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ARTICLE INFO ABSTRACT

Keywords: The locus coeruleus (LC) is the major origin of norepinephrine in the central nervous system, and is subject to age-
Locus coeruleus related and neurodegenerative changes, especially in disorders such as Parkinson's disease and Alzheimer's dis-
MRI

ease. Previous studies have shown that neuromelanin (NM)-sensitive MRI can be used to visualize the LC, and it is
hypothesized that magnetization transfer (MT) effects are the primary source of LC contrast. The aim of this study
was to characterize the MT effects in LC imaging by applying high spatial resolution quantitative MT (qMT)
imaging to create parametric maps of the macromolecular content of the LC and surrounding tissues. Healthy
volunteers (n = 26; sex =17 F/9M; age =41.0 £ 19.1 years) underwent brain MRI on a 3.0 T scanner. qMT data
were acquired using a 3D MT-prepared spoiled gradient echo sequence. A traditional NM scan consisting of a Ty-
weighted turbo spin echo sequence with MT preparation was also acquired. The pool-size ratio (PSR) was esti-
mated for each voxel using a single-point gMT approach. The LC was semi-automatically segmented on the MT-
weighted images. The MT-weighted images provided higher contrast-ratio between the LC and surrounding
pontine tegmentum (PT) (0.215 =+ 0.031) than the reference images without MT-preparation (—0.005 + 0.026)
and the traditional NM images (0.138 + 0.044). The PSR maps showed significant differences between the LC
(0.090 £ 0.009) and PT (0.188 + 0.025). The largest difference between the PSR values in the LC and PT was
observed in the central slices, which also correspond to those with the highest contrast-ratio. These results
highlight the role of MT in generating NM-related contrast in the LC, and should serve as a foundation for future
studies aiming to quantify pathological changes in the LC and surrounding structures in vivo.

Magnetization transfer
Neuromelanin

1. Introduction

The locus coeruleus (LC), a thin and elongated nucleus (average di-
mensions: length =14.5mm, width=2.5mm) located in the dorsal
aspect of the pons in proximity to the fourth ventricle, is the major origin
of norepinephrine (NE) in the central nervous system (CNS). It innervates
extensive areas of the CNS, including the spinal cord, brain stem, cere-
bellum, and cerebral cortex, and has major roles in arousal, memory,
attention, pain modulation, and stress response (Aston-Jones and Cohen,
2005; Benarroch, 2009; Hammerer et al., 2018; Robbins, 1984; Samuels
and Szabadi, 2008a). Pathological alterations to the LC-NE system have

been associated with several neurological disorders including Alz-
heimer's disease (AD), Parkinson's disease (PD), Multiple System Atrophy
(MSA), and Dementia with Lewy Bodies (DLB) (Samuels and Szabadi,
2008Db). In early-stage AD, the LC degenerates, with marked neuronal loss
and vulnerability to the occurrence of neurofibrillary tangles (Betts et al.,
2019a; Braak et al., 2011). In PD, loss of LC neurons precedes degener-
ation of dopaminergic neurons of the substantia nigra (SN) pars com-
pacta, and is associated with non-motor symptoms such as depression
and sleep disturbances (Braak et al., 2003). Understanding early patho-
logical changes of the LC and their role in disease progression may pro-
vide a basis for symptomatic pharmacotherapies. As such, there is a need

Abbreviations: CC, cerebral crus; LC, locus coeruleus; MT, magnetization transfer; NM, Neuromelanin; PD, Parkinson's Disease; PSR, pool size ratio; PT, pontine
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for in vivo non-invasive LC biomarkers to offer insights into prognosis and
treatment options.

