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A B S T R A C T   

We explored the capability of low-frequency Electron Paramagnetic Resonance (EPR) to noninvasively detect 
melanin (a stable semiquinone free radical) in the human skin. As previous in vitro studies on biopsies suggested 
that the EPR signal from melanin was different when measured in skin melanomas or benign nevi, we conducted 
a prospective first-in-man clinical EPR study in patients with skin lesions suspicious of melanoma. EPR spectra 
were obtained using a spectrometer operating at 1 GHz, with a surface coil placed over the area of interest. Two 
clinical studies were carried out: 1) healthy volunteers (n = 45) presenting different skin phototypes; 2) patients 
(n = 88) with skin lesions suspicious of melanoma (n = 100) requiring surgical resection. EPR data obtained 
before surgery were compared with histopathology results. The method was not sensitive enough to measure 
differences in melanin content due to changes in skin pigmentation. In patients, 92% of the spectra were 
analyzable. The EPR signal of melanin was significantly higher (p < 0.0001) in melanoma lesions (n = 26) than 
that in benign atypical nevi (n = 62). A trend toward a higher signal intensity (though not significant) was 
observed in high Breslow depth melanomas (a marker of skin invasion) than in low Breslow lesions. To date, no 
naturally occurring free radicals have been detected by low-frequency EPR systems adapted for clinical studies. 
Here, we demonstrated for the first time the ability of this technology to detect an endogenous free radical, 
opening new avenues for evaluating clinical EPR as a potential aid in the diagnosis of pigmented skin lesions.   

1. Introduction 

Electron Paramagnetic Resonance (EPR) or, equivalently, Electron 
Spin Resonance (ESR) is a magnetic resonance technology that charac
terizes paramagnetic species that contain unpaired electrons. Most 
standard EPR spectrometers operate at higher frequencies (9 GHz, mi
crowave range) and lower fields (sweep around 0.3 T) than conventional 
NMR spectrometers (radiofrequency range). At this high frequency, the 
nonresonant absorption of electromagnetic radiation by aqueous sam
ples presents a serious problem, thus limiting the sample size to a 
thickness of less than 1 mm. Non-invasive analysis of tissues from ani
mals or humans can be achieved only by reducing the operating fre
quency (1 GHz or lower), which dramatically affects the signal-to-noise 
ratio and the capability of EPR to detect paramagnetic compounds in 

vivo. The construction of whole-body clinical EPR systems and adapted 
resonators [1,2] has recently opened the possibility of applying EPR to 
healthy volunteers and patients [3,4]. To date, in vivo applications of 
clinical EPR have been restricted to oximetry [5,6] and retrospective 
dosimetry [7,8]. In EPR oximetry, a paramagnetic sensor is administered 
to the tissue of interest, and the oxygen-dependent variation of the 
spectrum is analyzed to provide measurements of tissue oxygenation 
[9]. In EPR dosimetry, stable carbonate free radicals generated within 
the hydroxyapatite matrix of the enamel are detected to assess the ra
diation dose [10]. Thus far, it has been considered that naturally 
occurring compounds with unpaired electrons are present in insufficient 
amounts for detection by low-frequency clinical EPR systems. The main 
objective of the present study was to meet the challenge of detecting 
noninvasively the endogenous free radical melanin as a potential 
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diagnostic aid of pigmented skin lesions. 
Melanin is produced by melanocytes that are spread throughout the 

lower part of the epidermis or in clusters (nevi). Melanin is a mixture of 
polymers containing indoles and other intermediate products derived 
from the oxidation of tyrosine [11–13]. Eumelanin is a brown-black 
pigment, whereas pheomelanin is a yellow reddish-brown pigment. 
Both pigments are stable semi-quinone free radicals with distinct EPR 
spectra [14]. It has been generally accepted that eumelanin is the main 
pigment present in melanomas due to the overexpression of the tyrosi
nase gene, a key gene in eumelanogenesis [11,15]. However, other 
studies have shown that pheomelanin might also be present in variable 
concentrations in human melanoma samples [16–18]. EPR spectrometry 
and imaging using high-frequency spectrometers (9 GHz) have been 
successfully applied for the detection of melanin in vitro in 
paraffin-embedded melanoma slices and frozen melanoma samples 
[18–26]. Using low-frequency EPR (1 GHz), we have previously suc
ceeded in noninvasively detecting the signal from melanin in mice 
bearing B16 melanomas [26,27], including using a clinical EPR device 
[27], paving the way for the present study. 

