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Influence of paramagnetic melanin on the MRI
contrast in melanoma: a combined high-field
(11.7 T) MRI and EPR study

Q. Godechal® L. Mignion®, O. Karroum?, J. Magat®, P. Danhier®,
R. Morandini®, G. E. Ghanem®, P. Leveque?® and B. Gallez®*

Melanoma is the most dangerous form of skin cancer and its incidence is rising each year. Because the current
methods of diagnosis based on the visual aspect of the tumor show limitations, several new techniques are emerging
to help in this diagnosis, amongst which are magnetic resonance imaging (MRI) and electron paramagnetic resonance
(EPR). The origin of the typical contrast pattern observable in melanoma in T;- and T,-weighted images remains to be
elucidated and is a source of controversy. In addition, melanin could create sufficient magnetic inhomogeneities to
allow its visualization on T,*-weighted images using high-field MRI. In order to elucidate the possible role of melanin
in the MRI contrast of melanoma, the present study was designed to correlate the paramagnetic content in melanin
pigment to the contrast on T;-, T,- and T,*-weighted images. MR images were obtained in vivo at 11.7 T using four
types of experimental tumors with different pigmentations (B16, HBL, LND1 melanomas and KHT sarcomas). The
paramagnetic content in melanin pigment was measured by EPR. No significant correlation was observed between
the content in melanin and the relaxation times T;, T, and T,*, emphasizing that the presence of pigment alone

has negligible effect on the MRI contrast. Copyright © 2014 John Wiley & Sons, Ltd.
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1. INTRODUCTION

Malignant melanoma is a cancer characterized by the uncontrolled
proliferation of melanocytes, mainly in skin, but also in eyes and
exceptionally in several other locations such as the oral cavity,
esophagus or rectum. The incidence of the cutaneous form of
melanoma is constantly rising (1), and even if it represents <5%
of the total of skin cancer diagnosed every year (2), it is responsible
of >75% of the deaths linked to a skin cancer (3). Moreover,
malignant melanoma is the second most common cancer
amongst the young white population (15-29 years), after Hodgkin
Lymphoma (4).

Owing to its ability to visualize subcutaneous tissues, the
magnetic resonance imaging (MRI) technique has been used
for a long time to aid diagnosis of skin tumors and particularly
malignant melanoma. While early studies demonstrated that
MRI was able to measure accurately Breslow’s and Clark’s index
(tumor thickness and penetration) (5-7), others proved that MRI
was also able to discriminate pigmented malignant melanomas
from benign cutaneous pigmented lesions according to their
morphological characteristics (8) or their MR contrast. For that
purpose, T,-weighted (T,W) images were found more efficient
than T;-weighted (T;W) images (9-11). These results were
however contested in further studies where MRI was unable to
discriminate benign from malignant lesions (12,13), on both
T;W and T,W images.

The origin of the typical contrast pattern observable in melanoma
(hyperintensity on T;W and hypointensity on T,W) remains to be
elucidated and is a source of controversy. Most authors generally
attribute the decrease in the relaxation times T; and T, in

melanoma to the presence of melanin, a paramagnetic macro-
molecule synthesized within the melanocytes. The decrease in
T, and T, induces a visible change of the signal intensity in
melanomas compared with their close environment (subcutis
for the skin melanomas, vitreous body for the uveal melanomas,
cortex for cerebral metastases) (14-18). However, in some other
studies, the expected pattern was found only in a small part of
the melanoma tested, the others exhibiting a variable range of
intensities both in T;W and T,W (19-22), intensities that could
not always be explained by the concentration of melanin.
Another possible source of contrast can rely on susceptibility
effects induced by the melanin pigments. With the increasing
availability of very high field MRI, we hypothesized that melanin
could create sufficient magnetic inhomogeneities to allow its
visualization on T,*-weighted images (T,*W).

In order to elucidate the possible role of melanin in the MRI
contrast of melanoma, the present study was designed to correlate
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the paramagnetic content in melanin pigment to the contrast on
T;W, T,W and T,*W images. We used four types of experimental
tumors with different pigmentation: highly pigmented B16F10
melanoma, moderately pigmented HBL melanoma, non-pigmented
LND1 melanoma and non-pigmented KHT sarcoma. The
paramagnetic content in melanin pigment was measured by
electron paramagnetic resonance (EPR). As shown previously,
EPR spectrometry is the ideal tool to assess the concentration of
paramagnetic species like melanin inside biological samples in
a specific manner (23-26). The combined use of MRI and EPR on
the same samples should unambiguously determine a possible
relationship between the MR contrast and the concentration of
melanin in the tumors.