Magnetic resonance imaging (MRI) allows for in vivo visualization of
the LC by exploiting the presence of neuromelanin (NM), a pigment
comprised of a polymer of 5,6-dihydroxyindole monomers that results
from the oxidation of NE in the LC and dopamine in the SN. NM normally
accumulates with age in the LC and SN (Liu et al., 2019; Zecca et al.,
2001; Zucca et al., 2006), but is diminished in patients with pathological
conditions involving LC degeneration (Zecca et al., 2006; Zucca et al.,
2006). NM-sensitive MRI (NM-MRI) allows the investigation of the LC in
vivo (Sasaki et al., 2006; Sulzer et al., 2018), with studies indicating that
NM-MRI can detect alterations to LC (for a review, see (Betts et al.,
2019b; Liu et al., 2017)), even in early disease stages (Miyoshi et al.,
2013; Schwarz et al., 2011). Recent work has shown that the coeru-
leus/subcoeruleus complex is affected even in patients with idiopathic
rapid eye movement (REM) sleep behavior disorder (RBD) (Ehrminger
et al, 2016), which can precede overt symptoms of
alpha-synucleinopathies by many years (Claassen et al., 2010; Iranzo
et al., 2006; Schenck et al., 2013). These findings suggest that NM-MRI
provides an early indicator of LC pathology, with potential application
as a biomarker in prodromal stages of neurodegeneration. Additionally, a
direct comparison between post-mortem NM-MRI and neuropathology
(Keren et al., 2015) found that the LC contrast in NM-MRI corresponds to
the location of NM-containing, NE-producing LC neurons, indicating that
NM is the primary biological contributor to the LC contrast and may have
the potential to characterize neurodegeneration.

However, the underlying physical mechanisms by which the presence
of NM gives rise to signal hyperintensities on MRI (Trujillo et al., 2017a),
and the nature of the relationship between loss of NM-based signal
hyperintensity and disease progression is still poorly characterized.
NM-MRI was originally based on a two-dimensional T;-weighted turbo
spin-echo (TSE) pulse sequence (Sasaki et al., 2006). Given that 2D
multi-slice TSE sequences are sensitive to magnetization transfer (MT)
effects caused by the train of refocusing pulses (Dixon et al., 1990) and
that explicit MT preparation of NM-MRI pulse sequences increases the
contrast between the NM-containing structures and surrounding brain
tissues, it is likely that MT is the primary source of NM-MRI contrast
(Nakane et al., 2008; Schwarz et al., 2013). Explicit MT preparation has
also been pre-pended to 3D gradient echo pulse sequences to produce
contrast between NM-containing structures and their surroundings
(Chen et al., 2014; Langley et al., 2015; Ogisu et al., 2013; Schwarz et al.,
2011; Trujillo et al., 2015), with advantages in terms of resolution and
scan time over TSE scans. Furthermore, recent studies of the LC using
MT-weighted images at 7T showed that the contrast-ratio between LC
and areference region in the pontine tegmentum is enhanced by applying
MT preparation, and suggested that MT-weighted sequences are the most
appropriate method for visualizing the LC at 7T (Priovoulos et al., 2018;
Tona et al., 2019).

Despite growing evidence that the contrast in NM-MRI is associated
with MT effects, with several studies using different MRI modalities (e.g.
TSE, gradient echo), different vendors (e.g. Philips, Siemens), and
different fields (i.e. 1.5 T, 3T and 7T) showing that sequences with an
explicit MT-preparation pulse show higher sensitivity in detecting NM-
containing structures in the brain, a detailed quantification of such ef-
fects is still lacking. MT contrast in MRI is the result of the interaction
between protons contained in tissue macromolecules and the surround-
ing mobile water protons. MT contrast can be generated by applying MT
preparation to selectively saturate the macromolecular protons, which
constantly transfer saturation with free water protons, resulting in an
observed signal attenuation driven by the macromolecular composition
of tissues. This effect can be evaluated using quantitative MT (qMT)
techniques (Ramani et al., 2002; Sled and Pike, 2001; Yarnykh and Yuan,
2004) which provide quantitative indices of tissue composition including
the macromolecular-to-free pool size ratio (PSR). Recent studies have
shown that high spatial resolution PSR maps can be obtained in clinically
relevant scan times (Smith et al., 2014; Trujillo et al., 2017b; Yarnykh
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et al., 2015), making gMT a viable approach to investigate the LC.

The aim of this study was to quantitatively characterize MT effects in
the LC, using qMT to provide parametric mapping of the macromolecular
content of the LC and surrounding tissues.

