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Abstract

The purpose of this study was to compare displacement behavior of cyclically loaded cadaveric
human intervertebral discs as measured noninvasively on a clinical 3.0T and a research 9.4T MRI
system. Intervertebral discs were cyclically compressed at physiologically relevant levels with the
same MRI-compatible loading device in the clinical and research systems. Displacement-encoded
imaging was synchronized to cyclic loading to measure displacements under applied loading with
MRI (dualMRI). Displacements from the two systems were compared individually using linear
regression and, across all specimens, using Bland-Altman analysis. In-plane displacement patterns
measured at 3.0T and 9.4T were qualitatively comparable and well correlated. Bland-Altman
analyses showed that over 90% of displacement values within the intervertebral disc regions of
interest lay within the limits of agreement. Measurement of displacement using dualMRI using a
3.0T clinical system is comparable to that of a 9.4T research system. Additional refinements of
software, technique implementation, and image processing have potential to improve agreement
between different MRI systems. Despite differences in MRI systems in this initial implementation,
this work demonstrates that dualMRI can be reliably implemented at multiple magnetic field
strengths, permitting translation of dualMRI for a variety of applications in the study of tissue and
biomaterial biomechanics.
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INTRODUCTION

The mechanical behavior is closely linked to tissue form and function, particularly in tissues
whose primary physiological role is the support of load. As a noninvasive imaging modality,
magnetic resonance imaging (MRI) has the capability of measuring not only the morphology
but also the biomechanics of tissues in their native mechanical environment (Glaser et al.,
2006; Neu and Walton, 2008; Zhong et al., 2010). Noninvasive measurement of
displacements under applied loading with MRI (dualMRI) can be implemented on both
clinical and high-field research MRI systems (Chan and Neu, 2012; Chan and Neu, 2013).
dualMRI involves the synchronization of cyclic loading, which is applied by an MRI-
compatible loading device, with displacement-encoded MRI. Numerous factors influence
the MRI-based measurement of displacements in biomaterials and tissues, including the
magnitude and frequency of cyclic loading, the geometry and configuration of the physical
environment, and inherent material properties of the tissue, which is often viscoelastic and
heterogeneous (Neu and Walton, 2008; Chan et al., 2009; Chan et al., 2011).

Conversely, the MRI acquisition technique and parameters, the software and hardware
limitations on different MRI systems, and the signal and contrast of the image could also
affect the measurement of displacements. The precision of the displacement-encoded MRI
sequences used with dualMRI is already known to depend on the signal-to-noise ratio and
also on the strength of the encoding gradient (Chan and Neu, 2012). Knowledge of how
displacements measured on a clinical MRI system compare to those measured on a higher
field research system would be of vital importance to the translation of dualMRI
applications to clinical use. Therefore, the goal of this study was to compare displacements
measured in a cyclically loaded intervertebral disc by dualMRI on a high-field (9.4 Tesla
(T)) research MRI system to those measured on a 3.0T clinical system under the same loads.

METHODS

Fresh-frozen human cadaveric lumbar spines (n = 3) were obtained from an organ and tissue
donation center (Unyts, Buffalo, NY) and thawed on ice prior to dissection. Motion
segments consisting of the 4t and 5" lumbar vertebral bodies and the intervertebral disc
were isolated and then potted with a fiberglass resin to be secured in a custom MRI-
compatible cyclic loading device. The device permitted cyclic axial compression of the disc
at 445 N in the superior-to-inferior direction. Load was applied for 1.5 seconds and then
fully released to permit tissue recovery, every 3 seconds, during the preconditioning period
and when synchronized with imaging as described below. The discs were wrapped in PBS-
soaked gauze to prevent desiccation of the disc during experiments.

Displacements were measured within the human intervertebral discs by dualMRI on a 9.4T
Bruker Biospec (Bruker Medical GMBH, Ettlington, Germany). The discs were cyclically
loaded, and, for each disc, dualMRI did not commence until a steady state load-
displacement response was achieved. dualMRI data was acquired with displacement
encoding with stimulated echoes (DENSE) and a true fast imaging under steady-state
precession (TrueFISP) sequence. Key acquisition parameters were as follows: echo time
(TE) = 1.6 ms, field of view (FOV) = 64 mm x 64 mm, spatial resolution = 234 pm x 234
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um, and slice thickness = 2 mm. Displacements were encoded at 0.32 rad/mm. After
imaging, discs were frozen at —20°C and later thawed at 4°C for the 3.0T experiments.