2. RESULTS AND DISCUSSION

2.1. EPR Measurements

EPR was previously demonstrated to be an accurate method to
measure the concentration of melanin within biological samples
(23-26). The EPR measurements carried out in the present
study were performed ex vivo on the tumors after the MRI
examinations. The differences observed in the EPR measurements
were consistent with differences in pigmentation of the tumor
models. As shown in Fig. 1, the tumors from the B16F10 group,
which are highly pigmented, displayed the highest signal-to-
noise ratio (SNR) per unit of weight. The difference between
this group and the three other groups was highly significant
(p < 0.001). The HBL group, which was expected to be moderately
pigmented, exhibited a slightly higher SNR compared with the
two non-pigmented groups (KHT and LND1). This difference
was significant using a t-test of comparison when comparing
two groups, but not significant using the one-way Anova test
comparing all groups. The very small EPR signal recorded for
the HBL group was consistent with the direct visual observation
of the tumors with an absence of pigmentation spots within the
HBL samples. The assumed reason for this feature is that, like
LND1 cells, HBL cells were grown in a medium poor in tyrosine,
which is the key substrate for melanogenesis. As a consequence,
itis likely that the cells lost the ability to synthesize melanin once
injected in animals. The two other groups, KHT sarcoma and the
amelanotic LND1 melanoma, displayed a low SNR, confirming
the absence of pigmentation within these models. Comparison
of the mean SNRs obtained from all groups and a calibration
curve previously achieved for the EPR measurements of saepia
melanin (24) provides an idea of the overall concentration of
melanin present in each group. This was calculated at 2.93 ng/mg
tissue for B16, 0.60 pg/mg tissue for HBL, 0.21 pg/mg tissue for
LND1 and 0.18 pg/mg tissue for KHT. The negligible signal
obtained for the two non-pigmented groups originates probably
from the presence of organic free radicals, as demonstrated for
several freeze-dried tissues (27). The presence of Fe** (single line
at g=4.3) or Mn** (six-line spectrum, g=2.15 for downfield line)
was also checked for each sample. Mn?" was not detectable in
15 out of the 20 samples analyzed. For the other five samples,
the signal was just out of the noise, and only detectable because
of the particular pattern of the spectrum. Iron was detected in
all samples. The mean concentration of Fe** was 0.16 pg/g
(dry tissue) and ranged from 0.03 to 0.62 ng/g. Overall, these
results indicate that the amount of metal ions was very low in
the tumors analyzed in the present study.
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Figure 1. EPR measurements. (A) Effect of the pigmentation on the
normalized electron paramagnetic resonance (EPR) intensity. The signal-
to-noise ratio of the EPR spectra was normalized with the weight of
the samples measured on four different tumor models. The difference
between the B16 group and the three other groups was highly significant
(p < 0.001). (B) Typical EPR spectra obtained in melanoma B16 samples
(highly pigmented, black dotted line) and in melanoma LND1 samples
(non pigmented, gray line).

2.2. MRI Measurements

The four tumor models were measured in vivo with high-field
MRI (11.7 T) using T;W, T,W and T,*W sequences. On the T,W
images, the contrast between the tumors and the surrounding
tissues did not differ from one group to another. In each group, all
tumors (pigmented or non-pigmented) were iso- to hyperintense
in comparison with the muscle (Fig. 2), and when the subcutis
was visible, were hypointense in comparison with the subcutis.
The contrast in comparison with the muscle was expected because
the muscle has a long T; relaxation time and low intensity on T;W
images. However, the similar appearance of the pigmented
and non-pigmented tumors on T;W images was more unexpected.
Indeed, pigmented melanoma lesions were reported to exhibit
a hyperintense signal on T;W images when compared with the
surrounding tissues, subcutis included (15-19) and when
compared with non-pigmented tumors (7). The only notable
difference between the B16 group and the others was the
presence of hypointense spots visible in some tumors (3/6) of this
group, as shown in Fig. 2(a). No spots could be observed in the
other groups. The presence of such hypointense spots was not
linked to the presence of susceptibility effects as they were not
observed in the corresponding T,*W images.
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Figure 2. T;-Weighted (T;W) MR images. The T;-weighted MR images of a B16 melanoma (a), KHT sarcoma (b), HBL melanoma (c) and LND1 melanoma
(d) are displayed, the tumors being pointed out by an arrow. All tumors appear iso- to hyperintense in comparison to the muscle. Hypointense spots, as
shown on (a) could be seen in three of the six B16 tumor. These images were acquired with TR=800 ms and TE=2.5 ms.

