

shows the phantom under rest and loading conditions, with the three locations marked 1, 2, 

and 3 (placed approximately 1 cm apart), used for analysis, with the positions progressively 

moving away for the load contact point. To characterize the mechanical properties of the 

silicone gel phantom, additional mechanical testing was conducted.30 A stress relaxation 

experiment on the gel phantom was performed with controlled displacement and unconfined 

compression using mechanical testing equipment (ElectroForce 3200 Series II; Bose 

Electronics, Framingham, MA) running on WinTest 7 software (version 7.01 2013). A 

displacement rate of 0.05 mm/second was used starting with a compressive load of 0 N. The 

test was conducted until a displacement range of 5.2 mm (compressive load = 100 N) was 

achieved, and a total of 26,100 measurements were taken.

In Vivo Experiments

The in vivo human experiments were performed as a prospective study and was approved by 

the Institutional Review Board and Health Insurance Portability and Accountability Act 

compliant. Following written informed consent, eight healthy volunteers (four men and four 

women, mean age = 28 ± 5 years) were recruited for the study. Inclusion criteria for the 

study required that none of the subjects have a history of back pain, surgeries, or past spine 

injuries. Subjects were positioned supine with the legs strapped to the leg inserts of the 

ergometer. The volunteers wore the fixation harness, which was also strapped to the 

ergometer. Table 1 gives the details of loading and relevant demographic information in the 

cohort.

Menon et al. Page 4

J Magn Reson Imaging. Author manuscript; available in PMC 2021 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Postprocessing and Data Analysis

Figure 3a shows the postprocessing pipeline that is used for reconstruction of images using 

CS. The raw data from the scanner were used for offline reconstruction using custom 

software scripts using MATLAB (v 9.2.0; MathWorks, Natick, MA). Fast Fourier transform 

was applied to the raw data along the z-dimension to allow parallel reconstruction of the 

data. Coil sensitivity maps were calculated using the central k-space data using eigen-value-

based iterative self-consistent parallel image reconstruction.31 The continuously acquired 

radial spokes were regrouped to form a sparse data set consisting of 250 spokes per time 

frame, giving a temporal resolution of one 3D data set per minute. For the 12-minute scan, 

this would give two volume data sets for rest, and five each for loading and recovery 

conditions. The iterative GRASP reconstruction was formulated as shown in Eq. 1:

x = argminx y‐SFCx 2
2 + λ Tx 1 (1)

where x represents the reconstruction image, the vector y represents the captured k-data, S is 

the sampling pattern of the data, F is the Fourier transform, and C represents the coil 

sensitivity. The regularization penalty consists of the sparsifying transform T.

In this implementation, the sparsifying transform used was spatiotemporal finite 

differences32,33 with the temporal order and the spatial order set to 1. λ is the regularization 

parameter and is determined by running a series of test values on a log scale for one data set. 

This value of λ was used for all subsequent reconstructions of the data set. In this version of 

CS reconstruction, the monotone fast iterative shrinkage-thresholding algorithm with 

variable acceleration 34 was used for cost-function minimization.

Figure 3b shows the data analysis for strain calculations. The images from the CS 

reconstruction were used for further analysis. Of the 15 imaging time points, the two images 

at the transition (rest and loading, loading and recovery) were motion-corrupted and were 

discarded. The remaining 13 imaging time points were used for further analysis. There was 

bulk motion resulting from the application of load and beginning of the recovery period. The 

affected images were corrected for bulk motion using inbuilt MATLAB functions for image 

intensity-based registration. A translation-based rigid body motion correction was used that 

applies a global transformation to the moving image with the first image as the reference 

position.35

Deformation under loading condition results in subvoxel shifts.18 To determine these 

subvoxel shifts in the IVD segments as a result of the loading and recovery, an optical flow 

algorithm was used that estimates voxel image intensity-based velocity fields under the 

assumption that gray-level intensities are preserved during displacement, and any variation is 

attributable to motion.36,37 Five regions of interest (ROIs) were manually segmented (RGM) 

for the IVD segments between L1/L2, L2/L3, L3/L4, L4/L5, and L5/S1. Figure 4a shows the 

locations of the ROIs used in the study. The blue arrow shows the direction of static 

mechanical loading. Figure 4b shows the images that were used as an anatomical reference.
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The optical flow tracking algorithm estimates 3D motion deformation maps between each 

time point and the reference frame (first frame).36,37 The Lagrangian strain (SL) was 

calculated from the deformation fields and the reference as shown in Eq. 2:

SL = dL
L0

(2)

where dL is the change in length from deformation, and L0 is the reference length, in this 

case the voxel length in the particular direction. Displacement and strain fields were 

calculated in the rest, loading, and recovery conditions. To assess the repeatability of the 

strain measurements in vivo, three subjects underwent repeat scans under identical loading 

conditions as their previous scans. Three subjects underwent repeat scans under identical 

loading conditions as their previous scans, following a 6-month time gap.

Statistical Analysis

For each IVD segment, the change in strain from loading to recovery was compared across 

all subjects. Two tailed t-tests were used to compare the change in strain from load to 

recovery conditions, with the significance threshold set to 0.05. For the repeatability study, 

the mean and standard deviation (SD) across the two sessions for each ROI and each subject 

were calculated. Bland-Altman plots38 were calculated to quantify the agreement between 

the strain calculation in repeat measurements. Confidence intervals (95%) were estimated as 

1.96 times the SD of the differences between scan 1 and scan 2.39 In addition, the mean 

correlation coefficient (CC) was calculated for between the scans for each direction. For the 

repeatability studies in phantoms, the Pearson CC of displacement with load used in 

mechanical testing and MR phantom testing was calculated.

Results

Figure 3c,d shows the results from the silicone gel phantom. Figure 3c shows the results for 

repeatability under a fixed load of 20 N, at conditions for rest and loading. For repeatability 

after five consecutive measurements, the strain at position 1 during rest was −1.8 ± 0.1% and 

increased to −31.0 ± 1.4% during load. For position 2, the strain at rest was −1.4 ± 0.2% and 

increased to −16.4 ± 0.4% under load; and for position 3, the strain at rest was −1.3 ± 0.2% 

and increased to −6.2 ± 0.5%. Figure 3d shows the comparison of mechanical testing and 

MR-GRASP testing, demonstrating the variation of compressive strain with compressive 

load. For the loads tested in MR-GRASP, the strain values were closely correlated to 

mechanical testing, with a Pearson CC = 0.997.

Figure 4c shows the motion deformation maps along the three directions (dX, dY, and dZ) 

during rest, mechanical loading condition, and recovery. Figure 4d shows the calculated 

strain maps along the three directions (Sx, Sy, and Sz) during rest, loading, and recovery. 

During loading, along the Sx direction, the L3/L4, L4/L5, and the L5/S1 segments show 

maximum compressive strain in response to the loading condition.

Figure 5a,b shows the strain calculation results in two representative subjects. The figures 

show the strain maps along three directions for the duration of the experiment from rest, 
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load, through recovery. The results show the variation of strain among different subjects. 

Compressive strain is clearly observed during loading in the Sx direction in both subjects, 

which returns to baseline condition during recovery. The loading and recovery along Sy and 

Sz directions are more heterogeneous.

Figure 6a shows scatter plots for the mean strain in the five ROIs in scan 1 and scan 2, along 

with 95% confidence intervals. Figure 6b shows the Bland-Altman plots from the 

repeatability between scan 1 and scan 2 in three subjects in the ROIs for strain along Sx, Sy, 

and Sz directions. The mean correlation coefficients were 0.86, 0.94, and 0.94, along the Sx, 

Sy, and Sz, respectively.

Table 2 shows the calculated strain ranges during loading and recovery across all eight 

subjects in the three directions. Along the Sx direction, the minimum strain shown is the 

maximum compressive strain experienced by the respective IVD segment. During loading, 

the highest compressive strain is experienced by the L4/L5 segment (−7.5%). The change in 

strain from loading to recovery along the loading direction (Sx) is plotted in Fig. 7. The 

strain change between load and recovery was significant for L3/L4 (P = 0.017) and L4/L5 (P 
= 0.026) segments. The L4/L5 segment showed the greatest change in strain from the 

loading condition to recovery (2.2%), while the least change in strain was in the L1/L2 

segment (0.6%).