2. Methods
2.1. Image acquisition

Healthy volunteers (n = 26; sex =17 F/9M; age = 41.0 £ 19.1 years
(range = 20-72 years)) participated in the study. All subjects gave writ-
ten informed consent in accordance with the Declaration of Helsinki, and
the study was approved by the institutional review board of Vanderbilt
University Medical Center.

Participants underwent brain MRI on a 3T scanner (Achieva, Philips
Medical Systems, Best, The Netherlands) with a 32-channel head receive
coil and dual channel body coil for transmission. An anatomical 3D T;-
weighted scan (MPRAGE; spatial resolution=1x1x1 mm? TR/
TE =8.9/4.6 m s, acquisition time = 5 min 27 s) was obtained for local-
ization purposes.

The qMT data were acquired using a 3D MT-prepared spoiled
gradient echo (SPGR) sequence (Smith et al., 2006; Trujillo et al., 2017b),
with TR/TE/a=42ms/2.9ms/16°, SENSE factor=1.5, field of
view =120 x 120 x 20 mm?, acquired spatial resolution = 0.6 x 0.6 x 2,
reconstructed spatial resolution = 0.23 x 0.23 x 1 mm? (through the use
of zero padding, matrix size =512 x 512), and signal averages = 4. MT
weighting was achieved using a 20ms, single-lobed sinc-gauss pulse
with Ao =2kHz and oMT =850°. A reference image (without MT
weighting) was acquired using the same parameters but Ao =100 kHz,
as the MT-related saturation is considered negligible at this frequency.
The total acquisition time for qMT data was 11 min.

To correct for By and B; inhomogeneities, By and B; maps were ac-
quired using fast 3D sequences with the same field of view as the above
gMT sequence. By maps were obtained using the dual-TE phase-differ-
ence method (Skinner and Glover, 1997) with
TR/TE,/TE; =50/5.8/8.1 ms, a=25°, acquired/reconstructed resolu-
tion=1.8 x 1.8 x 2/0.5 x 0.5 x 1 mm°>. B; maps were obtained using
the actual flip-angle imaging method (Yarnykh, 2007) with
TR1/TRy/TE =30/130/5.7 ms, @ = 60°, acquired/reconstructed resolu-
tion=1.8 x 1.8 x 2/0.5 x 0.5 x 1 mm?®, Acquisition times were 1 min
39s for the By map, and 2 min 39s for the B; map. T; mapping was
performed using a multiple flip angle (MFA) acquisition with
TR/TE=20/5.3ms, a=5, 10, 15, 20, 25, 30°, acquired/reconstructed
resolution =1.2 x 1.2 x 2/0.5 x 0.5 x 1 mm®, acquisition time =1 min
56s.

Finally, we acquired a traditional NM-MRI scan consisting of a Tj-
weighted 2D multi-slice TSE sequence with MT preparation using a 20-
ms single-lobed sinc-gauss pulse with Ao® =2kHz and oMT of 600°
(field of view =216 x 180 x 20 rnrns, TR/TE=670/12ms, acquired/
reconstructed resolution = 0.6 x 0.6 x 2/0.38 x 0.38 x 2mm?, 8 signal
averages, acquisition time = 7 min).

For all sequences except the MPRAGE, the field-of-view was placed
orthogonal to the floor of the fourth ventricle and covered the area be-
tween the superior colliculi and the superior cerebellar peduncles
(Fig. 1A).

2.2. Image processing

All data analyses were performed in Matlab R2016a (Mathworks,
Natick, MA). For each subject, all images were co-registered to the MT-
weighted image using FLIRT (FSL v5.0.2.1, FMRIB, Oxford, UK) (Jen-
kinson and Smith, 2001) with six degrees of freedom, mutual information
cost function, and spline interpolation. Following co-registration, non--
brain tissues were removed from all images by applying a brain mask
created using a threshold approach. The signal intensities of the
MT-weighted images were normalized to the intensity of the reference
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image (Aw =100 kHz), and the nominal offset frequency and RF ampli-
tudes were corrected using By and B; maps, respectively. T; maps were
reconstructed by fitting the Ernst equation with B; correction (Fram
et al., 1987).