Similarly, the contrast observed on T,W and T,*W images did
not reveal different from one group to another. On T,W (Fig. 3)
and T>*W images (Fig. 4), all tumors appeared hyperintense in
comparison to the muscle, and, when the subcutis was visible,
appeared hypointense compared with the subcutis. The T, was
measured using a multiecho sequence and this value was
normalized with the T, measured in the muscle. This ratio
was compared between the different groups by using a one-
way Anova test (Fig. 5). There was no significant difference
between all groups. The same result was obtained for T,* (Fig. 6).

The results we obtained at high field are not in agreement
with some previous studies done at lower magnetic field, which
pointed out the efficiency of T;W (28,29) or T,W (30) sequences
to distinguish pigmented tumors or pigmented areas from the
non-pigmented ones. Still, it is interesting to note that the results
obtained so far were quite controversial as studies that obtained
significant results with ;W sequences failed to observe a
correlation between melanin and the T,, and reciprocally. In
addition, while several studies claimed that pigmented
melanomas exhibited a typical pattern on MR images (14-18),
others failed to demonstrate any correlation between the
pigmentation of the tumor and the MR contrast (19-22). So
far, only one in-vitro study correlated the MR signal intensity
(T,W images) with the concentration of melanin (31). Other
studies failed to show any correlation between synthetic melanin
concentration and MR contrast (32-34). Here, we used EPR
spectroscopy as an accurate and sensitive measurement of the
paramagnetic content in melanin pigment in the biological
samples examined by MRI. We did not observe any correlation

between both parameters, showing that melanin alone cannot
be responsible for changes in ;W and T,W contrast at high field.

Interestingly, in vitro studies (32-34) demonstrated that, when
supplemented with metal ions like Cu®*, Mn** or Fe**, melanin
decreased both relaxation times T; and T, proportionally to its
concentration. It is noteworthy that the effects of metal ions alone
on the relaxation times were significantly lower than those of the
combination melanin-ions (33) and this property was recently
exploited to develop a metal-based MRI sensor that reports the
formation of melanin in melanoma cells (35). It seems consequently
that melanin alone does not possess sufficient free radicals to induce
visible effects on MR contrast and that the presence of metal ions is
necessary to induce such observable effects. In the study of Enochs
(32), other parameters like pH and aggregation of melanin molecules
were also investigated additionally to the presence of metal ions.
Although both parameters were shown to have a small influence
on the MR contrast, the effect was negligible when compared with
the effect of the presence of metal ions, especially Fe**. Interestingly,
the effect on water relaxation of metal ions bound to melanin can be
very different as a function of the structure and physical state of the
pigment. Paramagnetic metal ions that are bound by melanin-
chelating groups are sequestered from the solution, so their effect
on water proton relaxation rates becomes very small. Other
pigments that are structurally related to melanin, such as partly
oxidized melanin or melanin free acids (36), are soluble,
high-molecular-weight polymers. Unlike solid melanin particles,
metal ions bound to such polymers show a marked effect on
water proton relaxation rates. Little information is available
about the final structure of melanin in melanocytes.
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Figure 3. T,-Weighted (T,W) MR images. The T,-weighted MR images of a B16 melanoma (a), KHT sarcoma (b), HBL melanoma (c) and LND1 melanoma
(d) are displayed, the tumors being pointed out by an arrow. All tumors appear hyperintense in comparison to the muscle. These images were acquired

with TR=2500 ms and TE=33 ms.

