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Abstract

Quantitative magnetization transfer (QMT) imaging can provide indices describing the interactions
between free water protons and immobile macromolecular protons. These indices include the
macromolecular proton fraction (MPF), which has been shown to correlate with myelin content in
white matter. Because of the long scan times required for high-resolution spinal cord imaging,
gMT studies of the human spinal cord have not found wide-spread application. Herein, we
investigated whether these limitations could be overcome by utilizing only a single MT-weighted
acquisition and a reference measurement, as was recently proposed in the brain. High-resolution,
in vivo gMT data were obtained at 3.0 tesla in the spinal cords of healthy volunteers and patients
with relapsing remitting multiple sclerosis (MS). Low- and high-resolution acquisitions (low/high
resolution = 1x1x5 mm?3/0.65x0.65x5 mm3) with clinically acceptable scan times (12 min/7 min)
were evaluated. We also evaluated the reliability over time and the sensitivity of the model to the
assumptions made in the single-point method, both in disease and healthy tissue. Our findings
suggest that the single point qMT technique can provide maps of the MPF in the spinal cord in
vivo with excellent grey/white matter contrast, can be reliably obtained within reasonable scan
times, and are sensitive to MS pathology. Consistent with previous gMT studies in the brain, the
observed MPF values were higher in healthy white matter (0.16+0.01) than in grey matter
(0.13+0.01) and in MS lesions (0.09+0.01). The single point gMT technique applied at high
resolution provides an improved method for obtaining gMT in the human spinal cord and may
offer a reliable outcome measure for evaluating spinal cord disease.
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Introduction

The spinal cord is responsible for mediating neurological function between the brain and the
peripheral nervous system and is somatotopically organized — sensory information is
conveyed through the dorsal columns, while the lateral columns convey a significant
fraction of motor function. The integrity of these organized columns is vital to preserving
specific neurological function; therefore, even small spinal cord lesions (e.g multiple
sclerosis (MS)) can result in severe neurological impairment. While the absolute mechanism
of the pathophysiology of MS and nervous system tissue deterioration remains challenging
to unravel, there is a body of evidence that suggests that axonal loss resulting in spinal cord
atrophy may relate to clinical impairment (Cohen et al., 2012; Rocca et al., 2011).
Conventional MRI (i.e. spin-density, T1- and To-weighted) can be used to measure atrophy
or determine the location of inflammatory lesions in the spinal cord, but the relationship
between conventional MRI indices (e.g. atrophy, lesion burden) and nervous system
function and disease progression over time tends to be poor (Stankiewicz et al., 2009).

More quantitative MRI measurements, such as magnetization transfer (MT) and diffusion
tensor imaging (DTI) metrics have been applied to the cervical spinal cord to investigate the
relationship between neurological function and spinal cord microstructure (Cohen-Adad et
al., 2011; Ellingson et al., 2008; Filippi and Agosta, 2010; Freund et al., 2010; Nair et al.,
2010; Naismith et al., 2013; Oh et al., 2013; Poloni et al., 2011; Smith et al., 2009;
Zackowski et al., 2009). Importantly, as these measurements report on microstructural
changes that may precede atrophy, they potentially offer greater prediction of spinal cord
function than conventional methods. While quantitative MRI methods have shown promise
for characterizing spinal cord damage in diseases such as MS (Stroman et al., 2014;
Wheeler-Kingshott et al., 2014), widespread adoption has been challenged by the low signal
to noise ratio (SNR), long acquisition times, and sensitivity to motion.

The focus of this work is on magnetization transfer (MT) imaging. Briefly, in addition to
free water protons observed with conventional MRI, there are protons residing on immobile
macromolecules in tissue (Wolff and Balaban, 1989). Conventional MRI cannot image these
protons directly because their T, relaxation times are too short (/10 ps) to be captured by
typical readout schemes. However, these macromolecular protons communicate with the
surrounding water and, thus, can be indirectly imaged by exploiting this exchange, which is
referred to as the MT effect. Importantly, MT imaging can serve as a surrogate marker for
white matter myelin density in nervous system tissue (Koenig, 1991; Kucharczyk et al.,
1994; Schmierer et al., 2007) and, therefore, may be a more specific biomarker of disease
evolution. Despite this promise, MT imaging has faced significant challenges in the spinal
cord.

