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Abstract

Purpose: To investigate the physical mechanisms associated with the contrast observed in neuromelanin-MRI.

Methods: Phantoms having different concentrations of synthetic melanins with different degrees of iron loading

were examined on a 3T scanner using relaxometry and quantitative magnetization transfer (MT).

Results: Concentration-dependent Ti- and T»-shortening was most pronounced for the melanin pigment when
combined with iron. Metal-free melanin had a negligible effect on the magnetization transfer spectra. On the
contrary, the presence of iron-laden melanins resulted in a decreased magnetization transfer ratio. The presence
of melanin or iron (or both) did not have a significant effect on the macromolecular content, represented by the
pool size ratio.

Conclusion: The primary mechanism underlying contrast in neuromelanin-MRI seems to be the T; reduction
associated with melanin-iron complexes. The macromolecular content is not significantly influenced by the
presence of melanin with or without iron, and thus the MT is not directly affected. However, as T: plays a role in
determining the MT-weighted signal, the magnetization transfer ratio is reduced in the presence of melanin-iron
complexes.
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Introduction

Neuromelanin (NM) is a dark complex pigment present in several types of neurons, and particularly
concentrated in the dopaminergic neurons of the substantia nigra pars compacta (SNc) and the noradrenergic
neurons of the locus coeruleus (LC) (1,2). Inside neurons, NM pigment is accumulated within cytoplasmic
organelles surrounded by a double membrane, together with lipid bodies and proteins (3,4). NM pigment itself is
composed of different components: melanin, proteins, lipids and metal ions. Among the metals ions, iron is the
most abundant and it has been demonstrated that NM is the main iron storage in pigmented neurons of the SNc
(5,6). NM accumulates normally with age (5), but is strongly depleted in patients with Parkinson’s disease (PD)
(7) due to selective loss of NM-containing neurons (8-11), suggesting a role of NM in the neurodegenerative

processes of PD.

Neuromelanin-MRI (NM-MRI) (12) has attracted attention as a method that may allow in-vivo assessment of
NM and assist in disease characterization. NM-MRI is typically based on a Ti-weighted turbo spin echo (TSE)
pulse sequence, and has been found to provide notable contrast between both the SN¢ and LC and surrounding
brain tissues (13-15). The first study describing the NM-MRI technique suggested paramagnetic Ti-shortening
associated with the presence of NM as an origin for the high signal intensity of the SNc (12). In addition to the
iron associated with NM, the SNc also has a high concentration of iron in the form of ferritin (16), that has also
been suggested as a cause of Ti-shortening effects in NM-MRI (12). Notably however, other iron-laden
structures in the brain, for example the red nucleus, do not exhibit particular hyperintensity in NM-MRI.
Moreover, in a direct comparison between post-mortem NM-MRI and neuropathological findings, Kitao et al.
found NM-MRI signal intensity in the SNc to be closely associated with the quantity of NM-containing neurons,
whereas the increased signal intensity in the SNc did not seem to be influenced by iron deposition (17). Whilst
the study by Kitao et al. provides evidence of a link between NM-MRI hyperintensity and the presence of NM,
the mechanism by which the presence of NM might give rise to signal hyperintensities, and the nature of the

relationship between a loss of hyperintensity with advancing PD and NM status of the tissues are still unclear.

In the initial work by Sasaki et al. (12), which was carried out at 3T, the authors attributed the NM-MRI contrast
mainly to Ti-shortening effects and they attributed a failure to depict NM-related contrast at lower field strengths
(i.e. up to 1.5T) to the negligible T, difference between neuromelanin-containing and surrounding brain tissue.
Subsequent observations that magnetization transfer (MT) preparation of NM-MRI pulse sequences increases the
contrast however, have led several authors to credit MT as the primary source of contrast (18-20). Indeed, NM-
MRI is typically based on a Ti-weighted TSE sequences which are subject to incidental MT effects associated
with the extended train of refocusing pulses in multi-slice acquisition (21). Moreover, we (22), and others
(15,18,19,23,24) have used explicit MT effects, generated by applying MT preparation pulses to 3D gradient
echo pulse sequences (that have little intrinsic MT weighting), to establish contrast between NM-containing

structures and their surroundings, even at 1.5T (18). However, the above-mentioned studies of NM contrast lack



calibration against standards at known melanin content, and no characterization of the MT properties associated

with NM has been performed.

MT contrast is the result of interaction and exchange between water protons and the protons associated with
macromolecules (25). The MT effect has often been characterized via the MT ratio (MTR) (26), and more
recently via quantitative MT (gMT), which involves acquiring images at multiple RF offsets to generate the
MTR-spectrum (27). The resulting MTR-spectrum can be fitted to a model (28-32) to estimate quantitative

indices, such as the macromolecular-to-free pool size ratio (PSR), the MT exchange rates (kgp,, kmf), and the

longitudinal and transverse relaxation times for each pool (7f1'” T;"m). At low offset frequencies, the RF pulse
will inadvertently and partially saturate the free pool via direct saturation, (DS) and attenuate the observed signal

(33). Consequently, the observed signal attenuation is due to both MT and DS effects.

