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Intervertebral disc architecture from MRI

A non-destructive method to distinguish the internal constituent
architecture of the intervertebral discs using 9.4 Tesla MRI.

Introduction

The intervertebral disc (IVD) plays a crucial role in the mechanics of the spine,
allowing articulation between the vertebrae. Even minoagges in the IVD,
whether biological or structural, have the potential to cade into greater
irregularities and significantly affect the biomechanidanctions of the spine.
Consequently, it is one of the major sites for back pain, Wwhipproximately 70%
of the population will experience at some point in their kvdl].

Detailed information on the substructure of the IVD is udyalbtained from
histological slices [2, 3]. This technique has limitationsie to being two-dimensional
and destructive. Two dimensional micrographs cannot ml®vaccurate height-width-
depth as well as spatial orientation details due to seatiprplane alignment and
orientation. Hence, there is an element of "educated guesisvinvolved in
understanding such information, which may affect the teliy and consistency of
the interpretations. Lack of coherent information along tB° direction is particularly
disadvantageous when characterising highly three dimmraedistructures such as
IVDs. For instance, the lamellae in the annulus fibrosus )(&Fe curved in their
macro state and there exists an alternating fibre patterthé adjoining lamellae.
This fibre orientation is nearly impossible to visualise an2D histological section.
A three-dimensional method could provide clearer and frtinformation, for
example on the morphology of the lamellae within the AF, oe tlocation of
annular tears, and could have diagnostic applications vidtre non-destructive.
Such a technique could also be used pre-clinically duringvitro testing in which
different interventions are compared, or for generatingwate computational
models of the IVD.

Ultra high-field strength magnetic resonance imaging (MBystems (4 - 9.4T) are
an emerging technology for clinical applications. Theirpadilties, such as
improved signal to noise ratio (SNR) and higher spatial fe8@mn, have potential for
improved imaging of tissues. The technology has been showproduce favourable
results for imaging of brain tissue, but cardiac and abda@himpplications have
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Intervertebral disc architecture from MRI

posed a greater challenge [4-8]. As yet, the use of ultrd+Higld MRI for spinal
applications has been relatively limited. Therefore thésea need to examine this
imaging methodology for spinal tissue structures, to assé®e feasibility of
obtaining relevant structural and biological informatjoms well as identifying suitable
imaging protocols.

Visualisation of the IVD would benefit from higher resolmi due to the multiple
structurally distinctive constituents. The hydrated reud pulposus (NP) provides a
high signal. The AF consists of multiple lamellae and therdiborientation is
completely different in these alternating layers, exlnlgta criss-cross pattern.
Consequently the signal intensity wil change dependingtba fibre direction. The
IVD endplate (EP) also gives rise to different signal intéies due to its
cartilaginous and bony components. The aim of this study wadnvestigate the
potential of ultra-high field strength MRI to obtain higheuality 3D volumetric MRI
data sets of the IVD in order to better distinguish structutatails. Two potentially
suitable protocols were investigated and comparisons waede with histological

imaging of the same IVD.

Materials and Methods
Sample Preparation

Two spines from 5-6 year old sheep (Texel-cross) were oletifrom a local
abattoir, within 24-hrs of slaughter, with veterinary appal. The sheep weighed
approximately 40 kg. Two spinal segments (one from each ss)pitcontaining the
C7-T1 and T2-T3 IVD and adjoining vertebrae were separatedyvested. Each
segment, after securing in a bench grip, was trimmed criyn@atd caudally by
sawing through the vertebral bone close to the vertebralpdatd. The posterior
bony elements were removed close to the posterior marginhefuertebral bodies.
The surrounding soft-tissue including the ligamentousustiires was also removed.
The final trimmed segment was approximately 25 mm in diametad 20 mm in
height. The segments were wrapped in phosphate buffereidesdPBS) soaked
paper tissues in order to keep them moist and to avoid dryipgduring the
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Intervertebral disc architecture from MRI

handling and freezing. PBS was used due to its isotonicitybs&equently the
segments were stored at -20°C.