The contrast in an MT experiment is generated via application of a radiofrequency (RF)
irradiation pulse at an offset frequency with respect to water (Aw) to selectively saturate the
spectrally broad macromolecular protons. This saturation is then transferred to the free water
pool via MT, resulting in an observed signal attenuation. The MT effect is often semi-
quantitatively characterized via the MTR, which has been shown to correlate with myelin
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content (Schmierer et al., 2007). Unfortunately MTR is also sensitive to pulse sequence
design, By and By inhomogeneity (Berry et al., 1999), as well as by tissue relaxation times
and other non-MT-specific NMR parameters (Henkelman et al., 1993; Stanisz et al., 2005).
This limits the ability of researchers and clinicians to create a standard MTR metric to define
pathology. To overcome some of these limitations and to derive indices that are directly
reflective of MT phenomena, quantitative MT (QMT) has been developed and implemented
in the brain, but rarely in the spinal cord (Levesque et al., 2010b; Samson et al., 2013; Sled
and Pike, 2001; Smith et al., 2009; Stanisz et al., 2005). gMT typically requires images to be
acquired at multiple RF irradiation powers and/or offsets, generating a so-called MT z-
spectrum for each voxel (Hinton and Bryant, 1996). The resulting z-spectrum can then be fit
to a two (or more)-pool model to estimate quantitative indices, such as the macromolecular
proton fraction (MPF), defined as the macromolecular pool size divided by the sum of the
macromolecular and free pool sizes, or f, as reported by Yarnykh (2012), the MT exchange
rate from the macromolecular pool to the free pool (kpy), and the transverse and longitudinal
relaxation times for each pool (Stanisz et al., 2005). Often, the focus is on the MPF as it has
been shown to correlate well with white matter myelin density (Odrobina et al., 2005; Ou et
al., 2009; Schmierer et al., 2007; Underhill et al., 2011), and may offer a biomarker of
demyelination and axonal loss in white matter pathologies.

While gMT offers indices reflective of tissue physiology, translation of this methodology
into the spinal cord within a clinically feasible scan time has proven to be a challenge. Even
in the brain, collection of multi-power, multi-offset, high SNR, voxel-wise MT z-spectra can
result in scan times as long as 30-45 minutes for whole-brain coverage at low resolution
(Yarnykh, 2012). As the cord is small (only 1.5 cm in diameter at the cervical levels), with
its component white and grey matter groups on the order of millimeters, even higher
resolution is necessary, exacerbating the scan time problem. Additionally, at these high-
resolutions, transverse spinal cord motion resulting from cardiac and respiratory cycles, as
well as cerebrospinal fluid pulsation, can lead to substantial artifacts. Lastly, the spinal cord
is surrounded by large bones that create spatially varying susceptibility gradients.
Importantly for gMT, these susceptibility gradients can alter the effective B1 and By fields,
leading to spatially dependent RF powers and offset frequencies. Fortunately, when
performing gMT in the spinal cord, the model incorporates both B, and By corrections,
which can minimize the impact of spatially varying B, and By errors in the estimated MPF
value.

A new method to perform a gqMT analysis using only a single MT-weighted acquisition and
a reference measurement (no RF saturation) has been recently proposed for the brain
(Yarnykh, 2012). This method imposes constraints on the two-pool model in order to derive
quantitative maps of the MPF in tissue from a single offset measurement (n.b., additional Ty,
B4, and By measurements are also performed). Using this model, improved resolution or
reduced sensitivity to motion can potentially be realized in clinically relevant scan times,
making it a viable approach for the spinal cord. Thus, the goal of this study was to determine
the feasibility of translating this single-point approach to the cervical spinal cord as a means
of performing high resolution, rapid gqMT imaging. Toward this end, we performed in vivo
gMT in the cervical spinal cord of healthy controls and MS patients using (i) a low-
resolution, multi-offset and power MT acquisition with a full model fit (the gold-standard);
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and (ii) high-resolution, single-point fits using the optimal offset and power from numerical
simulations (c.f. Methods). We evaluated the robustness of the single-point methods and
sensitivity for disease in patients with MS. Additional numerical studies were performed to
assess the affect of the constraints on the single-point qMT parameters. Lastly, the
reproducibility of the acquisition and analysis methods was experimentally studied.

Materials and Methods

Data Acquisition

The local Institutional Review Board approved this study, and signed informed consent was
obtained prior to the examination. Data were obtained from ten healthy volunteers (5 male,
age range 23 — 28 years, mean age 25.6+1.7 years) and two female relapsing-remitting MS
(RRMS) patients (31 and 25 years) on a 3.0 tesla Philips Achieva scanner (Philips
Healthcare, Best, The Netherlands). A quadrature body coil was used for excitation and a
16-channel neurovascular coil was used for signal reception. A second acquisition was
acquired on five of the volunteers after a minimum of two weeks to address reproducibility.
The field-of-view (FOV) was centered between the C3 and C4 vertebral bodies, and
spanned, at minimum, the C2 to C5 vertebral levels in all subjects. Parallel imaging with
sensitivity encoding (SENSE) and second-order shimming was used to minimize image
artifacts arising from susceptibility differences between bone and tissue.