Nevertheless, the high efficiency of the photon absorption in
the visible and UV, and the semiconductor properties of
melanins, especially eumelanin (37), lead to the assumption that
these pigments are highly polymerized structures and reside in
melanocytes in the form of solid granules. This polymerized
structure was first thought to be heteropolymeric (38), but a
supramolecular architecture was then proposed for eumelanin
particles (39) suggesting a stack aggregate ultrastructure
composed of several planar sheets. Numerous studies using
mass spectroscopy (40), atomic force microscopy (41) or X-ray
diffraction (42) appear to support this structure. In addition, the
casing model proposed by Agrup et al. (43) and kept up to date
by Wakamatsu (44), which describes the configuration of
melanin granules within the melanosome, tends to confirm the
solid state of melanin molecules. A recent study from Pelés
et al. (45) provided direct evidence that supports this casing
model. Photon emission microscopy was there used to observe
the surface of the substructures inside the melanosomes and
revealed the presence of eumelanin granules. Overall, this
aggregate structure of melanin in melanocytes together with
the absence of a sufficient amount of metal ions (as measured
for Fe>™ and Mn?* in our EPR studies) seems therefore the most
plausible explanation to the absence of T; and T, MRI contrast.

Finally, the influence of the presence of melanin on the T,*W
contrast appeared non-significant, indicating that, despite the
use of a high magnetic field, the magnetic susceptibility of
melanin was not sufficient to induce magnetic inhomogeneities
within the tumors. The only study ever published attempting to
correlate the presence of melanin with the T,* MR contrast

displayed evasive results. On 120 melanoma brain metastases
measured with T,*W sequences, 50 tumors exhibited a hypointense
aspect. In comparison, for the same number of pulmonary
carcinoma brain metastases, only 10 tumors exhibited a
hypointense aspect. However, after separating the tumors into
three different groups as a function of the pigmentation, the
highly pigmented group did not reveal a particular hypointensity
when compared with the other groups, and no correlation was
found between the melanin concentration and the susceptibility
effect (46). Our present results reinforce the fact that the presence
of a high concentration of melanin is not sufficient to guarantee
clear susceptibility effects even at high magnetic fields. Here also,
the presence or absence of metal ions might be of the greatest
importance in the contrast observed on MR images.

In conclusion, relaxation MR parameters cannot be considered as
reliable biomarkers to assess the concentration of melanin in melano-
mas, and melanin alone cannot explain differences in relaxation times
observed in some studies. The presence of metals is likely to play a
determinant role and further in vivo studies investigating this particu-
lar aspect should be performed to allow a better understanding of
the role played by melanin and metal ions on the MR intensity.

3. EXPERIMENTAL

3.1. Cell Cultures and Mouse Models

Four different tumor cell models were cultured, implanted and used
for MRI and EPR measurements. B16F10 mouse melanoma cells were
routinely cultured in DMEM-glutamax (pyruvate 1 g/l, glucose 1 g/l)
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Figure 4. T,*-Weighted MR images. The T,*-weighted MR images of a B16 melanoma (a), KHT sarcoma (b), HBL melanoma (c) and LND1 melanoma (d)
are displayed, the tumors being pointed out by an arrow. All tumors appear hyperintense in comparison to the muscle. Hypointense spots visible on
T;W and/or T,W images are not always observable on T,*W images. These images were acquired with TR=1500 ms and TE=3.5 ms.
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Figure 5. Measurements of the T, relaxation time. The relaxation time
T, was measured for every tumor and normalized with the T, of the
surrounding muscle. According to the one-way ANOVA test results, no
significant difference could be observed between the four experimental
tumor models.

medium supplemented with 10% heat-inactivated fetal bovine serum
(HIFBS) and 1% penicillin-streptomycin (PS). An aliquot of 1x 10° cells
was injected subcutaneously in the left leg of 8-week-old C57BL6 mice
(Elevage Janvier, France, n=6). Tumors grew for 9 days before mea-
surements. KHT mouse sarcoma cells were routinely cultured in
MEM-alpha-glutamax (pyruvate 1 g/l, glucose 1 g/l) supplemented
with 10% HIFBS and 1% PS. An aliquot of 1x 10° cells was injected
subcutaneously in the left leg of 8-week-old C3H mice (Elevage
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Figure 6. Measurements of the T,* relaxation time. The relaxation time
T,* was measured for every tumor and normalized with the T,* of the
surrounding muscle. According to the one-way ANOVA test results, no
significant difference could be observed between the four experimental
tumor models.

Janvier, France, n=6). Tumors grew for 9 days before measure-
ments. Pigmented LOCE-MMO001 (known as HBL) and non-
pigmented LOCE-MMO11 (known as LND1) human melanoma
cells were provided as a gift by Professor G. E. Ghanem from
Bordet Institute, Brussels and were routinely cultured in HamF10
medium supplemented with 5% HIFBS, 5% heat-inactivated
newborn calf serum (HINCS), 1% PS—glutamin and 1% kanamycin.
An aliquot of 5x 10° cells was injected subcutaneously in the left
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leg of 8-week-old NMRI-nu (nu/nu) mice (Elevage Janvier, France,
n HBL=3, n LND1 = 3). Tumors grew for 21 days before measure-
ments. For all the models, the number of cells injected and the
growth period were determined to provide tumors with equiva-
lent sizes. C57Bl6 and KHT mice were depilated 1 day before
the experiment.