While it has been suggested that MT plays a role on NM-MRI contrast, there are no reports providing
guantitative evidence of a preferential MT effect in the presence of NM. The paramagnetic effect of NM
increases when combined with metals such as iron and copper, and prior in vitro experiments have revealed
concentration-dependent Ti-shortening effects of synthetic melanins (34-36). These observations however, do
not explain the enhancement of contrast between NM-containing structures and surrounding tissues seen when
MT preparation is performed. The MT effect is known to enhance paramagnetic contrast (37,38), and sequences
with an explicit MT contrast preparation pulse have shown higher sensitivity in detecting NM than those relying
on incidental MT effects (19,20).

We investigated the roles played by NM and iron in determining relaxations times and pool size ratio by
examining the MTR-spectra of phantoms containing iron and complexes of synthetic melanin-iron at different
concentrations similar to those observed in human SNc tissue. We also performed simulations of the Bloch

equations of the two-pool system to assess the effect of pool parameters on the MTR-spectra.

Methods

Theory and Simulation

In the presence of MT, the time evolutions of the free and macromolecular pools can be described by the Bloch
equations for two spin populations coupled by exchange (39):
dM(t)
dt
where M is the magnetization vector with the x, y, and z-components of magnetization of the free (") and

=A(M(t) + B [1]

macromolecular (™) pools (M,{, Mjf, sz, M), and A and B are matrices corresponding to the coefficients of the

Bloch equations:
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where R{Zm are the longitudinal and transverse relaxation rate of each pool (R{"zm = 1/T1’f 5™, dw is the

frequency offset of the RF pulse, w,(t) is time-varying amplitude of the applied RF pulse, M{;'m are the

equilibrium magnetization of each pool, k., is the rate of MT exchange from the macromolecular pool to the

free pool, and kg, is exchange rate in the other direction (krpy, = kpy *M{,”/M(’;). The term W (t) is the

saturation rate of the macromolecular pool and is defined as W (t) = nw?(t)g(Aw, TI"), where g(Aw, TS is
the absorption line shape for the macromolecular pool, typically chosen to be a super-Lorentzian or Gaussian
(40).

The magnitude of the MT effect depends on the frequency offset (4w), power, and duration of the RF pulse, and
can be semi-quantitatively represented by the MTR-spectrum:

S(Aw) [4]
So

where S(Aw) and S, are the voxel intensities in the presence and absence of RF irradiation, respectively. In the

MTR(Aw) = 1—

absence of MT (k,,r = 0), the Bloch equations are simplified, and represent the DS of water protons.

We performed a series of simulations in MATLAB (R2015a, Mathworks, Natick, MA) using the Bloch
equations to assess the effect of spin system parameters on the MTR spectrum. We simulated the MT effect for
different spin system parameters (Tlf =0.25, 0.5, 0.75, 1 s; Tzfz 30, 60, 120, 240 ms; T)"= 8, 14, 20, 26 ps;
MM = 0.005, 0.01, 0.03, 0.06; ksm=10.1,05, 1, 10 s'1) and different pulse amplitudes (effective saturation flip
angle, amt = 400°, 650°, 900°, 1150°). In all cases, the values of the remaining parameters were fixed at the
following values: Tlf =1sT"=1s5, Tzf = 240 ms, T* =14 ps, M({ =1, M =0.01, kem =1 st The Tlf
and Tzf values, and the choice of a super-Lorentzian absorption lineshape for the macromolecular pool were
based on preliminary testing with polyacrylamide gels. The RF pulse modeled in this series of simulations
utilized the same parameters as the subsequent MT experimental protocol (25-ms sinc-gauss, omt = 1150°,
excitation flip angle = 10°, TR = 58 ms). In accordance with previous studies (29,31,41), we assumed that the

sequence was ideally spoiled, and the analytical solution was repeated for consecutive time intervals of the pulse

sequence until the pulsed steady state was achieved. The MTR-spectrum was obtained by applying the RF pulse

at different offset frequencies logarithmically spaced from 0.1 to 100 kHz, and the obtained sz values were



normalized to the value computed using amt = 0. In order to examine the DS effects, we also solved the Bloch

equations in the absence of MT (kg,, = 0) using the same T/, Tzf, and RF pulse as above.

Experimental
Preparation of synthetic melanins

The melanin was synthesized by autoxidation of dopamine in presence of L-Cysteine as previously described (1)
with minor changes to obtain pheomelanin. Metallomelanins containing different iron loadings were prepared by
dissolving dopamine (225 mg), L-Cysteine (29.7 mg) and different amounts of Fe(NH4)2(SO04)226H20 in 100 ml
of 50 mM phosphate buffer (pH 7.4) prepared with purified water (Milli-Q®). The mixture was allowed to react
in air, at 37 °C, protected from light for 4 days. The resulting suspension of synthetic melanin pigment was then
centrifuged at 8000 rpm for 20 min in order to remove unreacted dopamine and small soluble oligomers of
dopamine. The pellet was then washed with an acetic acid solution (1% v/v) and a NaCl solution (9% w/v). The
product was incubated with 25 ml of a 0.15 M solution of Na2-EDTA for 8 h, centrifuged and suspended again
with 25 ml of Na2-EDTA solution 0.15 M for 14 h, in order to remove unbound iron ions. After several washes
with purified water, the melanin was freeze-dried and stored at -20 °C. Table 1 reports the synthesis conditions
of the prepared melanins. Analysis of the iron content was performed by means of ICP-OES after treatment with
purified water 65% HNO3 (42). The amounts of iron bound to the synthetic melanins were similar to those found
in NM isolated from SNc of healthy subjects (4-6). Melanins were suspended in purified water to obtain a

homogenous suspension with a concentration of 14 mg/ml.