Two MT protocols were performed: 1) a low spatial resolution acquisition (1 x 1mm?) at 8
offsets (Aw) and 2 powers (apT) With a “full-fit” analysis (Yarnykh, 2002; Yarnykh and
Yuan, 2004) and 2) a high-resolution acquisition (0.65 x 0.65 mm?) at 1 offset and power
with a “single-point” analysis (Yarnykh, 2012). For the full-fit gMT experiment, MT-
weighted images were acquired using a 3D MT-prepared spoiled gradient echo sequence
(Sled and Pike, 2001) with a GRE readout, TR/TE/a = 50 ms/2.3 ms/6°, and SENSE
acceleration factor = 2. Nominal resolution was 1 x 1 mm? in-plane (reconstructed to 0.6 x
0.6mm?) over 12 slices (5 mm reconstructed slice thickness). Other parameters were: FOV =
150 x 150 mm?2, and 2 signal averages. MT weighting was achieved using a 20-ms, single-
lobed sinc pulse with Gaussian apodization, apt = 360° and 820°, and offset frequencies
(Aw) =1,15, 2,25, 8, 16, 32, 100 kHz (chosen to approximately logarithmically sample
the expected MT z-spectra (Yarnykh, 2012)). The total scan time for the low-resolution,
full-fit acquisition was 12 minutes, 15 seconds. High-resolution, single-point MT-data were
acquired using the same parameters, except: nominal in-plane resolution = 0.65 x 0.65 mm?,
and six signal averages. It should be noted that six signal averages for the single-point scan
were chosen to approximate the SNR of the full-fit acquisition while also minimizing
blurring due to intra-scan motion. MT weighting was achieved using the same pulse as the
full-fit experiment but at Aw = 2.5 and 100 kHz, and an apT of 820°. The single point RF
irradiation offset was chosen based on numerical simulations to minimize bias in the MPF
estimate (c.f. Results). The total scan time for the high-resolution, single-point acquisition
was 7 minutes.

To correct for By and By inhomogeneities across the spinal cord, B1 and By maps were
acquired using fast 3D techniques — Bg: dual-TE GRE with TR/TE/TE, = 50/4.6/6.9 ms
and a = 60°; By: dual-TR actual flip angle (AFI) GRE method (Yarnykh, 2007) with
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TR1/TRo/TE = 30/130/2.8 ms and a = 60°. Tq mapping was performed using a multiple flip
angle (MFA) acquisition with TR/TE = 20/4.6 ms and o =5, 10, 15, 20, 25, 30°. A high-
resolution multi-echo gradient echo (mFFE) scan was also performed and all echoes were
averaged to generate a high contrast reference image for registration (Held et al., 2003). The
mFFE was obtained with TR/TE/ATE = 700/7.2/8.8 ms and a = 28°. Nominal in-plane
resolution was 0.65 x 0.65 mm2. Acquisition times were 45 seconds for the By map, 1
minute 12 seconds for the B1 map, 1 minute 30 seconds for the T; map, and 5 minutes 30
seconds for the mFFE, resulting in a total acquisition time of ~32 minutes.

Image Processing

All data analyses were performed in MATLAB R2013a (Mathworks, Natick, MA). Prior to
data fitting, all images were cropped to an area immediately around the spinal cord and co-
registered to the mFFE volume using the FLIRT package from FSL v5.0.2.1 (FMRIB,
Oxford, UK) (Jenkinson et al., 2002; Jenkinson and Smith, 2001). The co-registration was
limited to translation and rotation (x5°) in-plane only (i.e. translation in x and y, and rotation
about the z-axis). Following co-registration, gMT parameter maps were generated for each
volunteer and patient using the full-fit gqMT model described in Yarnykh (2002) & Yarnykh
and Yuan (2004). This model contains six independent parameters: Rim, R1f, Tom, T2f, MPF
= Mom/ (Mgt + Mom), and Kms = Ksm™(1-MPF)/MPF. It has been shown that the signal
dependence on Ry, is weak (Henkelman et al., 1993; Morrison and Henkelman, 1995);
therefore, it was set to 1 s~1 for fitting purposes. R1ops (1/T10bs) Maps were reconstructed by
regressing MFA data to the spoiled gradient echo signal equation in the steady-state (Fram
etal., 1987). The resulting maps were then used to determine the parameter Ry¢ as described
by Yarnykh (2002) & Yarnykh and Yuan (2004). The remaining parameters were estimated
for each voxel by fitting the full-fit gMT data to the two-pool MT model (Yarnykh, 2002;
Yarnykh and Yuan, 2004). For all fitting, the nominal offset frequency and RF amplitudes
were corrected in each voxel using Bg and B, maps, respectively.

It has been shown that T, ks, and the product TofR15 can all be fixed during the fitting
process because they all exhibit relatively constant values across tissues (Yarnykh and Yuan,
2004). Note that Ty can be determined from the constrained T,fR15 value and an Rq¢
estimate from the MFA data, while k¢, can be determined using the first-order mass action
kinetics (Underhill et al., 2011). Thus, these constraints result in a model where MPF is the
only free parameter.

To estimate reasonable fixed parameter values for the single-point qMT analysis, histograms
of TofR15, Kmf, and T, Were created over the spinal cord for all slices and healthy
volunteers from the full-fit analysis, and the median value of each histogram was chosen to
enter into the single-point gMT analysis. Then, using the median values of the constraints
and the optimal offset and power (determined from the numerical analysis below), the high-
resolution, single-point data were analyzed to generate high-resolution MPF maps.