On the other hand, displacements were measured on a 3.0T clinical MRI system (General
Electric Signa HDx, Waukesha, WI) using displacement encoding with a single-shot fast
spin echo (SSFSE) acquisition. Load parameters were identical to those described
previously, and SSFSE acquisition parameters were TE = 62 ms, FOV = 180 mm x 180 mm,
spatial resolution = 703 pm x 703 pum, slice thickness = 3 mm, and displacements were
encoded at 0.14 rad/mm. Raw displacements from either system were not smoothed prior to
the following data analyses; however, because smoothing improves the precision of the
displacement measurement (Chan et al., 2012), the variance in raw displacement
measurements represent a conservative comparison between the two systems.

Regions of interest (ROIs) were manually selected for each specimen and each MRI system.
The selection of the ROI on the lower resolution images (3.0T data) was performed
independently of the ROI selection in data from the 9.4T system. Imaged volumes from the
9.4T and 3.0T experiments were manually registered to the same specimen-based coordinate
system to permit comparison. The size of the higher resolution 9.4T image was expanded to
replicate the same FOV as the 3.0T data and then resized with bicubic interpolation to
reduce the spatial resolution, generating an image with the same size (256 x 256 pixels) as
the 3.0T image. The same image expansion and interpolation was performed for the
displacement maps and ROIs for each specimen. Only points that lay within both the 3.0T
intervertebral disc ROI and the reshaped 9.4T ROI were chosen for analysis to eliminate
differences resulting from the manual ROI selection and the interpolation process.
Displacements in the x (transverse to loading) and y (aligned with loading) directions were
compared with a linear regression within each specimen. A Bland-Altman analysis was also
performed, with the limits of agreement defined as the bias (i.e., average difference) + 1.96
x the standard deviation of the differences (Bland and Altman, 1986).

The signal-to-noise ratios of the disc regions of interest in the displacement-encoded images
were comparable at 11.13 + 4.61 and 11.15+£2.50 on the 9.4T and 3.0T systems,
respectively. Displacements in x and y (dx and dy) measured at 9.4T qualitatively showed
similar patterns to those measured at 3.0T (Figure 1). Linear regressions between dx on the
9.4T and dx on the 3.0T showed agreement ranging R? = 0.66-0.85, and a similar analysis
between the 9.4T and 3.0T dy values resulted in R2 = 0.39-0.82 (Figure 2). The standard
deviation of differences in displacements ranged from 0.21 to 0.26 mm in x and from 0.13 to
0.22 mm in y in individual discs, with limits of agreement defined as 1.96 times that
standard deviation (Table 1). The combined disc analysis resulted in a standard deviation of
0.52 mm for dx and 0.27 mm for dy. Bland-Altman analyses within each specimen showed
that a majority (i.e. a range from 92.9% to 96.5%) of displacement values were within the
limits of agreement (Figure 3). After grouping all specimens, Bland-Altman analysis showed
that 93.4% and 94.1% of dx and dy values agreed (Figure 4). However, the mean differences
between dx and dy values of the 3.0T and the 9.4T measurements across all specimens were
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0.12 and 0.26 mm, respectively, which were comparable or less than the image pixel
dimensions acquired at 9.4T.

DISCUSSION

This study demonstrates similar displacements measured at two different field strengths
using dualMRI in the intervertebral disc. Previous studies of intervertebral disc mechanics
have used various MRI techniques to compute internal strains via digital image correlation
(Gilchrist et al., 2004; O’Connell et al., 2007), tissue stiffness via MR elastography (Cortes
et al., 2013), and material properties via correlations to quantitative MRI biomarkers
(Antoniou et al., 2013). These and similar MRI-related techniques have also been applied to
a variety of other biomechanically relevant soft tissue systems (Herberhold et al., 1999;
Hardy et al., 2005; Subburaj et al., 2012).

As expected, displacements within the intervertebral discs reflected both the material
properties and the specific loading environment. Qualitative comparison of the displacement
fields shows that the bulging of the disc, as evidenced by the dx fields, was consistent under
the same cyclic axial compression. The dy fields also showed a greater displacement on one
side of the disc than the other, in response to axial compression. However, the displacements
measured at 3.0T appeared more diffuse, possibly because of the lower initial spatial
resolution at that field.