Preparation of phantoms

As relaxation rates play a role in determining the MT effect (Eq. 1), we performed a series of preliminary
measurements in different gels to arrive at a relatively close approximation of in-vivo relaxation properties
subject to the constraints imposed by working with melanins (see Supplementary Material). The polyacrylamide
gel used for the experiments herein consisted of 10% (w/v) BSA (Sigma-Aldrich A4503) in 10%
Acrylamide/Bis-Acrylamide mixture (37.5:1) in 0.4 M Tris-HCI, pH 7.4, prepared using the protocol for
polyacrylamide gels electrophoresis (43), but without using sodium dodecyl sulfate. The appropriate quantities
of the melanin preparations were then suspended in the base gel. Care was taken to suspend the melanins as

rapidly and uniformly as possible while avoiding air bubble formation and sedimentation.

In addition to the samples containing synthetic melanins, we also prepared four samples containing only iron.
The iron present was a Fe(ll1l)-EDTA complex obtained by dissolving Fex(SO4); and Na,-EDTA with a
Fe(111)/EDTA molar ratio 1:3. Table 2 summarizes the compositions of the prepared samples.



Having observed that the MT spectra of the polyacrylamide gels was notably different from those seen in vivo
and in prior reports for phantoms (25,44), we prepared a second phantom using 4% agarose (low gelling
temperature agarose, Sigma-Aldrich) as the base gel, which previous measurements had shown to have a

significant MT effect. Table 3 summarizes the compositions of the second phantom.

MRI Acquisition

All MR images were obtained on a clinical 3T scanner (Achieva, Philips Medical Systems, Best, the
Netherlands) with a 32-channel head coil. Prior to imaging, the phantom was allowed to reach room temperature.
The phantom was positioned with the tubes parallel to the magnet bore and subjected to gMT and DS
measurements and an NM-MRI scan, as well as T1, T, Bo and B1 mapping. All scans were executed in the axial

plane with a 220x220x12 mm? field of view, with the remaining scan details as described below.

For the qMT measurement, images were acquired using a 3D MT-prepared SPGR sequence (41) with a multi-
shot EPI readout, TR/TE/a = 58 ms/7.9 ms/10°, SENSE factor = 2, EPI factor = 5, resolution = 1x1 mm? in-
plane, slice thickness = 3 mm, NSA = 4. MT preparation was achieved using a 25 ms, single-lobed sinc-gauss
pulse, amt = 400°, 650°, 900° and 1150°, and 16 offset frequencies logarithmically spaced from 0.1 to 100 kHz.
The 10° excitation pulse used for image generation was kept fixed across all the MT preparations. Direct

saturation (DS) data were also acquired using a 3D MT-prepared SPGR sequence (see Supporting Material).

B1 and By maps were acquired using 3D gradient echo sequences. B maps were obtained using the dual-TE
phase-difference method (45) with TR/TE./TE, = 50/5.8/8.1 ms and o = 25°. B; maps were obtained using the
actual flip-angle imaging method (46) with TR1/TR2/TE = 30/130/5.7 ms and o = 60°.

T, mapping was performed using a 3D multiple flip angle acquisition with TR/TE = 20/6.3 ms and o = 5, 10, 15,
20, 25, 30°. T1 maps were reconstructed by fitting the Ernst equation with B1 correction (47). T, mapping was
performed using a 2D multi-slice multi-echo TSE acquisition with TR/a. = 2000 ms/90°, TE = 40, 60, 80, 100,

120 ms, from which quantitative T, maps were calculated using the scanner manufacturer-supplied software.

Finally, we acquired a NM-MRI scan consisting of a Ti-weighted TSE sequence with off-resonance
magnetization transfer preparation pulses (TE/TR = 12/670 ms, echo train length = 6, resolution = 1x1x3.0 mm,
NSA = 4).

Acquisition times were 27 min for gMT acquisition, 1 min 20 s for the Bo map, 1 min for the B; map, 37 s for

the T1 map, 3 min 48 s for the T, map, and 4 min for the NM-MRI scan.



Image Analysis

Image analysis was performed using MATLAB (R2015a, Mathworks, Natick, MA). Circular region of interest
(ROI) of 10 mm diameter (roughly 77 voxels) were defined for each sample on the central slice. The average T1
(TPPs) and T (T{?S) were measured for each ROI on the Ty and T, maps, respectively. The relaxation rates R9?S

and R9PS were calculated as the reciprocals of T?S and T$?S, respectively.