Prior to MRI scanning, samples were defrosted overnight &.3The sample
dimensions were checked during every intermediate stephefgrocess and no
measureable changes were found. The samples were pogitiona MRI-safe
polymer container with the anterior-posterior directiomdugh the specimen mid-
sagittal plane marked on the exposed vertebral bony surfafcthe specimen. This
marked direction was used to align the specimen during miognih order to
acquire images in the anterior-posterior sagittal or cadoplanes of the sample.
The containers were sealed with screw-tightened lids dusmanning to minimise

dehydration.

In view of different possibilties for the change in strucal geometry of the sample
or loss of material during the decalcification process, astpae calcification MRI
scan was also performed with the same pre-decalcificatioansing parameters in
place. The objective was to minimise the geometrical dipamcies between the
scanning and the histology procedures.

MR Imaging and Analysis

MR imaging was performed on a 9.4T scanner having a 89mm natediameter
vertical bore (AVANCETM Il 400 MHz laboratory NMR system, 8ker, Switzerland)
at a temperature of 22 + 0.5C The RF coil is; 30 mm diameter, birdcage, 1H
coil. 3-dimensional (3D) spin echo (SE) and gradient echd&)&ecquisition
technigues were used to achieve high spatial resolutioh vibtropic voxel
dimensions. Given the long acquisition times only one pussgquence was applied
to each sample to avoid excessive dehydration of the fresdicepens. The first
sample (C7T1) was imaged using a 3D SE multislice-multiegqudse sequence
(MSME) and the second sample (T2T3) was imaged using a 3DlesgdbE pulse
sequence (Fast Low-Angle Shot — FLASH). The SE and GE-baseldepsequences
provide complementary information: the SE pulse sequene@s whosen as the use
of multiple 180° RF refocusing pulses minimises the effe€tnoagnetic field
homogeneities induced by the differing magnetic suscdipéls of the different
tissue components, therefore resulting an overall highignal-to-noise ratio. The
absence of the 180° refocusing pulse in the GE sequence tsefulsignal
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Intervertebral disc architecture from MRI

intensities that are infuenced by variations in magnetics e ptibility (known as
susceptibilty weighted or T2weighted contrast). The absence of the 180° RF pulse
and the use of a low flip angle excitation pulse allows a mudiorser repetition

time to be used for the GE pulse sequence in comparison to thepSlse

sequence, enabling a much higher acquisition matrix to bgquaed within a
comparable acquisition time.

The image acquisition parameters for each pulse sequeneegien in Table 1.

Although the SNR is not an absolute measure for quality ofm@alical images, it is
the most popularly used quantitative method both for asgmsthe quality of
images and for evaluating the effectiveness of image enbarent and signal
processing techniques [9i]. When the magnitude images aeutated from a
single set of complex raw data and the spatial distributidhnoise is
homogeneous, the commonly used technique is based on thelsigatistics in
two separate regions of interest (ROIs) from a single imagee in the tissue of
interest to determine the signal intensity, and one in thege background to
measure the noise intensity [10,11]. Therefore this methads selected, using a
similar approach to several published studies [12,13]. tdes to compare the
image quality from the two MR sequences, the SNR was measu®idg image
processing software (ImageJ Versionl1.45s, NIH, USA). Sapa rectangular areas
were selected within the AF, NP and in the vertebral bone exgipely. These
areas were copied through the image stack, and the conwsecslices were
checked to ensure that selected areas were within the coporeding region under
consideration. The mean value of the signal intensity focleaf these selected
areas was calculated. The largest possible rectangulaiomegutside the IVD in the
image background (air) was also selected, and the standawhtin of the
background noise intensity was calculated. The SNR for eaththe areas was
then determined by dividing its mean signal intensity by themndard deviation of

the background noise intensity.
The contrast-to-noise (CNR) ratio was calculated as

CNRa,b = (Sa _Sb)/sbgckground noise
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Intervertebral disc architecture from MRI

where S denotes sighal intensity, 'sd’ denotes standardiadiem, subscripts a and
b denote corresponding tissue constituents. The Relatioat@st (ReCon) was
calculated as

ReCony = [(Sa -Sb)/ (Sa +Sb)]x100

For each sample, five different images were randomly chogenSNR, CNR, and
relative contrast measurements. The mean value based orwahes of the five

images was finally obtained.
Comparison MR Image Stack with Histology

After the initial scanning, the C7-T1 sample was fixed in 1Q%v) neutral buffered
formalin. It was then transferred to 100 ml ethylenediaméteaacetic acid (EDTA)
of pH 7.0-7.4, for decalcification.[14] The sample was doobusly shaken and the
EDTA solution was replaced daily for a period of seven dayadaubsequently
every week for a minimum of 16 weeks. The specimen was imageidgumicro-
computed tomography (Scanco, microCT100, Switzerlanth) vai hydroxyapatite
phantom for bone mineral density calibration, in order tonfion that complete

decalcification had been achieved.