Subsequently, the pool-size ratio (PSR = Mg’ /M{), where M and M{)
are the equilibrium magnetization of the macromolecular and free pools,
respectively) was estimated for each voxel using a single-point approach
(Smith et al., 2017, 2014; Trujillo et al., 2017b; Yarnykh, 2012). The
values used for the constrained parameters kpy, R T}, and TJ* were
12.5Hz, 0.018, and 10 ps, respectively, and were chosen based previous
reports (Dortch et al., 2018; Trujillo et al., 2017b, 2015; Yarnykh, 2012).
Cerebrospinal fluid (CSF) was excluded from the fitting by masking out
the voxels with T; values greater than 3s.

2.3. Tissue segmentation

The region of interest (ROI) for the LC was segmented manually on
each MT-weighted image. The LC was defined on the axial plane in 10
slices. The inferior border was defined at the level of the superior cere-
bellar peduncles, and the superior border was defined at the level of the
inferior colliculi. Similarly to (Garcia-Lorenzo et al., 2013; Isaias et al.,
2016; Priovoulos et al., 2018), on each of the 10 slices, we initially placed
bilateral 9 x 9 voxel (~2.1 x 2.1 mm?) ROIs around the hyperintense
voxels at the lateral edge of the fourth ventricle (Fig. 2C and D). Then, we
considered the voxels with the highest signal intensity within those ROIs
to correspond to the LC area. Following the approach in (Garcia-Lorenzo
et al., 2013), for each slice and each side, we identified the 15 contiguous
voxels with the highest signal intensity within the initial ROIs, and
considered them the final LC ROI (Fig. 2E and F). The initial LC masks
were placed manually by two independent raters (PT and KJP) using
FSLeyes (FSL v5.0.2.1, FMRIB, Oxford, UK). All final LC ROIs were
visually inspected. Reference 25 x 25 voxel (~5.9 x 5.9 mm?) ROIs were
defined bilaterally on each of the 10 slices in the rostral pontomesence-
phalic area (PT) (Betts et al., 2017; Garcia-Lorenzo et al., 2013) (Fig. 2C).

As the SN also contains NM and shows similar hyperintensities on
NM-MRI as the LC, we used additional ROIs in the SN for comparison.
Bilateral 12 x 12 voxel (~2.8 x 2.8 mm?) ROIs were placed in the medial
portion of the SN and on the adjacent cerebral crus (CC) (Fig. 3) on 4
slices, starting at the level of superior limit of the inferior colliculi, which
generally corresponds to 2 slices above the upper limit of the LC.

2.4. Signal quantification

As in most previous LC studies (for a review, see (Liu et al., 2017)), we
first quantified the contrast ratio (CR) between the LC and the PT in the
MT-weighted image, reference image (no-MT), and TSE NM-MRI. The CR
between the LC and the PT was calculated for each slice and side of the LC
as CRpc=(SLc-Sp1)/Spt, Where S;¢ and Spr correspond to the mean signal
intensity of the LC and PT, respectively, and was then averaged across
sides and slices. For comparison, we also estimated the SN CR as
CRsn=(Ssn-Scc)/Scc, where Sgy and Scc correspond to the mean signal
intensity of the SN and CC, respectively. The LC and PT ROIs were then
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Fig. 1. Visualization of the LC. (A) Sagittal slice of
the anatomical T1-weighted image illustrating the
coverage of the field-of-view orthogonal to the floor
of the fourth ventricle and covering the area be-
tween the superior colliculi and the superior cere-
bellar peduncles (solid lines), and the level of the
axial view shown in B-D (dashed line). (B) Axial MT-
weighted, (C) reference (no MT), and (D) 2D multi-
slice TSE images. The area of the LC is magnified in
(E) MT-weighted, (F) reference, and (G) 2D multi-
slice TSE images (scale bars =5mm). The arrows
indicate the location of the LC.

used to sample the quantitative PSR and T maps, and mean values and
standard deviations were obtained for each ROI PSR and T; means and
standard deviations were also obtained in the SN and CC.