The qMT parameters were estimated on a voxel by voxel basis through multiparametric fitting to the two-pool
MT model described in (32) modified as follows. The two-pool MT model contains six independent parameters:
R{, m, Tzf, T;*, PSR = M{)"/Mf, and ks, In keeping with conventional practice (25,30,32,44), we assume R{"
to be 1 s for all samples. R$PS (1/TP%) values obtained from T; mapping were used to determine the parameter
R{ , as described by (25). In simulations (see results), we observed that varying ks, in the range 0.5-10 st had
little effect on the spectra, and we therefore used a fixed value (ks = 1s71) for the fitting. The inverse

exchange rate k., corresponding to the ratio between kg, and PSR, thus does not represent an independent

parameter. The three remaining parameters (Tf , TJ*, and PSR) were estimated by fitting the gMT data to the
model. Before fitting, the signal intensities of the MT-weighted images were normalized to the intensity of the
reference image without saturation, and the nominal offset frequency and RF amplitudes corrected using Bo and
B1 maps, respectively. Only the points with frequency offset above 1 kHz were considered for the fitting to avoid
limitations in the treatment of DS effects within the MT model. Based on preliminary data, the absorption
lineshape for the macromolecular pool was chosen to be a super-Lorentzian for the polyacrylamide phantom, and

a Gaussian for the agarose phantom.

A representative point measurement of the MTR-spectrum was calculated at Aw = 1.5 kHz (a frequency offset at
which the DS effect is negligible and the MT effect is present), according to Eq. 4, for the MT data acquired with
amt = 1150°. For this purpose, the experimental MTR-spectrum was interpolated to 500 data points to artificially
increase the spectral resolution, the offset frequency was corrected using the Bo map, and the MTR value at 1.5

kHz was determined from the interpolated and offset-corrected data.

Finally, we used the NM-MRI images to calculate the contrast ratio (CNR) between each sample and the base
gels as:
Iy — Iref [8]

CNR =
Iref

where I; corresponds to the mean signal intensity for sample i, and .. is the mean signal intensity for the base

gel.



Statistical Analysis

Statistical analyses were performed with JMP statistical package (version 11.2, SAS Institute, Inc., Cary, NC,
USA). A multiple regression analysis was performed to investigate statistical dependencies amongst the melanin
and iron concentrations and the MRI measures. The Spearman correlation coefficient was used to examine the

correlation between measures.

Results
Simulations

Simulation results are shown in Figure 1. Decreasing Tlf reduced the MTR (Figure 1a), which can be attributed
to narrowing the DS linewidth (Figure 1b), and decreasing the MT contributions at higher frequencies. On the
contrary, reducing Tzf increased the DS linewidth and increased the MT contribution at lower frequencies for an
overall increase in MTR (Figure 1c and Figure 1d). The effect of DS was negligible at frequencies higher than 2-
3 kHz, with this upper limit being dependent on T; and T, of the free pool. Neither Tlfor Tzfaltered MTR for
frequencies higher than 10 kHz.

T, modulated the shape of the MTR-spectrum (Figure 1e). The macromolecular content altered the shape of the
MTR-spectrum (Figure 1f), with a strong increase in MTR for increasing Mgy*. On the other hand, varying kg, in
the range 0.5-10 s? resulted in a slight increase of the MTR (Figure 1g). We note however, that the impact of
k¢ scales with Mg*, such that for a higher macromolecular content (e.g. My* = 0.1) the kg, had a more
appreciable effect on the spectra, as reported by (31). Finally, we observed that increasing the MT pulse

amplitude resulted in an augmented MT effect (Figure 1h).

Experiments

The metal-free melanin showed little effect on relaxation rates compared to the reference sample, while the
metallomelanins showed an increase in both R9?S and R9PS with increasing metallomelanin concentration
(Figure 2). The samples with only iron also showed increasing relaxation rates with increasing iron
concentration, but for a given iron concentration, the metallomelanins produced even greater increases in R?S
and RSPS than iron alone (Figure 3). Expressed in terms of effective iron concentration, the relaxation rates of the
metallomelanins showed greater relaxivities (r, = 0.064 s mL/ug, r> = 0.363 s* mL/ug) than of iron alone (r; =
0.024 s* mL/pg, r, = 0.035 s mL/ug).



The shape of the MTR-spectrum for the unloaded polyacrylamide sample more closely resembled the
simulations performed using a super-Lorentzian absorption lineshape for the macromolecular pool than a
Gaussian lineshape, while, in agreement with previous studies (44), a Gaussian lineshape was appropriate for the

4% agarose gel.

All concentrations of the metal-free melanin showed similar spectra to the reference gel (Figure 4a). Increasing
the iron loading for a given metallomelanin concentration (the maximum concentration being illustrated in
Figure 4b), revealed two behaviors. With respect to the base gel, the samples with the lowest iron loading
(metallomelanin 1) showed an increase in MTR at frequencies below 500 Hz and a reduction in MTR for
frequencies between 500 Hz and 10 kHz. The MTRs of the metallomelanins with higher iron loadings were
lower than those of the base gel above 300 Hz, and of metallomelanin 1 at all frequencies below 10 kHz.
Increasing the concentration of metallomelanin with a given iron loading (Figure 4c), resulted in a reduced MT

effect though increasing the concentration above 1.75 mg/ml had minimal further effect on the spectra.