To numerically evaluate the error from only using a single offset to calculate MPF, Monte
Carlo simulations were performed. For the simulations, we chose to study white matter, but
also considered the case where the MPF and T1 may be altered to model changes that may
be experienced in pathologic conditions such as MS (so-called “lesion” in the Results). We
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do note, however, that modeling a lesion in this manner underestimates the complexity of
the disease process, but nevertheless provides an estimate of the bias in the MPF that may be
encountered in vivo in patient populations. All data were numerically generated from the
equations provided in Portnoy and Stanisz (2007). Gaussian noise was added to the data
(SNR = 70 at thermal equilibrium to match experimental studies), and a single-point
analysis was performed over 10,000 noise realizations for each of the following: (i) at each
sampled offset and power to numerically evaluate the optimal sampling parameters for the
single-point analysis, and (ii) over a range for fixed values for Ky, T2fR1f, and Ty, to
evaluate the potential bias generated by the incorrect assumptions about these values. For
the first set of simulations, the relative root mean square (RMS) error

_ \/ MPE,; — MPF..
(Relatlve RMS Error= MPE . * 100%, where MPFaCt and MPFeSt are

the actual and estimated MPF values, respectively) was calculated in order to assess the

combined effect of noise and bias for each combination of offset and power. For the second
. . |J\IPFact - ]\’IPFest|

set of simulations, only the bias (Relative Bias= NPT, * 100%) resulting

from the constrained parameters was assessed.

Statistical Analysis

Results

Mean MPF values for the single-point and the full-fit scans were calculated in the following
regions of interest (ROI) for each slice: dorsal column, left lateral column, right lateral
column, and grey matter, as shown in Fig. 1b. ROIs were placed manually using MIPAV
(NIH, Bethesda, MD) for each slice of each subject. In subjects with MS lesions, lesion
ROIls were placed fully circumscribing lesions identified on the mFFE, while white matter
and grey matter ROIs were placed in normal appearing regions in a similar fashion as the
healthy volunteers. Statistical comparisons were performed on the mean MPF values from
each ROI i) between the left and right lateral columns, ii) between the lateral and the dorsal
columns, iii) between white matter and grey matter, iv) across slices and across subjects, and
v) across time. Non-parametric Wilcoxon rank-sum tests were performed for the difference
tests and the Kruskal-Wallis (hon-parametric ANOVA) test was performed to evaluate
differences across slices and volunteers. To avoid confounds of multiple-comparisons, we
chose the significance threshold to be p < 0.01. Reproducibility and variability across time
was assessed using Bland-Altman analysis (Bland and Altman, 1986). For each time point,
each volunteer contributed a single MPF value for white matter (WM) and grey matter
(GM), which were averaged over the entire cord. As part of this analysis, the normalized
Bland-Altman difference (Dga), 95% confidence interval for the difference, and the limits
of agreement (1.96*SD of the difference across scans) were calculated.

Data Acquisition

Representative MT-weighted images in a healthy volunteer at the level of C3/4 are shown in
Fig. 1a, and corresponding high-resolution mFFE data are given in Fig. 1b. Note that the
cropped images shown in Fig. 1a and Fig. 1d-g are derived from the registration process (c.f.
Methods). Figure 1c shows mean ROI data (circles) placed in the lateral column white

Neuroimage. Author manuscript; available in PMC 2015 July 15.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Smith et al.

Page 7

matter of a healthy volunteer at powers = 360° (black) and 820° (blue). The solid lines
denote the full-fit gMT analysis, which agrees well with the experimental data (x2 = 0.005, p
< 0.001). Figure 1d shows the derived MPF map at the same level. Note that in the MPF
(and Rqgps) map, the grey matter is clearly delineated from the surrounding white matter as
indicated by lower MPF (and R1qps) Values in general. Note also the poor quality of the
fitting near tissue interfaces (such as the spinal cord bordering the CSF), which may be
related to a poor estimation of k¢ in these regions due to partial volume effects with CSF,
and may be further exacerbated by the choice of motion correction strategies, spatial
interpolation and within scan motion. For comparison, Rygps, Bg, and B, maps are shown in
Fig. 1e, f, and g respectively. The average T1 ops Values for the lateral columns, dorsal
column, and grey matter were found to be 1.24+0.20, 1.24+0.23, and 1.33+0.19 seconds,
respectively.

Figure 2 shows whole cord histograms for each single-point constrained parameter (Kms,
TofR1f, Tom) derived from the full-fit analysis approach over all healthy volunteers for white
matter and grey matter. All histograms have a single peak for each tissue type, although kit
and TosRy¢ are left-skewed with long tails at high values, and each histogram has similar
peaks across tissue types. The median values of each parameter used for single-point fitting
constraints were: Ky = 8.95 s71, TofR1¢ = 0.0232, Ty = 10.8 s.

Numerical Error Analysis

Figure 3 shows the numerical analysis of errors comparing full-fit qMT estimates of the
MPF to the single-point methods. The MPF relative RMS error as a function of RF offset
and power is shown in Fig. 3a for simulated healthy white matter (dashed) and lesion data
(solid). For healthy white matter, a minimum RMS error is seen for MT offsets between 1.5
and 3 kHz for both apt values. The lesion has a slightly greater RMS error over all offsets
and powers, but tracks with the healthy (dashed) values at intermediate offset values. In fact,
lesion and white matter RMS error were statistically indistinguishable at offsets = 1.5 to 3
kHz at apT = 820°.