2.5. Statistical analysis

To assess the repeatability of the semi-automatic LC segmentation,
the Dice coefficient was calculated to compare the LC segmentation ob-
tained by the two raters. The difference between males and females was
analyzed using Wilcoxon rank-sum test, and the differences between left

Fig. 2. Regions of interest for the LC and PT on the MT-weighted images. A)
Axial view of the pons; the dashed line indicates the level of the coronal view
shown in B, D and F, and the arrows indicate the location of the LC. B) Coronal
view of the LC (arrows). C) Initial ROIs (9 x 9 voxel) around the LC and refer-
ence ROIs in the PT (25 x 25 voxel) on the left (red) and right (yellow) sides; D)
Coronal view of the initial LC ROIs. E-F) Final LC ROI consisting of the 15
contiguous voxels (for each slice and side) with the highest signal intensity
within the initial ROL
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Fig. 3. Axial view of the midbrain at the level of the SN on an MT-weighted
image showing the ROIs in the SN (yellow) and CC (red).

and right, different imaging modalities, and different ROIs were analyzed
with a Wilcoxon signed-rank test. The correlations between age and
CRyc, age and PSR, and PSR and CR were evaluated using Spearman's rho
correlation coefficient.

2.6. Data and code availability statement

The MRI data and Matlab code used in the present study are available
at https://doi.org/10.17632/sx2yrz89w9.3 [dataset] (Trujillo, 2019).

3. Results
3.1. Locus coeruleus visualization and contrast ratio

In all participants, areas of hyperintensity were detected in the po-
sition of the LC in the MT-weighted and TSE NM-MRI images (Fig. 1).
Conversely, the reference images provided poor LC contrast (Fig. 1F).
The MT-weighted images provided significantly higher CR; ¢ compared
to the TSE NM-MRI (p < 0.001) (Table 1). The highest CRyc were
observed in the central slices (Fig. 4A and B), while the lowest were
observed in the rostral limits of the LC. There were significant differences

Table 1

Neurolmage 200 (2019) 191-198

in mean CRy ¢ between left and right sides. On average the right side had
higher CRyc (MT-weighted: 0.223 4+0.034, p=0.007; TSE NM-MRI:
0.139+0.043, p=0.001) compared to the left side (CRyc: MT-
weighted: 0.208 +0.032; TSE NM-MRIL: 0.119 4+ 0.038). On the con-
trary, there were no significant differences in CRgy between left and right
sides (CRsy MT-weighted: Right = 0.257 + 0.026, Left = 0.268 + 0.036;
p=0.069; CRsn TSE NM-MRI: Left=0.164 =+ 0.036,
Right =0.162 + 0.040, p = 0.778). For all CRs, there were no significant
differences between males and females. The CR;¢c were not correlated
with age (MT-weighted: rho=0.043, p=0.834; TSE NM-MRI:
rho =0.082, p=0.696).

There was a high inter-rater agreement for the LC segmentation, with
a mean Dice index of 0.96 (across slices and sides). The inter-rater Dice
index varied across slices between 0.89 and 1, with lower values for the
rostral LC, and higher agreement for the slices in the central portion
(Table 1), which correspond to those with the highest CRy¢ (Fig. 4A).

3.2. Quantitative magnetization transfer

An example of the PSR and T; maps for the LC is shown in Fig. 5. The
PSR maps showed low values for the LC and higher values for the sur-
rounding tissues in the superior cerebellar peduncles and pontome-
sencephalic area. The Wilcoxon test showed significant differences
between the PSR values in the LC and PT (p < 0.001). Similarly, the CC
showed significantly higher PSR values than the SN (p < 0.001) (Fig. 6).
Table 2 summarizes the quantitative results for these ROIs. For all ROIs,
there were no significant PSR differences between males and females.

The PSR values for the LC and PT varied across slices (Fig. 4B). The
biggest difference between the PSR values in the LC and PT was observed
in the central slices (Fig. 4C), which corresponded to those with the
highest CR Finally, we observed that the difference in PSR between the
PT and LC was significantly positively correlated with the CRy¢
(rho = 0.594, p < 0.001) (Fig. 7).