For the samples prepared in 4% agarose (Figure 5a) the shape of the MTR-spectra was similar to those
previously reported for agar phantoms (44). For offset frequencies above 1 kHz, the experimental MTR-spectra

corresponded closely to simulations based on the parameters as the qMT protocol, fixed T;"* = 14 ps, ks, = 2§

L Mg =1, M§* = 0.015, a Gaussian absorption lineshape for the macromolecular pool, and the measured T{”’S

and TgP* of the agarose samples (Figure 5b). The shape of the MTR-spectra of the agarose phantom differed
from the spectra of the samples prepared in polyacrylamide. In particular, we found different behaviors of the
spectra at low frequencies, possibly due to the differences in T1 and T; in a range of frequencies dominated by
DS effects. The decrease in MTR for the metallomelanins in agarose was observed across all measured offsets,
whereas MTR measured in those prepared in polyacrylamide only showed a reduction for frequencies between
500 Hz and 10 kHz. Nevertheless, the effects of synthetic melanins at frequencies above 1 kHz were comparable
for both types of phantoms, with a negligible effect for the metal-free melanin and a decrease in MTR for the

metallomelanins.

The values obtained from the gMT fitting are shown in Table 2 (polyacrylamide samples) and Table 3 (agarose
samples). The estimated PSR values for the polyacrylamide samples (0.52-1.49%; Table 2) were slightly lower
than those for agarose samples (0.90 — 1.69%; Table 3). The PSR was not significantly affected by the presence
of metal-free melanin, iron, or metallomelanin in either case. In multiple regression analyses, the concentration
of melanin and iron only explain 15-16% of the variability in the PSR values (R? = 0.16, P = 0.1516, root mean
square error (RMSE) = 0.2172 for the polyacrylamide phantom, and R?= 0.14, P = 0.4626, RMSE = 0.3211 for

the agarose phantom).

The estimated Tzf values were shorter than the T?S values measured using the multiecho T, mapping, but there
was a significant correlation between the two measurements (p = 0.85, P<0.0001 for the polyacrylamide

samples, and p = 0.84, P<0.001 for the agarose samples). The T;"* values obtained for the reference and metal-



free melanin prepared in polyacrylamide were higher than prior reports on both polyacrylamide and agar
phantoms (25,44,48), possibly because the absorption lineshape of the macromolecular pool is not well-
represented by the Super-Lorentzian shape used for the fitting. We noticed, however, that the TJ" decreased with
increasing concentrations of metallomelanins. The T;" values for the samples in 4% agarose were close to the
values previously reported for 4% agar (14.36 + 2.48 ps) (44), and again diminished with increasing

concentrations of metallomelanins.

The MTR calculated for amt = 1150° and Adw = 1.5 kHz, decreased with increasing concentration of the
metallomelanins (Figure 6a). Differently, the CNR calculated using the NM-MRI (Figure 6b) was increased for
all the metallomelanins, but the signal intensity for the metallomelanins at the highest concentration was

saturated, probably associated to a T, effect (35).

Discussion

In this study, we examined a series of phantoms with different concentrations of synthetic melanins and iron
(similar or slightly higher than found in human SNc (5,7)) to investigate the role of melanin in relaxation times
and saturation exchange processes. NM-MRI has attracted considerable interest as a potential means of
quantifying neuronal loss in the SNc of patients with PD (12-15,17). The source of NM-contrast, however, is
still unclear. Early studies attributed its primary source to Ti effects (12), while more recently MT effects have
been credited with providing most of the contrast between NM containing structures and neighboring tissues
(18,23,24).

It has been suggested that the presence of iron affects the MTR-spectrum (33,41), and hence a mechanism exists
for iron laden tissues to have distinct contrast on MT-prepared scans, but that does not explain the specificity of
NM-MRI contrast to structures containing NM and not to other iron-rich regions. In human SN, the main iron
storage protein is H- and L-ferritin, while the amount of iron present as NM-Fe complex is 10-20% of the total
iron concentration in SN tissue (6). However, in dopamine NM-containing neurons of SNc the main iron
compound is the NM-Fe complex (5,6). In the NM-Fe complex there is one pool of iron as high spin Fe(lll) in a
mononuclear, rhombic structure, coordinated by six oxygen atoms and bound to the melanic component of NM
(49-51). The other iron pool is made of multinuclear complexes of iron ions connected by oxy-hydroxy bridges
similar to that present in ferritins (6,52). Thus, deviations of the MR relaxation and exchange behaviors of
metallomelanins from those of ferritins can be expected to depend on the size and exposure of the melanic bound

pool.

In simulations, we found that T and T reductions introduce oppositely directed effects on the DS linewidth in
the absence of magnetization exchange, with shorter T, being associated with broadening of the DS curve. This

was also seen after the incorporation of magnetization exchange, as was a reduction of MTR associated with T;



reduction at frequencies above 2 kHz, where DS was negligible. Insomuch as DS is limited, and MT-related
effects act primarily on the longitudinal component of the magnetization at higher frequencies T, reduction had,
as expected, no effect in this offset range. Thus, at high offset frequencies a reduction in MTR due to T;
shortening would not be countered by T, shortening effects. At lower frequencies (< 2 kHz), the competing
effects of T; and T, shortening on DS may lead to increased (T» shortening dominant), decreased (T1 shortening

dominant) or unchanged (T and T, shortening effects balanced) MTR due to changes in DS linewidth.