The specimen was then sectioned into two halves through tlagked mid anterior-
posterior line. The resulting right and left halves of thengzle were processed and
embedded separately in paraffin wax. Using a Leica RM22586romdme (Leica
Microsystems, Milton Keynes UK) b5um sections were obtaingairallel to the
anterior-posterior direction such that their orientatismas the same as the imaging
plane of the MRI. A selection of sections were stained witheheatoxylin & eosin
(H&E) and scanned using a slide scanner (Aperio AT2 -Leicarbbystems, Milton
Keynes UK)) with a 20 x objective lens. The digital microgresp were sequentially
arranged so that the complete stack represented images thenright lateral
margin through to the left lateral margin of the sample.

Since there was potential for changes in the structural getoynof the sample or
loss of material during the decalcification process, a pibestalcification MRI scan
was also performed using the same scanning parameters géxhe number of

averages). The objective was to minimise the geometricatm@ipancies between

the scanning and the histology procedures.
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Intervertebral disc architecture from MRI

From the post-decalcification MR image stack which consistof sequential sagittal
images between the right and left lateral margins of the &pen, the images
representing the sagittal section of the sample at 0.2, 0.8, and 0.8 proportional
distances between the right and left lateral margins werkected. These were
then compared with similarly selected histological micreghs using landmark
features and quantitative measurements. (Figures 1-3)

Results

The SNR and CNR values obtained in order to quantitativelynpare the images
between the different sequences and under different ciomditare given in Tables
2 and 3. In all scans, the nucleus produced the best signarelfbre, ReCon
values were calculated in relation to the signal intensifythe nucleus, and are
shown in Table 4. The SNR values obtained with SE imaging weigher than
those for GE images. It was also evident that when comparing fire and post-
decalcification images, while the SNR values for the postdlcification images
were better, the relative contrast remained largely ungeahexcept for the
vertebral bone marrow (Figure 4A and 4B). This was likely te Hue to the tissue
hydration taking place during the decalcification proce3ée relative contrast
between different constituents under GE was relatively poo

The GE images across the anterior AF of the T2T3 IVD showed Hhligshly
organized AF structure comprising of collagen fibres otedh at alternating
directions with successive layers. (Figure 4C and 4D) Thglarbetween these
alternating fibre directions was measured in ImageJ saftwhy drawing line
segments parallel to the fibre directions. As shown in Fgr, this angle was
found to be 59°.The MRI-histology comparison is presentadlTable 5 for

confirmation of the features seen on the MR images.

Discussion

Anatomically, the intervertebral disc exhibits three-@insional structural
characteristics. Using two-dimensional projection imegito study these
characteristics is not only challenging but can lead to eemous interpretations.
Recent advances in MRI hardware, software and pulse sequasign have
provided the capacity to acquire 3D volumetric MRI scans o thuman spine with
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Intervertebral disc architecture from MRI

nearly isotropic resolution under 0.5 ninfe.g. 3D FSE), compared to traditonal 2D
scans acquired with inter-slice gaps of around 3mm. Autdenaé&gme ntation
algorithms have been developed [9] that extract detailed r8presentations of the
IVDs from volumetric MRI. The introduction of phased arrapictechnology with an
increased number of coil elements [15], and increased f&ldngth, both of which
increase the baselne SNR, are particularly important fard@s that are notoriously
SNR deprived, for example, in the AF region of the IVD. Everotigh ultra-high-
field strength MR scanners are not yet common in the currdinical setting, there
is an upward trend in terms of field strength, allowing highresolution imaging as
well as an increased SNR for the acquired images. This opegnghe possibility
of capturing structural details that previously had not hemossible to distinguish in
vivo. In addition, small bore ultra-high field strength MRkanners are increasingly
being used in laboratory settings for in vitro studies. Thien af this study was to
examine the potential of ultra-high field MRI to visualisbet substructure of the
IVD. In order to confirm the details captured, histology dfet same sample was
carried out in a manner which allowed the comparison of sieldcMRI slices with
corresponding histological sections.