4. Discussion

In this study, we applied qMT imaging to quantitatively characterize
the MT effects in the LC. Previous studies had suggested that image
contrast in the LC is predominated by MT effects, and here we provide a
quantitative description of such effects. We found that high-resolution 3D
gradient echo images with explicit MT preparation offered the highest
CRy¢ compared to the same images without MT preparation and the TSE
NM-MRI images. Using the MT-prepared images, we applied gqMT fitting
to estimate the PSR, a measurement of the macromolecular content in
tissue, and found lower PSR in the LC compared to surrounding areas of
the PT. Furthermore, we found that the difference in PSR between the PT
and LC was correlated with the CRyc, suggesting that the LC contrast is
related to the difference in macromolecular content between tissues.

LC contrast ratio (CRy¢) and dice index. Mean =+ standard deviation CR;¢ across subjects for the 10 slices covering the LC from caudal (slice 1) to rostral (slice 10) for

the three different imaging modalities.

LC Contrast Ratio (CRc)

Inter-rater Dice index

Slice MT-weighted Reference TSE NM-MRI Left Right Mean
1 0.207 £0.08 —0.028 £ 0.050 0.060 + 0.047 0.96 0.91 0.93
2 0.212 +0.06 —0.009 + 0.030 0.106 + 0.051 0.95 0.97 0.96
3 0.228 + 0.051 —0.004 + 0.034 0.149 + 0.060 0.99 0.99 0.99
4 0.244 +0.048 0.006 + 0.030 0.168 + 0.045 0.98 1.00 0.99
5 0.248 +£0.047 0.007 +0.033 0.168 +0.044 0.99 1.00 0.99
6 0.235 +0.043 0.004 +0.038 0.161 + 0.056 0.98 1.00 0.99
7 0.216 + 0.037 0.001 +0.036 0.147 +0.054 0.98 0.97 0.97
8 0.204 £0.032 —0.005 £ 0.036 0.138 £0.050 0.97 0.92 0.94
9 0.188 +0.029 —0.007 + 0.028 0.125 +0.052 0.90 0.95 0.92
10 0.167 +0.031 —0.012 4+ 0.030 0.120 +0.048 0.89 0.91 0.90
Mean 0.215+0.031 —0.005 + 0.026 0.138 +0.044 0.96 0.96 0.96
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Fig. 4. A) Contrast-ratio (CRyc) between the LC and the PT obtained from the MT-weighted (black), TSE NM-MRI (blue), and reference (red) images. B) PSR for the LC
(blue) and PT (red). C) Difference in PSR between the PT and LC. The figures show the mean =+ standard error of mean (SEM) across subjects for the 10 slices covering

the LC.

35s

Fig. 5. (A) Axial MT-weighted image at the level of the LC. (B) PSR map. (C) T; map. The area around the LC indicated by the dashed rectangle is magnified in (D) MT-
weighted, (E) PSR map, and (F) T; map. In D-F, the arrows indicate the location of the LC.

0

Fig. 6. A) Axial view of the midbrain at the level of the SN (arrows) on an MT-weighted image. B) PSR map. C) T; map.

Table 2
Quantitative PSR and T, values. Mean + standard deviation for the different
ROL

ROI PSR Ty (s)

Locus Coeruleus 0.090 +0.009 1.579 4+ 0.262
Pontine Tegmentum 0.188 £0.025 1.226 +0.189
Substantia Nigra 0.115+0.013 1.268 +0.181
Cerebral Crus 0.204 +0.027 1.136 +0.180

4.1. Contrast mechanisms

The main motivation for studying the qMT properties of the LC was to
increase our understanding of the mechanisms underlying the NM-
related contrast. Understanding the source of the contrast can inform