In fitting the gMT data from phantoms with two different base gels, we found neither iron, nor melanin nor
metallomelanin to influence significantly the PSR. Consequently, the observed changes in the MTR-spectrum
with changes in melanin and iron content would appear to be related to relaxation time effects (53). In agreement
with previous studies (36,35,34), we found concentration-dependent T:- and T-shortening to be far more
pronounced for the metallomelanins than for similar concentrations of iron or metal-free melanin. Enochs et al.,
(35) attributed the decreased T,, effects to the diamagnetic aggregated melanin and paramagnetic metal ions
bound to melanin. Tosk et al., (34) later suggested that the strong interaction of iron and melanin in relaxation
time shortening might be attributed to the formation of a superparamagnetic complex of ferric iron and melanin.
Previous reports have also shown that paramagnetic substances (e.g. gadolinium-based paramagnetic agents)
shorten the relaxation times of both free protons and a pool of restricted macromolecule protons, and

consequently, the MT effect in the samples with paramagnetic ions is reduced (37).

In-vivo NM-MRI contrast may be the product of a combination of MT and T1 effects similar to MT-based
background suppression in MR angiography (54). In a previous in-vivo study on healthy subjects (22), we found
that MT-weighted 3D SPGR images with offset frequencies between 1 kHz and 8 kHz increases the
hyperintensity in the location of the SNc, similar to those seen in TSE based NM-MRI, supporting the
hypothesis that the contrast in NM-MRI might be associated with MT effects. In-vivo, the white matter has a
higher macromolecular content (i.e. higher PSR values) and thus a stronger sensitivity to off-resonance RF
pulses that results in greater saturation due to MT preparation than occurs in the SNc. Conversely, grey matter
areas outside the brainstem have low PSR values (similar to those of the SNc), yet they do not appear
hyperintense in NM-MRI. The exceptional relaxivity of metallomelanins likely contributes to the shorter T1 of
the SNc that reduces its saturation due to Ti-weighting (present in both the TSE and 3D-SPGR sequences)
relative to other grey matter structures. Moreover, the simulations in the present study suggest that a dominance
of T1 over T2 effects in relation to MT effects would account for the frequency selectivity of the MT increase in
contrast seen in (22) and provide a further contribution to the SNc — grey matter contrast in NM-MRI. Our
findings with iron-laden metallomelanins suggest that NM contributes to the exceptional combination of PSR
and T1 that characterizes the SNc and favors SNc hyperintensity in NM-MRI where MT preparation and T1-
weighting lead to saturation of both white matter, due to higher PSR, and other grey matter structures, due to

longer T1 and possibly wider MT z-spectra, than the SNc.



Furthermore, the potent effect of metallomellanins on relaxation times relative to iron alone may explain several
observations in the literature. First, only the SNc appears as an area of high signal intensity, while the SN pars
reticulata (SNr), known to be rich in iron (55), does not appear bright in NM-MRI (19,56). In fact, SNr contains
a lower amount of NM compared to SNc. Second, other iron-rich structures, such as the red nucleus (57), do not
present the NM-MRI hyperintensity, indicating that iron alone is not the source of the contrast. Third, in patients
with PD, there is decreasing contrast of the SNc and LC. Relative to other grey matter structures, NM is
particularly abundant in the SNc and LC (58), thus, we propose, these structures are more subject to T, and T
shortening effects of metallomelanins than the other iron-rich areas. In patients with PD, the decreasing NM
content may similarly reduce the relaxation (and by association MT) effects and so lead to the reduced contrast
of the SNc and LC.

One must be aware however, that other processes may complicate application of this interpretation of NM-MRI.
In particular, PD is also characterized by an overall increase of iron content throughout the SN (59-62) and an
increase in the amount of iron bound to NM in PD (63-65) both of which may counter the effect of reduced NM
T, signal. As well, very high iron concentrations may lead to saturation of the signal intensity in TSE NM-MRI
due to T, shortening (12,35). Furthermore, in PD, the loss of pigmented dopaminergic neurons is also associated
to other pathological changes in the SN, including the presence of Lewy bodies, which could also affect the
relaxation times, the PSR and the exchange rate between pools. Further longitudinal in-vivo multi-imaging
studies of the SN, possibly involving subjects with PD, may provide further evidence of the role of NM in

generating MRI contrast.

This study was subject to several limitations. Although we were able to produce T; and T, values for the
unloaded polyacrylamide phantom that were a reasonable approximation of gray matter values, MT properties of
the gels used in this work are rather different from MT properties of tissues (i.e. lower PSR, faster exchange)
which results in smaller baseline MTR. Moreover, it is likely that the absorption lineshape of the
macromolecular pool of our experimental data cannot be represented by neither super-Lorentzian or Gaussian
lineshapes commonly used in the literature. It was not our purpose in this paper to elucidate the degrees of
guantitative correspondence to experimental measurements for each of the lineshapes, but rather to provide
evidence of the effect of melanins in the MT spectra. For the purposes of reflecting the general impact of
metallomelanin complexes on MT, therefore we consider our observations likely to be representative and we did
not pursue a search for lineshapes better adapted to the data. As well, we did not perform susceptibility-weighted
imaging, but in light of our results we recognize that quantitative susceptibility techniques (66,67) may provide
complementary information about the intrinsic magnetic properties of tissues. Lastly, the synthetic melanins used
in this study lacked the lipidic and proteic components of the human NM (2,68). Although this approximation of
the molecular structure may have implications for the relaxation and MT exchange processes, for the purpose of
this study the synthetic models of NM here employed are acceptable since they reflect the iron binding in NM,

which occurs via its melanic component and not to peptide or lipid moieties (69).