Mouse care and experimental procedures were approved by
the local ethics committee of the Université Catholique de
Louvain according to the national animal care regulations (N/ref.
2010/12AVR/120 - no. B40320108558).

3.2. Magnetic Resonance Imaging Measurements

MRI was performed with an 11.7 T, 16 cm inner diameter bore sys-
tem (Bruker Biospec, Ettlingen, Germany) equipped for respiration
and temperature monitoring. Mouse temperature was maintained
at 37 £ 0.5°C using a water blanket connected to a circulating wa-
ter bath. The system was equipped with a four-element surface
coil as receiver and a 72 mm-diameter volume coil as transmitter.
Two-dimensional Fast Low Angle Shot (FLASH) T;-weighted MR
sequences [repetition time (TR)=800 ms, echo time (TE)=2.5
ms] and Rapid Acquisition with Relaxation Enhancement (RARE)
(factor 8) T,-weighted sequences (TR=2500 ms, TE =33 ms) were
performed perpendicularly to the cutis. The slice thickness was 1
mm and the matrix used was 256 x 256 pixels. A multislice-
multiecho T,-mapping sequence (TR=2500 ms, number of
echoes=15, first TE=8.62 ms, echo spacing=8.62 ms) was
performed to measure the relaxation time T, in a region of inter-
est (ROI) embracing the whole tumor and in an equal-size ROI
placed on the leg muscle, serving as a reference. In the same
way, a multigradient-echo T,*-mapping sequence (TR=1500
ms, number of echoes =6, first TE=3.5 ms, echo spacing=5 ms)
was performed to measure the relaxation time T,* in the tumor
and the leg muscle. For each tumor, T, and T,* relaxation times
were calculated as the mean of the T, and T,* measured on two
different slices separated by 1 mm distance. The relaxation times
were calculated using the Bruker ISA tool.

3.3. Electron Paramagnetic Resonance Measurements

Tumors were freeze-dried prior to EPR manipulations to avoid the
non-resonant absorption of microwaves by water and increase the
sensitivity of the measurements. EPR spectra were recorded
at room temperature on a Bruker E540 Elexsys system (Bruker
Biospin, GmBh) equipped with a Super High Sensitivity Probe
(10 mm diameter, 30 mm long) operating in X-band mode at
approximately 9.5 GHz and 100 kHz modulation frequency. For
melanin measurements, parameters were chosen to provide the
best SNR with no distortion of the signal shape. The following
parameters were used: microwave power, 3.2 mW; modulation
amplitude, 0.25 mT; conversion time, 10.24 ms; time constant,
5.12 ms; sweep width, 100 G; number of points, 1024; number of
scans, 5; sweep time, 35 s. The intensity of the spectra was measured
as the peak-to-peak amplitude of the EPR signal of melanin and was
normalized to the post-freeze-drying weight of the tumors. To
guarantee the integrity of the results, spectra intensities were
normalized by comparison with the EPR intensity of a DPPH
standard spectrum acquired between every series of measurements.

3.3.1.  Iron quantification

Iron standards were prepared from solutions of FeCls.6H,0
(UCB, Belgium), ranging from 0.25 to 2% w/v in water. Twenty-five

microliters of each solution were placed on an inert support,
evaporated to dryness, placed in a quartz tube and measured in
X band with the following parameters: power, 20 mW; gain,
60 db; conversion time, 10.24 ms; time constant, 20.48 ms;
amplitude modulation, 1 mT; center field, 163.0 mT; sweep width,
80 mT. Ten scans were acquired for each sample. The intensity
of the spectra was measured as the peak-to-peak amplitude of
the EPR signal. Limits of detection and quantitation using this
procedure were 0.016 and 0.053 mg of Fe”, respectively.

3.4. Statistics

EPR results are given as means+SE values from n animals.
Comparisons between groups were performed with a one-way
ANOVA test comparing all pairs of columns. p-Values < 0.05 (¥),
<0.07 (**) or <0.001 (***) were considered significant.
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