Two MRI pulse sequences were used in this study: gradientoeaxhd spin echo.
Each method has its own advantages as well as disadvantag@sinstance, a
gradient echo sequence allows faster image acquisitiom, @nmore sensitive to
magnetic susceptibility effects compared to spin echo, éesr in general spin echo

provides better SNR for the images.

The SNR ratio derived from the acquired images was highertli@er SE sequence.
This was partly a consequence of the larger voxel size cho®enhis sequence.
However, the GE (FLASH) sequence, helped by the higher spadisolution,
revealed more information about the IVD constituents. &pdin present in the IVD
is generally difficult to image with MRI, hence the use of gdidium chelates and
magic-angle imaging [16] have been suggested to improvelalisation. This study
indicates how ultra-high resolution imaging can provideefid structural information
of the collagen-rich IVD.

The consistently higher SNR values obtained for the resipeategions after
decalcification (Table 2) clearly suggested that tissuarhyion had taken place
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across the entire sample. However, importantly, when Re@alues were
considered (Table 4), the relative contrast between différregions remained
relatively the same except with the vertebral bone marrowverehReCon was
reduced by nearly 40% from the pre-decalcification valudisTindicated that the
hydration during decalcification was relatively similacr@ss the disc, but
substantially higher when the vertebral bone marrow regiovere under
consideration. Understandably the bone trabecular sirechas the capacity to
accommodate more water. Since the hydration was simiapssrthe disc it was
not an issue for consistent visualisation of structuraladstof the IVD.

The MRI-histology comparison confirmed that the featuressea on the MR images
were realistically related to the actual structures. (Fggd) It was evident from the
histology micrographs that lamellae thicknesses vary daam@ably. (Figure 2) MR
and histology images matched well in terms of the lamellaenhar, shape, position
and orientation. However, due to the relatively low numbdrvoxels across each
lamella, attempts were not made in this study to measure thekriess of the
lamellae. As such, on the MRI images, peaks and troughs ofgteyscale profile
along a selected length were used only to interpret the l@medlternation (Figure

3).

The lamellae architecture demonstrated here, especiadlyfibre alternating pattern,
is not visible in vivo using routine MR imaging pulse sequenprotocols and may
be impossible to visualise even when using specially optidi imaging protocols in
a high field (3T) clinical system. This alternating patteism also difficult to visualise
using normal 2D histological techniques across the whokcddue to its 3D
morphology. The identification of the lamellae structurerass the entire AF, the
lamellae discontinuities and the visualisation of fibrenles in the AF were only
possible due to the higher spatial resolution adopted in dtwedy. Furthermore it
faciltated clearer demarcation of the main IVD regionse tF, NP and the EP.
The technique presented here therefore exhibits the piatefor improved 3D
structural characterisation. It has important applicasioin computer aided simulation
of tissue structures since better definition of morpholodyring model development
certainly increases the accuracy of the simulation outceme
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There are also potential applications in minimally invasiprocedures and
microsurgery, where detailed preparation and surgicahpiag with the aid of high
resolution and three-dimensionally reconstructed MRladatould help individually
tailored, safe and precise surgical approaches.

Disc degeneration is associated with biochemical and molgdical changes.
Previously, planar morphological IVD measures (heightdtwiand shape) have
been studied in the context of IVD degeneration and ageioguniderstand the
symptoms and factors influencing the lower back pain [17]is| believed that disc
injuries such as needle punctures, annular tears or ruptucentribute towards disc
degeneration in the longer term. Intervertebral disc h&tion is a major cause of
back pain but the underlying mechanisms are still not wellerstood. Based on
animal studies Tampier et.al. [18] has suggested that foionaof clefts in weaker
areas in lamelae due to intradiscal pressure, and the msclmaterial advancing
through these clefts towards the periphery. Prime sitestli@se weaker areas are
where lamellae discontinuities exist or lamellae thickeersarrows. High resolution
3D volumetric data sets allow improved recognition of anyvadcement of nuclear
material through these sites, thereby faciltating earmteattion of prospective disc

herniation.