195

about tissue composition and physiology, and provide basis to investigate
pathological changes in different neurodegenerative diseases. Although
there are currently multiple approaches to visualize the LC (for a review,
see Liu et al., 2017), their underlying contrast mechanisms are still un-
clear. Post-mortem NM-MRI and neuropathological studies in the LC
(Keren et al., 2015) have shown that the NM-MRI signal intensity is
closely associated with the quantity of NM-containing neurons, raising
the prospect that NM-MRI is a potential biomarker of LC neuronal
integrity. NM is a complex pigment consisting of different components,
including melanin, proteins, lipids, and metal ions such as iron and
copper (Zecca et al., 2004, 2001). In NM, two iron-binding sites are
present with different structures and iron affinities (Zucca et al., 2017)
opening the possibility for unusual relaxation properties. In fact, the first
study describing the NM-MRI technique (Sasaki et al., 2006) suggested
that the source of the hyperintensity was paramagnetic T;-shortening
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Fig. 7. Correlation between PSR (PT-LC) and CR;c. The plot shows the mean
values (across sides and slices) for each subject.

effects associated with the presence of NM. This idea has been supported
by in vitro studies showing that the NM-iron complex produces
concentration-dependent T; shortening effects (Enochs et al., 1997,
1989; Tosk et al., 1992; Trujillo et al., 2017a). However, these observa-
tions do not fully explain the contrast enhancement between
NM-containing structures and surrounding tissues when MT preparation
is performed, and in fact, it has been reported that T; values alone cannot
account for the contrast seen in NM-MRI images (Hashido and Saito,
2016; Nakane et al., 2008). An in vitro study exploring the MT properties
of NM (Trujillo et al., 2017a) showed that the NM-iron complex does not
affect the PSR, and therefore does not directly alter the MT effect.
However, as T; affects the MT saturation efficiency, the T; shortening
induced by the presence of NM results in a reduction of the MT effect,
similar to the effect of other paramagnetic ions (Tanttu et al., 1992). A
such, the in vivo NM-MRI contrast may be the product of a combination of
MT and T; effects, similar to MT-based background suppression in MR
angiography (Thomas et al., 2002).

Here, we showed that the LC has lower PSR compared to surrounding
tissues and that similarly, the SN has lower PSR than the CC (Trujillo
et al.,, 2017b), reflecting the role of PSR in determining NM-related
contrast. The PSR represents the proportion of the macromolecular
protons (i.e. protons bound to immobile proteins, large macromolecules
or cellular membranes) relative to the free water protons. The differences
in PSR could be in part related to differences in myelin content, as myelin
contributes to the restricted macromolecular pool, and consequently,
differences in tissue myelination can lead to different PSR values. How-
ever, differences in water content, which are unrelated to myelin (e.g.
edema, inflammation), can also cause changes in PSR. In fact, recent
publications by Watanabe et al. (Watanabe et al., 2019b, 2019a) suggest
that the high signal intensities in the LC are related to the high density of
water protons. Our results are consistent with these publications, as low
PSR indicates low macromolecular content and high free water content.
Differences in PSR alone, however, do not completely explain the high
signal intensity observed in the LC (and SN) in NM-MRI as other grey
matter structures outside the brainstem show similar low PSR values
(Figs. 4 and 5) but do not appear hyperintense in NM-MRI. We hypoth-
esize that LC contrast is a mixture of properties of the LC and surrounding
tissues, and that the LC hyperintensities are the results of the combina-
tion of low PSR (i.e. low macromolecular content/high free water con-
tent) and the shorter T; relative to other grey matter structures (due to
the presence of NM). The combination of T;-weighted imaging (present
in both TSE and 3D-SPGR sequences) and MT-preparation results in
saturation of white matter (due to higher PSR) and grey matter structures
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adjacent to the LC (due to higher PSR and/or longer T).

4.2. Advantages of quantitative LC imaging

The use of gMT provides several advantages compared to previous
studies. Most LC imaging studies have used the signal intensity in a
reference region (usually the PT) to normalize the LC signal (i.e. by
calculating the CR) to allow for inter-subject and longitudinal assess-
ments. This approach, however, presents several limitations as the signal
in the reference tissue may change with age and can be affected by
neurodegeneration (Keren et al., 2009, 2015). Here, we used qMT to
obtain quantitative parametric maps, allowing inter-subject and longi-
tudinal comparisons, which are not possible with weighted images. PSR
is less dependent on the acquisition parameters, B; and By in-
homogeneities, T; and exchange times that affect traditional MT ratio
(MTR) measures, and provides quantitative measurements in a
voxel-wise manner, producing more detailed anatomical information
than ROI approaches. This is relevant for studying the LC given its
topographical distribution (Betts et al., 2017), as shown here by the
different PSR values across its rostrocaudal extent.