The bias in the estimated MPF value associated with incorrect parameter choices for ks,
ToR1, and To, are shown in Fig. 3b, ¢, and d, respectively. Note that TofR1¢ and Ty, Stay
below 20% for all constrained parameter values and tissue types indicating that incorrect
assumptions for TfRq5 and Topy, values do not introduce a significant source of bias in the
MPF estimate. Incorrect assumptions about kyy can result in a significant level of MPF bias
in some cases, however, a 50% increase/decrease in k¢ will result in a 20% bias in the
observed MPF, or an over-/underestimation of only 0.02 for an MPF of 0.1. While the k¢
chosen for this analysis is chosen via histogram analysis derived from healthy control data,
simulations predict that the slightly elevated kgt in lesions biases estimates of the MPF by
less than 10%. The estimates for the other median MT parameters values in the MS patients
are similar to the healthy controls (kmf = 8.54 71, TR = 0.0311, and Toy, = 10.3 ps);
therefore, we do not expect assumptions regarding these parameters to be a significant
source of bias in lesions.
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Comparison to MS

Anatomical mFFE and MPF maps are displayed in Fig. 4. Figures 4a-c and Fig. 4d-f
illustrate results in two different healthy volunteers at the level of C3/4 with full-fit and
high-resolution single-point maps taken at Am = 2.5 kHz and a7 = 820°. Note that the
contrast is such that dense white matter regions (lateral, dorsal, and ventral columns) have a
higher MPF value (red) compared to the grey matter (green), while the CSF exhibits little to
no MT effect (blue). The single-point maps show contrast between white and grey matter
more clearly than the full-fit MPF maps, and agreed with the size and location of the
anatomical definition shown in the mFFE. Additionally, the single-point MPF shows more
consistent values in the CSF and at the boundary between the spinal cord and CSF. Note the
artifact in Fig. 4e (arrow), which is not seen in the single-point method. Since the constraints
are applied rather than calculated for each slice, aberrant data points (due to motion, or
pulsation) may have a smaller impact on the overall quality of the fit. Additionally, the
application of median values also reduces the artifacts that arise due to poor fitting at tissue
interfaces. Lastly, at higher resolution, the detail of the grey matter butterfly can be
appreciated in Fig. 4f. Figure 4g shows an mFFE at the level of C3/4 in a patient with
relapsing-remitting MS who presented with sensory deficits localized to lesions in the dorsal
column (Fig. 4g). The high-resolution, single-point MPF map (Fig. 4i) shows a reduced
MPF value (0.09+0.01) in the lesion compared to the lateral and ventral columns (red,
0.17+0.02) and compared to healthy control white matter (0.16+0.01). Importantly, the
single-point MPF maps show similar MPF values to the full-fit maps even when pathology
is present. While simulations (Fig. 3) predict an underestimation of the MPF of
approximately 5% due to the decrease in ks of approximately 0.5 s~2, this does not solely
explain the large decrease in MPF observed in the lesion. For example, if the normal white
matter MPF = 0.16, this underestimation would change this MPF estimate to 0.15, which is
still within one standard deviation of the normal white matter MPF. This is also the case
when looking at the MPF maps for the second MS patient (Fig. 4j-1). This patient presented
with difficulty walking, sensory and motor impairment; examination of the mFFE reveals
lesions in both lateral columns, and fasciculus gracilis of the dorsal column, but the ventral
columns appear intact. The MPF (Fig. 4k,l) corroborates the location of tissue damage and
the high-resolution single-point MPF map more clearly delineates intact ventral columns
(0.14+0.01) even though the majority of the cord shows a substantially lowered MPF
(0.07+£0.01) compared to healthy volunteers.

Figure 5 shows images of the MPF and the mFFE at spinal cord levels caudal to (Fig. 5a, b),
at the level of (Fig. 5c¢, d), and rostral to the dorsal column lesion (Fig. 5 e, f) in the first MS
patient. The MPF of the dorsal column lesion seen in Fig. 5d appears to not be well
visualized at more rostral and caudal levels. At the level of C2/3 (rostral to the dorsal
column lesion), the right lateral column appears to be normal on the mFFE, and this is
confirmed by the MPF values (C2/3:0.16+0.01, C3/4:0.09+0.01, C4/5:0.15+0.01), which
indicates the white matter MPF returns to normal values rostral and caudal to the lesion.

Statistical Analysis

Table 1 shows mean column wise MPF (SD) values over healthy controls and the p-value
for the Wilcoxon rank-sum comparison between the full-fit and single-point derived MPF.
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Importantly, there is no significant difference between the MPF estimates from each method
for white matter (p > 0.5), but a trend is noted for grey matter (p = 0.06), which is likely due
to the quality of the full-fit near tissue boundaries and especially in the small grey matter
structures.

Table 2 shows the p-values for Wilcoxon Rank-Sum comparisons across columns (Left vs.
Right Lateral Column, Dorsal Column vs. Lateral Column, and white matter vs. grey matter)
and Kruskal-Wallis comparisons across volunteers. There were no statistical differences
between left and right lateral columns (p = 0.39, p = 0.57) or between lateral and dorsal
columns (p = 0.43, p = 0.52) for either the single-point method or the full-fit analysis,
respectively. However, the MPF was significantly different between white and grey matter
for both the full-fit (p = 0.001) and the single-point fit (p < 0.001). When comparing across
volunteers and slices, there were no significant differences across slices and volunteers in
both the full-fit and single-point fit for all tissue types, indicating the ability for both single-
and full-fit analyses to robustly generate similar MPF values throughout the cervical spinal
cord. It should be pointed out that the Kruskal-Wallis test shows a trend towards
significance when comparing across volunteers with the single-point method.

