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Synopsis:
Conventional MRI of the multiple sclerosis (MS) spinal cord offers low specificity to underlying
pathological processes taking place. Quantitative MRI metrics able to characterize damage at the
microstructural level are required. Of particular interest are those known to be sensitive to myelin
content, which can be generated via various different contrast mechanisms. It is important to assess the
specificity of such prospective myelin biomarkers to MS spinal cord pathology and validation studies
comparing MRI with histological findings are essential for this purpose. Here a comparison of myelinsensitive quantitative MRI metrics measured in MS and healthy ex vivo cord are presented.

Introduction
In people with multiple sclerosis (MS), demyelinating lesions in the spinal cord (SC) are a
frequent cause of neurological disability, and detection of such abnormalities via MRI is key
for diagnosis and determining prognosis1. Histopathology has shown that cord grey matter
(GM) demyelination is more prominent than in white matter (WM), extends beyond focal
lesions2, and does not respect anatomical boundaries3. Conventional MRI of the spinal cord
has limited sensitivity and specificity for underlying pathophysiology, therefore quantitative
MRI indices that assess tissue microstructure in vivo are sought. The performance of available
MRI indices in assessing SC tissue microstructure is uncertain, given the challenges associated
with performing reliable and robust measurement in the cord in vivo 4-6.
We present a comprehensive comparison in ex-vivo healthy and MS SC samples of quantitative
MRI metrics commonly adopted to investigate MS pathology in vivo, with a particular focus
on those thought to be sensitive to myelin content, as a first step towards the overall aim of
finding new non-invasive myelin biomarkers for more accurate prognosis, patient stratification
and treatment monitoring in MS.

Methods
3 healthy and 4 MS formalin-fixed SC samples underwent MRI examination, while immersed
in a 10mmol/L phosphate buffered saline solution. Imaging was performed using a 3T Philips
Achieva system (Philips Healthcare, Best, The Netherlands) with a 32-channel coil, with the
protocol described in table 1.
The following quantitative MRI indices were calculated: longitudinal (T 1) and transverse
relaxation times (T2 and T2*), magnetization transfer ratio (MTR), Magnetization transfer
saturation (MTsat), longitudinal relaxation rate (R1), Bound Pool Fraction (BPF), bound pool
transverse relaxation time (T2B), free-to-bound pool magnetization exchange rate (kFB),
macromolecular total volume (MTV), all using custom-written software in Matlab (The
Mathworks, Natick, MA); myelin water fraction (MWF), using the MERA toolbox7 ; and radial
diffusivity (RD) using the dtifit routine from FSL (FMRIB, Oxford, UK).
Regions-of-Interest (ROIs) were manually drawn for WM and GM in all slices in the healthy
samples, and for normal appearing WM (NAWM), normal appearing GM (NAGM) and lesions
(where visible) in all slices in the MS samples, on the (echo-averaged) multi-echo T2*weighted images.
Metrics were qualitatively compared by examining their distributions within different tissue
types, and through linear correlations. In particular, correlations of metrics considered sensitive
to myelin (namely BPF, MTV and MWF) with each other, and with other quantitative
measurements (from relaxation, diffusion and magnetization transfer) were explored.
Results
All the parameters calculated reproduce the expected contrast between tissue types in healthy
and normal appearing tissue: indices sensitive to myelination show higher values in
WM/NAWM compared to GM/NAGM and variation of normal contrast can be observed in
lesions in all parameters (figure 1). All of the myelin-sensitive metrics, such as MTR, MTsat,

BPF, MTV and MWF show reductions in lesion ROIs (examples highlighted by arrows in the
anatomical images), although with different intensity patterns.
In lesions parameter distributions shift towards higher or lower values (according to the metric
considered) when compared to WM/NAWM distributions (figure 2). Heterogeneity between
samples, possibly due to post mortem delay prior to fixation and/or different lengths of fixation
process, are likely to blur this separation for some of the metrics (e.g. T 1 and MTR).
Distributions are quantitatively summarized in table 2.
Linear correlations are explored between myelin-sensitive indices with other quantitative
metrics (figure 3). Weaker correlations are found with MT-based measurements (MTR and
MTsat) which are thought to be myelin-sensitive, although BPF is well correlated with MT sat.
In general, myelin-sensitive parameters are strongly correlated with each other, and with
relaxation times, with varying strengths, e.g. BPF is strongly correlated with T 2 but less so with
T1.
Discussion and Conclusions
We have presented preliminary results comparing several quantitative MRI indices commonly
proposed as potential myelin biomarkers.
Specific features of SC tissue microstructure (e.g. larger axons compared to the brain) and MS
SC pathology require quantitative MRI metrics to be validated for the specific case of SC
tissue, as some of the relationships between quantitative MRI measurements and tissue
properties may vary compared to the brain8.
The dataset presented here represents a unique opportunity to assess to what extent each
measure captures different pathological processes in MS lesions and/or more subtle tissue
damage extending beyond focal lesions in the SC.
Comparison of the MRI findings reported here with measures derived from histology is our
next step. Such an analysis will elucidate the potential of the current state-of-the-art of
quantitative MRI in the SC to outperform conventional MRI examination and specifically
measure myelin in MS pathology.
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Table 1
Summary of the sequence parameters for the quantitative MRI protocols considered in the
study, with the respective quantitative calculated metrics. Structural T1-w and T2-w scans, and
B1 and B0 field mapping sequences (Double Angle Method and Dual TE methods respectively)
were also performed in addition to the quantitative protocols listed in the table.

Figure 1
Quantitative MRI metrics estimated from the imaging protocol described in table 1, for one
representative healthy and three MS cases (top to bottom). Left to right: longitudinal relaxation
time (T1), relaxation rate (R1), transverse relaxation times (T2 and T2*), magnetization transfer
ratio (MTR), MT saturation (MT sat), Bound Pool Fraction (BPF), bound pool transverse
relaxation time (T2B), free-to-bound pool exchange rate (kFB), Macromolecular Total Volume
(MTV), Myelin Water Fraction (MWF), radial diffusivity (RD). Typical MS lesions are
highlighted in the T2*-weighted image for the MS samples to ease their visualisation in the
respective quantitative maps.

Figure 2
Distributions of quantitative MR parameters over the whole sections of all the samples for
different tissue types: white matter from healthy samples (dark blue), normal appearing white
matter from MS samples (light blue), grey matter from healthy samples (light green), normal
appearing grey matter from MS samples (dark green), and lesions in MS samples (red). ROIs
were manually drawn. Quantitative parameters are grouped according to their contrast
mechanism ‘family’: relaxation (black box), magnetization transfer (grey box), diffusion
(yellow box), and other myelin sensitive metrics in the blue box.

Table 2
Summary statistics for quantitative MRI parameters in different tissue types (healthy white
(WM) and grey matter (GM), and MS normal-appearing white (NAWM) and grey matter
(NAGM) and lesions). Median values and the 10th-90th percentiles ranges are reported.

Figure 3
Correlations between different MRI metrics. The same colour coding is used as in figure 2 to
identify different tissue types: healthy WM (dark blue), MS NAWM (light blue), healthy GM
(light green), MS NAGM (dark green), and MS lesions (red). Linear correlations are explored
for the three main myelin-sensitive measurements (BPF, MTV, MWF) with: relaxation (black
box), magnetization transfer (grey box), and diffusion metrics (yellow box) and against each
other (blue box). The linear correlation index r is reported for each correlation. Each entry in
the graph represents the mean value within a specific tissue type in each imaging slice.