4.3. Limitations

There are some caveats in the present study. Single-point PSR map-
ping provides a fast alternative to longer full-model qMT measurements
(Smith et al., 2014; Trujillo et al., 2017b; Yarnykh et al., 2015), but has
some practical limitations. We assumed fixed values for the remaining

gMT parameters (i.e. kyy, Rf1 sz, and T,") based on the values reported in
previous studies showing that these values are relatively constant across
tissues and across subjects. Previous qMT studies, however, were not
focused on the LC, and it is possible that the selected values do not exactly
correspond to the values in the LC area. Also, there is no evidence to
support that these values remain constant across ageing. As the choice of
these values, particularly ks, could affect the estimated PSR (Smith
et al., 2014; Trujillo et al., 2017b), additional studies are necessary to
obtain more accurate estimate of these parameters for the LC area. The
PSR calculation also depends on T; values, and thus any error in Ty
mapping can propagate into the PSR. This could be particularly prob-
lematic in the rostral end of the LC, given its proximity to the fourth
ventricle, which could cause partial volume effects from CSF.

4.4. Future directions

We observed higher LC contrast on the right side, similarly to the
asymmetry reported by (Tona et al., 2017). However, other studies using
3T Siemens scanners have shown opposite asymmetry (Betts et al., 2017;
Liu et al., 2019), suggesting that the asymmetry is not related to bio-
logical left/right differences, and that there is bias introduced by the
direction of the magnetic field. These asymmetries could also be related
to B; variations, and future LC imaging studies should investigate this
issue further and incorporate field corrections. The sample size of this
study is too small to investigate cross-sectional age effects, and studies
with larger cohorts (e.g. Liu et al., 2019) are necessary to investigate such
relationships. The increased signal to noise ratio (SNR) at ultra-high field
MRI may offer the possibility of increasing the spatial resolution and
reducing scan times and will play a role in future development of LC
imaging (Priovoulos et al., 2018; Tona et al., 2019). The translation of
pulsed off-resonance MT approaches to 7T, however, faces SAR limita-
tions, and B; and Bj inhomogeneities, and different approaches, such as
inversion recovery (SIR) qMT imaging (Dortch et al., 2013; Tona et al.,
2019) could provide an alternative for LC imaging at 7T.

One of the challenges for interpreting QMT imaging is that, like other
MRI contrast mechanisms, MT is determined by processes on a molecular
and atomic scale and, as a result, it is not specific to any single cellular
mechanism. MT contrast within a voxel represents a combination of cell
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types, cellular compartments, or even different tissues, and thus, inter-
pretation of qMT results should benefit from supporting data from in vitro
model systems and histopathology, as well as measurements using other
imaging modalities. Future studies using multimodal quantitative MRI
(e.g. high-resolution relaxometry and other multicompartment tech-
niques such as biophysical models of diffusion) are necessary to disas-
sociate the contributions from different cellular compartments (e.g.
myelin, intra- and extra-cellular free water free water).

The effect of macromolecular changes to the LC in neuropathological
conditions (e.g. alpha-synuclein aggregation and neuroinflammation in
PD) remains to be tested, and future studies are required to determine if
PSR can provide an index of LC degeneration. Finally, assessments for
reproducibility, repeatability, sensitivity, specificity, and inter-vendor
comparisons still need to be rigorously pursued before clinical adoption.

5. Conclusion

We characterized the MT effects in the LC by applying high-resolution
gMT. We found that the macromolecular content, as measured by the
PSR, was lower in the LC compared to surrounding areas in the PT,
suggesting an MT contribution in determining NM-related contrast.
These findings demonstrate the feasibility of performing qMT imaging of
the LC providing a promising approach to investigate changes to the LC,
and should serve as a foundation for future studies aiming to quantify
pathological changes in the LC and surrounding structures in vivo, with
potential application in the development of non-invasive biomarkers of
neurodegeneration.
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