Table 3 shows the Bland-Altman analysis of reproducibility of the MPF values for white and
grey matter. The confidence intervals for white and grey matter overlap zero for both the
full-fit and the single-point MPF and, thus, are not significantly different from time point
one to time point two. Interestingly, in white and grey matter, the single-point, high-
resolution images have approximately 2-fold smaller limits of agreement and 95%
confidence intervals, and also display lower Dgp Vvalues, indicating that the MPF derived
from single-point methods are less variable across time compared to the lower resolution
scans.

Discussion

The goal of this study was to demonstrate the feasibility of high-resolution MPF mapping of
the human spinal cord in vivo. We compared the MPF across volunteers, between left and
right lateral columns, between lateral and dorsal columns, between white and grey matter,
and evaluated the slice-wise variability as well as the test-retest reliability for white and grey
matter in the cervical spinal cord. We show that the MPF can be consistently obtained in
healthy volunteers, and that the MPF is significantly decreased in the lesions of patients with
MS. The ability to generate MPF maps from only a single gMT measurement may increase
the clinical applicability of spinal cord gMT imaging because of the opportunity to obtain
either high-resolution quantitative mapping, or rapid estimation (46 seconds/offset at 1x1x5
mm3) of the MPF at lower resolution.

Currently, gMT of the spinal cord at 3.0 tesla has been limited (Dortch et al., 2010),
although several semi-quantitative measurements using the MTR (Berry et al., 1999) and
MTCSF (Smith et al., 2005) have been reported (Cohen-Adad et al., 2011; Filippi and
Rocca, 2007; Grossman et al., 2000; Hickman et al., 2004; Rovaris et al., 2008). One
challenge facing the MTR and MTCSF is that they are sequence and scanner dependent
(Berry et al., 1999; Henkelman et al., 1993; Stanisz et al., 2005) and, therefore, cannot
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readily be used to quantitatively study tissue changes in the spinal cord across sites. In
contrast, gMT-derived MPF values have been shown to be scanner independent and
correlated with myelin content (Odrobina et al., 2005; Ou et al., 2009; Schmierer et al.,
2007; Underhill et al., 2011), but typically suffer from long acquisition times. Utilizing a
single-point gMT measurement (with appropriate constraints) estimates of the MPF can be
obtained in less time and at higher resolution. As can be seen from Fig. 4, the higher
resolution gained from only utilizing one off-resonance measurement provides benefits in
characterizing the MPF at tissue interfaces in the spinal cord. The increased resolution also
provides more accurate delineation of white and grey matter in healthy tissue, and
additionally allows for straightforward lesion detection in demyelinating diseases such as
MS. It should be pointed out that other novel methods have been presented to obviate the
long acquisition times and derive MT indices that quantitatively reflective the magnitude of
the MT effect (Samson et al., 2013). They differ from the method proposed in this
manuscript by employing a fit to the signal equation for an MT-prepared FLASH sequence
rather than imposing constraints on the two-pool model for MT.

It is important to note, that while MPF mapping of the human spinal cord in vivo has also
been limited (Dortch et al., 2010), MPF measurements of spinal cord white matter in this
study agree well with previously published MPF data in the brain (Yarnykh, 2012) for the
single-point methodology as well as the multi-point acquisitions (Levesque et al., 2010a).
The lack of significant differences between the lateral and dorsal columns could be related
to the fact that in the healthy cord, there are only subtle differences between the myelin
density of the dorsal and lateral column. The gMT-derived MPF values for grey matter are
also in good agreement with literature reports of grey matter in the brain.

Interestingly, when comparing the single-point and full-fit estimates of the MPF, a trend
towards significance is seen from the former when evaluating the MPF across healthy
volunteers. The complete analysis is shown in Table 2, which displays the results of the
Kruskal-Wallis (non-parametric ANOVA) test. When examining controls across slices and
across subjects, the full-fit displayed no significant variation across subjects (p > 0.1),
whereas the single-point MPF trended towards significance at the p = 0.01 level (p = 0.04
and p = 0.05, respectively). This is intriguing because it offers the possibility that the single-
point method may be sensitive to subtle differences between volunteers; or it may be that an
improvement in the resolution minimized sensitivity to tissue interfaces.

The test-retest values of the model also did not demonstrate significant bias, indicating the
model may be able to allow one to follow the MPF over time. Furthermore, as can be seen
from the Bland-Altman analysis shown in Table 3, the single-point analysis displayed less
variability over time than the full-fit analysis. This suggests that the temporal variability in
the single-point method is less susceptible to day-to-day variations in the scanner as well as
patient motion, potentially due to the constraints that are applied to generate the MPF index.
We should point out, however, that differences in resolution, SNR, and CNR play a role in
test-retest reliability, making it difficult to compare across protocols. Another confound is
that for high-resolution scans, the within scan motion can be greater and is challenging to
correct post-hoc, especially in the cord. Nevertheless, both the full-fit and single-point
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methods provide relatively robust test-retest reliability, which may have important
implications for tracking pathology.