Adverse spinal loading is thought be a key driver for earlgadidegeneration.
Although there are studies that outline measurement oforeali strains, mostly
under axial loading, a matter that is under considerableculision is the lamellae
deformation pattern, particularly the inner layers, atiwas locations, under different
modes of loading (eg. flexion, extension). Here again, thesifive results of this
study demonstrate the potential of high resolution 3D dag¢dssto expand the

current understanding.

This study has highlighted the potential of ultra-highldiestrength MRI to obtain
higher quality 3D volumetric MRI data-sets for better stwral characterisation. The
extra-long acquisition times seen here pose a major limitaand a challenge for
clinical translation of the method.
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However, the technical development of MRI is still contingiand improvements in
hardware and detector systems are paving the way for moieieaiff image
acquisition. Recent technical and methodological devmlepts such as parallel MRI
technigues [19] and advances in signal processing [20] &eulting significantly
reduced acquisition times and have potentially opened newnaes for the clinical
application of ultra-high-field MRI. It is possible thatéhacquisition time could be
reduced by increasing the echo train length. Further workéeded to investigate
whether it is possible to identify the IVD lamellae architae in vitro through
optimisation of pulse sequences to obtain sufficient sgplasolution in a clinical 3T
MR system. If so, the findings could be compared with largeale MR imaging
methods which may enable characterisation of the IVD andldtquotentially be

translated to in vivo imaging.

In summary, the positive results of this study demonstrdte prospects of ultra-
high field strength MR to non-destructively characterides t3D structure of the IVD.
This has applications in pre-clinical testing, for examgteimaging in vitro
specimens before and after simulated interventions or iltghdegimes to examine
changes in substructure. In the longer term, if higher fisllength systems become
more widespread clinically, then their capacity to vissalithe disc substructure

mean they have the potential to become an important diadgnagol.
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Tables

Table 1. Acquisition parameters for the 9.4T images

Table 2. SNR values obtained for the different MR sequencesfopmed at
selected conditions of the two specimens. The signal andrnbise parameter
measurements were based on pixel grey values (intensity).

Table 3. CNR values obtained for the different MR sequencesfopmed at
selected conditions of the two specimens. The signal andrntbse parameter

measurements were based on pixel grey values (intensity).

Table 4. Relative contrast values obtained for the diffdr&éfR sequences
performed at selected conditions of the two specimens. Tigmad and the noise
parameter measurements were based on pixel grey valuesngiiy).

Table 5. Quantitative comparison of selected MRI sliceshwibrrespondingly
located histology micrographs

Figures

Figure 1. A selected MRI slice from the post-decalcificatiscan of the C7T1 IVD
and the corresponding histology micrograph. In both imadke circles indicate
comparative landmarks, vertical arrows indicate heightamerements, and the line
across the annulus is for lamellae counting.

Figure 2. Magnified image of the region in the histology neigraph in Figure 1,
showing the line drawn across the annulus on the virtualesidr lamellae

counting.

Figure 3. Greyscale variation plot along the corresponding drawn across the

annulus on the MR image for lamellae counting
Figure 4A. Selected slices from the C7-T1 disc pre decakifon, MSME sequence

Figure 4B. Selected slices from the C7-T1 disc post dededdibn, MSME
sequence (Supplemental digital content 1 —10 show additiomages for the C7-

T1 disc post decalcification)
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Intervertebral disc architecture from MRI

Figures 4C. & 4D. Selected slices from the T2-T3 disc, Flasgysence.
(Supplemental digital content 11 — 20 show additional imader the T2-T3 disc)

Figure 5. GE (FLASH) image located at the anterior marginstraf T2T3 VD,

demonstrating fibore angle measurement

Supplemental Digital Content

SDC 1 —-10; Additional images from the C7-T1 disc post deda&ion MSME

sequence

SDC 11 - 20; Additional images from the T2-T3 disc Flash sempe
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