In conclusion, our results show that the presence of melanin (with or without iron) does not affect the PSR, and
therefore it does not directly alter the MT effect. However, as Ti plays a role in determining the MT z-spectrum
width such that in consequence of T1 shortening, the MTR can be reduced in the presence of melanin-iron
complexes. These findings support a view of NM-MRI contrast as a combination of MT and T1 effects, and
should provide insight for the further optimization of NM-MRI sequences, with the purpose to diagnose PD
before the onset of symptoms and to monitor the disease progression. Further longitudinal in-vivo multi-imaging

studies of the SN may provide additional evidence of the role of NM in generating MRI contrast.
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Figure Legends

Figure 1. Simulated MTR-spectra with variable parameters. (a) Tlf = 0.25, 0.5, 0.75, 1 s; (b) same as (a)
without MT effect (only DS effect); (c) Tzf =30, 60, 120, 240 ms; (d) same as (c) without MT effect; (e) 72" = 8,
14, 20, 26 ps; (f) MZ* = 0.5%, 1%, 3%, 6%; (@) k= 0.1, 0.5, 1, 10 s; (h) amr = 400°, 650°, 900°, 1150°. The
rest of the parameters for all plots were fixed, corresponding to the MT experimental protocol (25-ms sinc-gauss,
amt = 1150°, excitation flip angle = 10°, TR = 58 ms) and the following set of spin-system parameters: Tlf =1s,
Tzf =240 ms, T;" = 14 ps, M§* = 1%, kg, = 1 5™ For (b) and (d), ks, =0 s™. In all cases, the absorption
lineshape for the macromolecular pool was chosen to be Super-Lorentzian. In all plots, the black line shows the

MTR-spectra using the default parameters.

Figure 2. Relaxation rates of samples in polyacrylamide containing different concentrations of melanin and iron.

(a) Longitudinal relation rate (R??S = 1/TP"S); (b) Transverse relaxation rate (R9?S = 1/T$Ps).

Figure 3. Relaxation rates of samples in polyacrylamide plotted against iron concentration. (a) Longitudinal

relation rate (RS = 1/TPP5); (b) Transverse relaxation rate (R9?S = 1/TP%).

Figure 4. Experimental MTR-spectra for selected samples in polyacrylamide. (a) metal-free melanin at different
concentrations; (b) different metallomelanins at the same concentration (3.5 mg/ml); (c) metallomelanin 4 at
different concentrations. Error bars represent one standard deviation. In all cases, the offset frequency was

corrected using the Bo map.

Figure 5. Experimental and simulated MTR-spectra for the samples prepared in 4% agarose. (a) Experimental
spectra with corrected offset frequency (error bars represent one standard deviation); (b) simulated MTR-spectra
using the same parameters as the MT experimental protocol (see methods), fixed T7"= 14 s, kgp,= 1 s-1, M({ =
1, M*= 0.015, and the measured TP?S and T$PS of the corresponding sample. The concentration for all the

melanins showed in the figure was 3.5 mg/ml.

Figure 6. (a) MTR calculated for the MT data obtained with amt = 1150°, and Ao = 1.5 kHz; (b) CNR
calculated from the NM-MRI images.



Supporting Figure S1. Prepared phantom. (a) Prepared samples, including (left to right): 11 samples with the
reference gel, 4 samples with only iron, 4 samples of metal-free melanin, 16 samples with metallomelanins, and
2 samples with ultra-pure water. (b)-(c) Samples positioned in a hexagonal grid. (d) Samples immersed in a bath
of gadolinium doped gelatin.

Supporting Figure S2. Results from the direct saturation fitting. (a) Linewidth; (b) DSR calculated at Aw = 250
Hz.



Tables

Sample I(_r;1(;l};sr/|r3£;o) Irgtiitigl iron/DA (molar Total iron measured by ICP-OES (ug/mg)
Metal-free melanin 0.2 - Below limit of detectability
Metallomelanin 1 0.2 0.025 9.98+0.01

Metallomelanin 2 0.2 0.05 11.4+0.7

Metallomelanin 3 0.2 0.075 19.1+0.9

Metallomelanin 4 0.2 0.1 23.3+1.4

Table 1. Synthesis conditions of metal-free melanin and metallomelanins used in this study. The second column
shows the molar ratio of dopamine and L-Cysteine used to synthesize melanins. The initial molar ratio between
iron and dopamine is reported in the third column, while the iron load in synthesized melanins is shown in the

last column.