When choosing constraints for the one-point analysis, care must be taken when choosing the
value for k¢, as substantially erroneous estimates of k¢ can lead to large variations in the
MPF estimates (Fig. 3). The median ks in the MS patients (ks = 8.54) was slightly
different from that observed in the controls (ky,s = 8.95), which may have lead to some of
the observed differences in the MPF when lesions are present. According to Figure 3, this
kmg error would lead to an inflation of the estimated MPF of < 5% in patients. This is also
seen experimentally in Fig. 4h, j, k, and I, where, although there are minor differences
between the full-fit and single-point MPF maps, the overall spatial correspondence of the
lesion and magnitude of the estimated MPF are similar. When comparing the single-point
MPF map of the patients to the anatomical images, the single-point, high-resolution MPF
image more accurately depicts the pathology seen in the anatomical image, indicating that
any small inaccuracies in the MPF do not change the impression of decreased MPF in
lesions and are tolerable when considering trade-offs with respect to motion artifacts, etc.
This is also the case when examining the areas around the lesion, where the MPF does not
show appreciable partial volume effects.

The current clinical gold standard for visualizing white matter pathology is the MTR,
however, it has been shown to be sensitive to B; and By effects, pulse sequence design,
hardware limitations, and scanner field strength (Berry et al., 1999; Henkelman et al., 1993;
Stanisz et al., 2005). Nevertheless, it is important to cast the findings of our single-point
method in light of the conventional MTR. To compare the single-point qMT-derived MPF to
the MTR, we calculated the MTR using the high-resolution single-point MT data (apmT =
820°, Aw = 2.5kHz) which is defined as: MTR = 1-S(Aw)/Sp, where S(Am) and Sy are the
signals obtained with and without RF irradiation, respectively. Similar to the MPF, the MTR
in healthy controls shows no differences between dorsal (0.45+0.02) and lateral (0.45+0.02)
columns (p=0.68), but significant differences between white (0.45+0.02) and grey
(0.42+0.02) matter (p = 0.009) are noted and expected. However, the MTR across slices and
volunteers shows significant differences (Kruskal-Wallis, p < 0.001). While it is difficult to
assume that either the MPF or MTR should (or should not) be different across volunteers, it
has been shown that over a small segment of the spinal cord, tissue relaxation and myelin
density should not vary significantly. Thus, we hypothesize that a measure sensitive to these
phenomena should also not be different. Since the MTR varies over slices for healthy
volunteers whereas the MPF does not, we postulate that the B4, B, and T correction
applied to generate the MPF minimizes the impact of slice-wise, periodic fluctuations that
can directly impact the accuracy of the estimate of MT-derived indices.

When considering reproducibility, the MTR shows no significant differences over time for
both white (p = 0.63) and grey (p = 0.21) matter. However, Bland-Altman analysis shows
that the MTR has a larger LOA and 95% confidence interval span (MTR LOA white matter
= (-0.06,0.07), gray matter = (-0.03,0.06); 95% CI white matter = (-0.03,0.05), gray matter
= (-0.01,0.05)), which underscores the importance of correcting both B and By in the MPF
calculation.
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In the two patients studied, we found that the MPF and MTR show different sensitivities.
For the first patient (Fig. 4 g-i), the MPF in the lesion shows approximately a 50% reduction
in the MPF value (0.0920.01) compared to the lateral and ventral columns (0.17+0.02), and
compared to healthy control white matter (0.16+0.01). The MTR, however, shows a 7%
reduction (0.41+0.02) in the lesion compared to the lateral and ventral columns (0.44+0.06).
For the second patient (Fig. 4j-1), the MPF in the ventral columns (0.14+0.01) is slightly
reduced (by 9%) yet it is still similar to the healthy control average in the ventral columns;
the majority of the cord, however, is substantially lower (0.07+0.01). The MTR for this
patient in the same regions shows a larger reduction (0.31+0.02) over the bulk of the cord
compared to the ventral columns (0.44+0.01), and compared to healthy volunteers but still a
smaller relative change than the MPF. We hypothesize that the change in T1 between lesion
types may play a role in the observed sensitivity of the MTR to different lesions, which are
removed in the single-point MPF calculation. In summary, the MPF in well-delineated (Fig.
4 g-i) and diffuse (Fig. 4 j-1) lesions show a greater relative signal reduction than the MTR,
yet neither the MPF nor the MTR reveals rostral-caudal reductions at vertebral levels above
and below the lesion (MTR C2/3:0.44+0.02, C3/4:0.41+0.02, C4/5: 0.43+0.03).

It should be pointed out that for both the single-point and full-fit MPF calculations, motion
correction is important in determining the fidelity of the derived indices. In this work, we
chose to use a standard motion correction package, FLIRT (FSL, FMRIB, Oxford UK), and
the resulting images were transformed using linear interpolation. While visually this resulted
in excellent spatial agreement between the target and the MT-weighted scans, alternative
methods for spatial interpolation could be considered. Indeed, the interpolation choice may
have an impact on the magnitude of partial volume effects at the cord boundary. A future
study could examine the impact of motion correction on the derived maps. Additionally,
motion within the scan cannot be overlooked. For high-resolution scans, the spinal cord will
move more rapidly than the time it takes to sample the full k-space for our 3D acquisition
and may result in blurring at the interfaces. Ideally cardiac and/or respiratory triggering
could be used, but the dynamic change in the TR with each trigger may influence the
assumption of a steady state magnetization. The findings herein suggest that while this
motion may result in blurring, the constraints of the single-point model minimize the impact
of motion on the estimated MPF values, especially at tissue interfaces.