Discussion

In this study, we demonstrated the use of static mechanical loading with simultaneous and 

continuous MRI acquisition through rest, loading, and recovery conditions to measure 3D 

internal dynamic strains in the human IVD. These results suggest that it may be possible to 

investigate changes in internal dynamic strains in injury and degenerative conditions.

The in vivo strain data from human volunteers along the X, Y, and Z directions under load 

and recovery conditions show complex heterogeneous patterns. The data from this study 

suggest that the nature of the internal dynamic strains varies depending on the location of 

IVD segment, with the largest compressive strains seen in the L4/L5 segments. A high SD of 

minimum and maximum strains was observed among the subjects. This may be attributed to 

the fact that subject-dependent biomechanics, disc contact areas, body mass index, gender, 

and system creep may play a role in altering the values observed and were not controlled in 

this study. Additionally, the displacements calculated between rest and loading conditions 

are in the order of hundreds of micrometers. These values are unlikely to be visually 

perceptible in MRI. They necessitate the use of optical flow algorithms to calculate 

submillimeter variations in cartilage thickness. Without variation of contrast between the 

two conditions, the optical flow algorithm will fail to produce accurate displacements.

In this study, the peak strain was achieved shortly after the administration of static loading, 

but the recovery to baseline was gradual. In the healthy control subjects that were scanned, 

the recovery was achieved in the time frame of the experiment. These preliminary results 

suggest the potential to perform scans to assess dynamic strains using mechanical loading. 
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Further studies are required to establish normative values under control conditions and with 

patient studies.

While no gold standard exists for measurement of internal strains, in vivo and ex vivo 

studies report compressive strains in the range of 3% to 6%.20,40 The results of this study are 

in agreement with previous studies, despite methodological differences of experimentation.
20,40–42 In ex vivo studies, compressive loads up to 20% of failure loads are reported and 

compressive strains on the order 6% are noted.8 There are limited studies available that 

report internal strains using MR techniques.20,42 In the study by Chan and Neu,20 using the 

dual-MRI technique they calculated displacement and internal strains to be in the range of 

−4.5% to 0.2%. The technique used a cyclic loading paradigm that used load 

synchronization with data acquisition and used a displacement-encoding gradient. Similar to 

our study, they note the spatial variation and increased compressive strain in the loading 

direction, but the study limited their analysis to only the L4/L5 segment. In another study, 

O’Connell et al42 measured strain in ex vivo human IVD samples using texture correlation 

axial compression performed outside the MRI scanner, with the mean compressive strain 

was reported as 4.4%. In contrast to other ex vivo studies that measure overall change in disc 

height or volume, the results in our study provide displacement and strain calculated from 

every pixel in the selected ROI.41,42

In this study, we used a continuous GRASP-based acquisition, which offers some benefits in 

the context of dynamic strain mapping. The GRASP technique allows continuous MR 

scanning without the need to synchronize the data to loading and recovery conditions. 

Because the radial spokes used have an arbitrary order, the acquisition schemes allows to 

retrospectively window the data stream at arbitrary points and use it for data reconstruction. 

If a part of the experiment is corrupted due to bulk motion or subject movement, the radial 

spokes acquired during that time can be discarded. Additionally, the use of radial spokes has 

inherent motion robustness, as the center of k-space is regularly sampled. This scheme 

ensures uniform k-coverage between arbitrary numbers of consecutive spokes. Based on the 

desired temporal resolution, fewer spokes may be used as input to CS reconstruction. In this 

technique, sparse data combined with CS reconstruction offer the flexibility of high 

temporal resolution; this feature may potentially have diagnostic implications.