In comparing the displacement fields measured at 3.0 and 9.4 T, differences in dx and dy can
be attributable to the use of two inherently different hardware and software systems,
biological variations, and other factors, all of which are discussed further below. The linear
correlation analysis shows a varying degree of correspondence between displacements at 3.0
and 9.4 T (R? = 0.39 to 0.85, Figure 2). Although this analysis is based on a paired design, it
is important to note that a number of factors that can affect differences in displacements may
not be linear. These include spatial inhomogeneities of the main and gradient magnetic
fields, biological variability both between discs and within the same disc after time and
handling, and differences in the mechanical systems. Although a multi-factored analysis of
variance could also be performed to test several of these factors, that experimental design is
challenging in part due to the limited lifespan of biological specimen during repeated testing
and the cost-prohibitive imaging time required on MRI systems.

Despite the range of coefficients of variation in the linear analysis, the 3.0T data showed
good agreement with the displacements measured at 9.4T under a Bland-Altman analysis
(Figure 3), a method that quantifies the agreement between two different measurement
techniques without assumptions of linear correlation (Bland and Altman, 1986). The
measurement of the difference between displacement values at each point also permitted
displacements across all specimens to be compared between 3.0T and 9.4T with a pooled
Bland-Altman analysis (Figure 4), which takes into account the differences between field
strengths in all the specimens. Therefore, the variability in difference values inherent to
biological variability (between different discs) and repeatability of the mechanics (within the
same disc) are also included in the limits of agreement of the pooled analysis, in addition to
differences inherent to the imaging itself.
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Interestingly, the Bland-Altman analysis showed that the mean difference between the two
systems in both dx and dy were non-zero. Because the pulse sequence on both systems and
the image processing balance the encoding and un-encoding actions, in theory there should
be no difference in displacement values due to the imaging systems. However, in practice,
MRI systems have their unique technical limitations, so displacement measurements on the
two systems can be biased by inhomogeneities in the magnetic field, imperfect gradient
timings, and other hardware limitations that affect the generation and measurement of signal
phase. To remedy this within each system, a separate no-load calibration scan can be
performed with the specimen prior to any loading to aid in removing any sample-specific
and location-dependent bias during image processing. However, this essentially doubles the
total scan time, leaving a no-load calibration scan of a non-moving imaging phantom as a
faster, but possibly less effective, method of reducing system-specific biases.

Because the method of filtering can have an effect on the precision of the displacement
measurements (Chan et al., 2012), only the raw displacements, before any smoothing, were
examined in this study. We have previously shown that displacement precision also depends
on the SNR (Neu et al., 2005; Chan et al., 2012), and image parameters permitted a similar
SNR between both systems for this study. Increases in SNR on both systems would
presumably improve the correlations and agreement measures. While it would be ideal to
vary only the strength of the main magnetic field, there were also differences in the strength
of the encoding gradient, the acquisition sequence used to measure displacement-encoded
data, and the spatial resolution due to the software and hardware limitations of the two
systems in this study. For example, the selection of the imaging slice was based on
visualizing landmarks, and the resulting images do not depict identical disc morphologies,
especially considering that imaging parameters limit the 3.0T system to 3-mm thick, and 18-
mm wide slices. Nonetheless, in the typical circumstances that these displacement data
would be used, displacement fields would be smoothed within the regions of interest (Chan
et al., 2012) prior to calculations of strain. Although the smoothing parameters would be
chosen based on spatial resolution as well as the geometry of the region of interest, the
difference between equivalent displacement-encoded images from two different systems
would be expected to be no worse than the raw displacement (i.e. without smoothing)
condition.

Another consideration in this study, as mentioned above, is the difference in the loading
environment between the 9.4T and 3.0T systems. Indeed, the design of a loading apparatus
is specific to the desired mechanism, in this case axial compression, as well as constrained
by the interface with the imaging hardware. On the 9.4T system, the loading device is
supported by a manual gantry and secured to the MRI system with positioning screws. On
the 3.0T system, designed primarily for patient use, the loading apparatus was placed on the
automatic gantry with supports underneath to hold its position. However, there was no
physical attachment of the loading apparatus to the clinical MRI system, so slight variations
in the alignment and orientation of the apparatus, which includes the specimen, to the
coordinate system of the magnet are also possible. In addition, there may be variations due
to the replacement of the potted disc in the loading apparatus for the 3.0T study after it was
removed for storage following the 9.4T experiments. An extra freeze-thaw cycle, which was
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a logistical necessity between experiments, could also have affected the mechanical
properties of the disc itself, since freezing is known to affect characterization of cartilage
mechanics (Willett et al., 2005). The transport and storage of the discs between testing could
also have affected the hydration state of the discs, which would in turn alter their mechanical
behavior under compression, though care was taken to minimize hydration state changes
through the use of PBS-soaked gauze that completed wrapped the exposed areas of the discs.