While the scan times were within the clinical domain, this study did not pursue fast imaging
methods such as segmented EPI to further accelerate scan times. These methods could be
utilized to further decrease scan times, although additional considerations (e.g.,
susceptibility effects) need to me made when employing EPI readouts. This study also did
not optimize the excitation flip angle in the gMT sequence. While the small flip angle was
chosen to reduce T effects that may be present at larger flip angles, a larger flip angle
would provide more signal and, therefore, may be necessary in order to provide balance
between scan time and SNR.

Conclusions

The results of this study demonstrate the feasibility of performing gqMT imaging in human
spinal cord in vivo. The development of this technique allows for a higher resolution
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quantitative scan of the spinal cord in less time than is needed for a conventional full-fit
gMT acquisition. In healthy subjects, intra-subject reliability (i.e. test-retest) and through
cord similarities were demonstrated for both full-fit and single-point acquisitions. This
method was also performed on patients with multiple sclerosis with well-described spinal
cord lesions, providing preliminary evidence that this method can be utilized to illustrate
pathology in vivo. Future work includes further investigating the effects of pathology on the
km¢, and high field applications of this methodology.
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Figure 1.
Full fit qMT data for a representative subject at C3/C4. (a.) Raw qMT data cropped to be

centered around the spinal cord. (b.) The high-resolution anatomical image used to co-
register the images, with ROIs drawn indicating the left and right lateral columns (red), the
dorsal column (green) and the grey matter (blue). (c.) Z-spectra fit to experimental data
taken from the dorsal column between C3 and C4. (d.) Representative full fit MPF map
determined from the gMT data shown in (a.). (e.) Example Ryqps map of the spinal cord. (f.
& g.) Example By and B, maps of the spinal cord, respectively.
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Figure 2.

Histograms of the full fit model parameters for the control group subjects for (a) the
exchange rate constant kpf, (b) TofR1f, and (¢) Ty, normalized to the total number of
voxels and computed with the bin sizes 0.78 s71, 0.0031, and 0.37 s for Ky, TofR1f, and
Tom, respectively.
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Figure 3.

Analysis of the errors associated with the single-point analysis of MPF. (a) The RMS error
associated with each offset and power for white matter and a lesion. (b, ¢, & d) The relative
bias associated with inaccurate fixed values for Ky, T2fR15, and Top, respectively. The
dotted line represents median value for each parameter over all healthy subjects, which was
the fixed value for all analyses, and the (+) and (=) represent the sign of the bias on either
side of the inflection point for each plot. When not varied, parameters were set to: Aw = 2.5
kHz, RF power = 820°, Ty = 10.8 pis, TofRqf = 0.0232, and ks = 8.95 s71.
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Figure 4.

Comparison of full-fit and high-resolution single-point MPF maps for two controls (a-f) and
high-resolution single-point MPF maps for two MS subjects (g-j).
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High Resolution Single Point Fit (2.5 kHz)
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Figure 5.
MPF maps caudal (a-b) and rostral (e-f) to the lesion (c-d) shown for the first MS patient

(shown in Fig. 4g-i).
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Table 1

Mean MPF and Wilcoxon rank-sum tests for the difference between the full-fit and the high-resolution single-
point fit for the dorsal column (DC), lateral columns (LC), and grey matter (GM).

Mean MPF Wilcoxon Rank-Sum
Full Fit  Single Point p-value
DC 0.16+0.01 0.15+0.01 0.79
LC 0.16+0.02 0.16+0.01 0.57
GM 0.14+0.01 0.13+0.01 0.06
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Page 22

P-values for the Wilcoxon rank-sum test and the Kruskal-Wallis test for full-fit and high-resolution single-
point MPF maps. Tests were performed to evaluate the lateral column left vs right column differences (Left/
Right), dorsal column vs lateral column differences (DC/LC), and white matter (lateral column and dorsal
column) vs grey matter (WM/GM) differences.

Wilcoxon Rank-Sum Kruskal-Wallis
Full Fit  Single Point Full Fit  Single Point
Left/Right 0.57 0.39 WM 0.15 0.04
DC/LC 0.52 0.43 GM 0.75 0.05
WM/GM 0.001 <0.001
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The 95% confidence intervals, and limits of agreement for the Bland-Altman test for the full-fit and high-
resolution single-point fit in white matter and grey matter in 5 volunteers. The table also displays the p-values

for the paired t-test.

Mean Difference
95% Confidence Intervals
Limits of Agreement
p-value

Dga (%)

White Matter Grey Matter

Full Fit Single Point Full Fit Single Point

-0.02+0.03 -0.008+0.016 -0.005:0.018 —-0.001:0.008

(-0.06,0.02) (-0.030.01)  (-0.030.02)  (~0.01,0.008)

(-0.08,0.05)  (-0.04,0.02)  (-0.040.03)  (-0.02,0.01)
0.29 0.34 0.56 0.76
10.26 5.33 3.84 0.90
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