Limitations

The study uses a small cohort of subjects to show preliminary results. A larger cohort of 

control subjects and a bigger range of ages would serve better to establish a normative range 

of strain under mechanical loads and subsequent recovery. Inclusion of patients would 

provide more insight into variation of strain in pathological conditions. The ergometer is 18 

inches long and takes up a part of the patient table, thus reducing the available space for the 

patient. In this study, we were able to scan volunteers up to 72 inches in height, but it may be 

difficult to scan persons taller than that without experimental modifications. There was 

significant bulk motion between transitions of rest to loading conditions and loading to 

recovery conditions. Additionally, the technique also assumes accurate correction of bulk 

motion between rest and loading/recovery conditions and sufficient image resolution to 

prevent errors related to these factors. The errors produced by the optical flow algorithm 
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may propagate into the calculated results. The use of the GRASP technique for strain 

imaging utilizes offline retrospective reconstruction requiring high computational power to 

reconstruct images, and corrupted data have to be manually discarded.

Conclusion

We demonstrated the feasibility of using static mechanical loading of the IVD using a 

continuous GRASP-based MRI acquisition and retrospective flexible time windowing to 

quantify internal strains in the individual IVD segments. This study shows that by measuring 

the temporal evolution of strain during rest, loading, and recovery phases, dynamic strain 

information in the human spine IVD may be investigated.
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FIGURE 1: 
Experiment setup. (a) is the photograph of the experimental setup used for mechanical 

loading during the magnetic resonance imaging (MRI) scan, and (b) is the schematic of the 

experimental setup showing how the mechanical load is transferred to the spine. Standing 

mechanical load is applied at the foot using an ergometer, while the volunteer movement is 

restricted using a harness that distributes the fixation pressure to the waist and shoulders.
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FIGURE 2: 
Silicone gel phantom results. (a) is the picture of the constructed silicone gel phantom; (b) 

shows the positions where the strain was measured during load and recovery; (c) shows the 

repeatability measures after five measurements using a fixed load; and (d) shows the 

comparison of mechanical testing and magnetic resonance-golden-angle radial sparse 

parallel (MR-GRASP) that tested the variation of compressive load with strain.
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FIGURE 3: 
Postprocessing pipeline. (a) Compressed sensing (CS) reconstruction pipeline. Continuous 

golden-angle radial acquisition is for the magnetic resonance imaging (MRI) scan. The raw 

data are used to estimate coil sensitivity maps. The continuously acquired data are 

retrospectively windowed with a desired number of spokes to form an undersampled image 

time series. The undersampled k-data and coil sensitivity maps are used as input to the 

iterative CS algorithm to form the reconstructed images. (b) Continuous golden-angle radial 

sparse parallel (GRASP) data acquisition is performed during the rest, simulated static 
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standing load phase, and the recovery phase. Following CS reconstruction, the image time 

series are corrected for bulk motion and coregistered. An optical flow algorithm is then used 

to calculate motion deformation maps. From these, the Lagrangian strain is calculated for 

each phase (rest through recovery).
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FIGURE 4: 
Motion deformation maps. (a) shows the location of the five regions of interest (ROIs) to be 

used for analysis. The blue arrow shows the direction of static loading targeted at the 

intervertebral disc (IVD). (b) The figure serves as the anatomical reference for (c) and (d). 

(c) shows example deformation maps in the IVD showing displacement (dX, dY, and dZ) for 

the rest, loading, and recovery phases. (d) shows the corresponding strain maps for the three 

principal directions.
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FIGURE 5: 
Strain maps. (a) shows the strain maps for subject 1, along three directions (Sx, Sy, and Sz) 

for the duration of the experiment from rest, load, through recovery. (b) shows the resulting 

strain maps for subject 2.

Menon et al. Page 17

J Magn Reson Imaging. Author manuscript; available in PMC 2021 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



FIGURE 6: 
Repeatability of strain in vivo. (a), (c), and (e) show the scatter plot of the strain 

measurements from scan 1 and scan 2 in the regions of interest (ROIs) tested for Sx, Sy, and 

Sz directions. Strong correlation coefficient measurements demonstrate the repeatability of 

the technique between scans. (d), (e), and (f) are the Bland-Altman plots showing data from 

the average of the scans plotted against the differences.
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FIGURE 7: 
Variation of strain with condition. This figure shows the graph of the change in strain from 

load to recovery along the Sx direction. The greatest change in strain is seen in the L4/L5 

segment. The strain change between load and recovery was significant for the L3/L4 (P = 

0.017) and L4/L5 (P = 0.026) segments.
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