Further studies could eliminate the potential for mechanical differences that occur with time,
degradation, and storage by using non-biological (e.g. silicone gel) materials. However, few
non-biological materials share the viscoelastic and heterogeneous behavior of biomaterials
and tissues, potentially limiting the usefulness of such a comparison between systems.

In conclusion, despite inherent differences in 9.4T and 3.0T MRI systems, displacements
measured at the two magnetic field strengths correspond qualitatively and quantitatively,
according to Bland-Altman analysis. Further research should focus on using a non-biologic
material for comparisons and endeavor to reproduce as many of the same hardware,
software, and imaging parameters as possible on the compared systems. Additionally, it is
important to note that for every new loading apparatus design, differing software
implementation, or MRI system, an analysis of internal consistency should be performed to
assess displacement bias and precision, in addition to comparisons with previously validated
systems. Nonetheless, the results of this study indicate promise that displacements and
strains measured on a clinical 3.0T MRI system can be used to characterize mechanical
behavior with dualMRI. Translation of dualMRI from research to clinical systems could
permit the visualization of the biomechanical response to various loading states, including
shear and torsion, in intervertebral discs and other soft orthopaedic tissues.
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Cyclic Axial
Compression

Figure 1. Displacements measured on research (9.4T) and clinical (3.0T) MRI systems under
applied loading
Cyclic compression was applied using an MRI-compatible apparatus along the superior-to-

inferior axis of cadaveric human intervertebral discs. In-plane displacements were measured
in the coronal plane through the widest part of the intervertebral disc in the direction of
loading (y) and the direction transverse to loading (x). The high spatial resolution of the 9.4T
images, shown here before adjustments were made to match the spatial resolution of the
3.0T acquisition, permits a better representation of the spatial variations in displacements
within the disc, as well as a broader range of displacement values.
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Figure 2. Linear regression comparisons of displacements measured at 9.4 and 3.0 T in
individual discs

Displacements in x and y were measured during axial compression and compared for each
overlapping point in regions of interest for each of three disc specimens. In order to
encompass all sources of variability in the systems, displacements were not smoothed prior
to this comparison. Correlation coefficients (R?) varied from 0.39 to 0.85. Despite numerous
sources of differences between the MRI systems (e.g. voxel size) and set up (e.g. specimen
positioning), agreement in the correlation coefficient data was observed, with additional
analysis presented in Figure 3.
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Figure 3. Bland-Altman analyses were performed to compare displacements measured at 9.4T
and 3.0 T in individual discs

For each point, the mean of and the difference between displacements in x and y were
plotted to visualize the agreement between the two systems. Between 92.9% and 96.5% of
the points of interest fall within the limits of agreement, as listed in Table 1.
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Figure 4. Bland-Altman analysis was performed to compare displacements measured in all discs
Taking the values for all points of interest across all the discs, the mean and difference

between x and y displacements were calculated and compared. Values for dx and dy showed
that 93.4% and 94.1% of displacement values lay within the limits of agreement, with
standard deviations of 0.52 and 0.27 mm, respectively.
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Mean difference and limits of agreement (as defined as 1.96 times the standard deviation) of displacements in
the loading (y) and transverse (x) directions were calculated based on a Bland-Altman analysis of the
individual specimens and the combined data.

Displacement direction

Lower limit of agreement

Mean difference [mm]

Upper limit of agreement

[mm] [mm]
X -0.40 0.12 0.64

Disc 1
y 0.00 0.44 0.88
X -0.77 -0.36 0.06

Disc 2
y -0.02 0.31 0.64
X 0.31 0.80 1.30

Disc 3
y -0.30 -0.05 0.20
X -0.90 0.12 1.13

Combined Data

y -0.26 0.26 0.78
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