Melanin Iron Relaxometry qMT

Description

(mg/ml) (Hg/ml) T3S (ms) TS (ms)  PSR(%)  Th (ms) T3 (us)
Reference* 0 0 1042+23 258.69+3.41 0.76x0.09 90.11+33.33 46.27+16.22
0 34.93+0.01 648+12 219.65+1.89  0.85+0.13  63.08+2.38 12.93+0.51
iron 0 39.91+0.01 591+9 204.72+#0.91  0.77+0.15 52.53+23.45 12.10+1.24
0 66.77+0.01 42015 165.77£0.49  0.86+0.16  48.23+£8.99 13.27+4.75
0 81.66+0.01 34442 149.22+0.51  0.83+£0.27 51.38+6.29 11.15+0.47
0.88+0.01 0 1037127 240.43+2.08 0.72+0.05 88.45+22.88 34.00+14.81
Metal-free Melanin 1.75+0.01 0 1105+48 227.1742.79  0.59+0.11 64.00+15.19 31.83+26.46
2.63+0.02 0 1036+24 215.41+2.47 0.72+0.13  52.45+5.49  43,55+15.39
3.50£0.02 0 1186+32 210.66+1.54  0.52+0.07 74.76+14.46 31.23+22.90
0.88+0.01 8.73+0.01 704+16 112.08+0.60 0.77+0.22  46.84+4.34 23.73+4.39
. 1.75+£0.01 17.46+0.02 535+13 78.06+0.58 0.74+0.24  44.32+2.21 26.80+7.76
Metallomelanin 1
2.63+0.02 26.19+0.03 4265 57.54+0.52 1.13+0.65 35.95+1.94 26.69+1.14
3.50£0.02 34.93+£0.04 374+7 46.54+0.39 1.10£0.40 34.89+2.66 5.48+2.11
0.88+0.01 9.98+0.59 608+10 109.83+0.89  0.92+0.38  47.36%£2.22 51.92+1.08
. 1.75+£0.01 19.96 +1.16 37619 70.05+0.45 0.90+0.14  46.35%6.10  45.97+16.73
Metallomelanin 2
2.63+0.02 29.93+1.73 321+4 54.79+0.93 1.15+0.39  41.12+3.96 23.45+1.48
3.50£0.02 39.91+2.31 25615 43.53+£0.70 1.49+0.31  41.96+4.97 13.75+0.51
0.88+0.01 16.69+0.82 53319 100.07£1.19  0.95+0.21  48.64+7.08 32.43+6.54
. 1.75+0.01 33.39+1.63 323+13 62.05+0.60  0.87+0.19  39.90+2.46 30.90+1.66
Metallomelanin 3
2.63+0.02 50.08+2.45 267+3 44.03+0.41 0.80+0.20  45.55+2.70  33.23%3.50
3.50+0.02 66.77+3.26 194+4 35.03+0.62 0.60+0.36  40.49+4.92 4.49+0.49
0.88+0.01 20.42 £1.19 4177 84.06+0.65 0.97£0.49  43.37+£3.80 33.64+1.75
. 1.75+0.01 40.83+2.39 2865 53.04+0.68 0.99+0.32  49.87+5.26 15.96+1.56
Metallomelanin 4
2.63+0.02 61.25 +3.58 199+3 37.53+0.56 1.34+0.60 43.11+6.69 15.81+1.64
3.50+0.02 81.66 +4.77 161+3 29.02+0.50 1.00+£0.20  38.30+8.26 4.27+0.54

Table 2. Samples prepared in polyacrylamide. The second and third columns indicate the concentration of
melanin and iron, respectively. The fourth and fifth columns show the measured T?S and T£?$, and the last

three columns show the results from the gMT fitting. Data are mean * standard deviation

*10% BSA in 10% polyacrylamide



Melanin Iron RelaXometry qMT

Description

(mg/ml) (Hg/ml) T3bs (ms) TS (ms)  PSR(%) TS (ms) T (us)
4% agarose 0 0 1888+121 35.47+0.68 1.43+0.16 39.60+2.65 15.24+2.53
0 34.93+0.02 547+10 32.09+0.36 0.98+0.20 44.91+£1.93 18.16+3.23
| 0 39.91+0.02 52545 32.08+0.43 1.14+0.22 44.88+1.46 18.86+2.82
ron
0 66.77+0.02 358+6 28.37+0.37 0.95+0.32 42.07+1.97 17.67+3.50
0 81.66+0.02 3053 28.65+0.39 0.90+0.22 38.38+2.64 17.45+4.59
. 1.75+0.02 0 1906+264 33.88+0.90 1.13+0.06 42.02+3.25 14.83+1.18
Metal-free melanin
3.50£0.04 0 1818+38 32.07+0.58 1.17+£0.19 38.54+2.11 17.32+1.90
Metallomelanin 1 3.50+0.04 34.93+0.04 512416 16.35+0.72 1.26+0.21 32.62+2.31 8.79+2.24
Metallomelanin 2 3.50£0.04 39.91+2.31 27418 18.76+0.40 1.14+0.49 26.90+3.68 7.02+£3.65
. 1.75+0.02 33.39+1.63 308+6 19.34+0.18 1.16+0.59 29.01+3.04 9.01+4.31
Metallomelanin 3
3.50+0.04 66.77+3.26 194+6 14.54+0.86 1.1240.32 19.98+3.10 4.07+3.74
. 1.75+0.02 40.83+2.39 288+7 18.52+0.55 1.67+0.53 25.03+2.01 8.57+3.66
Metallomelanin 4
3.50+0.04 81.66 +4.77 184+5 13.55+0.60 0.98+0.43 16.40+3.10 5.83+2.37

Table 3. Samples prepared in 4% agarose. The second and third columns indicate the concentrations of melanin
and iron, respectively. The fourth and fifth columns show the measured TP and T$PS, and the last three

columns show the results from the gMT fitting. Data are mean + standard deviation.