The motivation for performing a prospective clinical trial using 
clinical EPR on pigmented skin lesions suspected of melanoma was 
based on a study carried out by Cesareo on human biopsies [28]. These 
authors performed EPR analysis in vitro (9 GHz) on paraffin-embedded 
human melanoma and nevi sections. They observed that the EPR 
signal in nevi was significantly lower than that in melanomas and found 
a correlation between the EPR signal and Breslow depth (tumor thick
ness in the skin) [28]. Breslow depth is a strong indicator of increased 
metastatic potential of the tumor, and patient management depends on 
its value. Thus, in clinical practice, lesions suspicious for melanoma are 
first excised with minimal margins to confirm the diagnosis and histo
pathologically measure the Breslow depth. When the Breslow thickness 
is larger than 0.8 mm (high Breslow), a sentinel lymph node biopsy is 
recommended in addition to a second surgery to enlarge the margins of 
resection [29,30]. Non-invasive information on the Breslow depth 
before excision would inform the dermatologist on the emergency of 
surgery, provide guidance on resection margins, and accelerate patient 
management regarding the need for lymph node analysis. 

The ultimate goals of the present study were to assess the feasibility 
of noninvasive detection of melanin by low-frequency EPR in suspicious 
pigmented skin lesions, evaluate the value of the technology to 
discriminate between benign and malignant lesions, and compare the 
EPR signal recorded with the Breslow depth measured by histopathol
ogy. We first validated a procedure to analyze the EPR melanin signal 
with a very weak signal-to-noise ratio from phantoms placed at the 
surface of water samples and human skin. We then applied the pro
cedure to healthy volunteers (n = 45) to assess the influence of the 
phototype (classification of the skin by its pigmentation and reaction to 
sunlight exposure) on the EPR signal. Finally, we conducted a pro
spective first-in-man clinical EPR study in patients with suspicious pig
mented skin lesions (n = 100) requiring surgical resection to compare 
EPR data with histopathological results. 

2. Materials and methods 

2.1. EPR acquisition parameters 

EPR measurements were performed on a whole-body clinical EPR 
system (Clin-EPR LLC, Lyme, NH) operating at 1.15 GHz (pole gap of the 
magnet = 50 cm). The area of interest (phantom at the surface of a water 
sample or skin, normal skin, or skin lesion) was placed at the center of 
the magnet below a loop-gap surface coil resonator with an inner 
diameter of 8 mm [31]. A film (Parafilm®“M,” Neenah, WI, USA) 10 ×
20 cm was folded eight times and placed between the coil and the 
sample of interest. The coil touched the area of interest under a light 
pressure. Measurements were performed with the following parameters: 
center field, 41.6 mT; modulation amplitude, 0.3 mT; microwave power, 

10 mW; time constant, 5 ms; scan time, 5 s; scan range, 4 mT. Tuning 
was checked after acquisition of two spectra. A sealed capillary con
taining 10 μL of a 2 mM solution of 15N-PDT (4-oxo-2,2,6,6-tetrame
thylpiperidine-d16-15N-1-oxyl; CDN Isotopes, Pointe-Claire, Canada) 
was fixed along the axis of the resonator with the tip of the capillary just 
at the surface of the loop coil. Before each measurement, the coil was 
protected using a single-use disposable Rinn® Universal Digital Sensor 
Cover (Elgin, IL, USA). 

2.2. Melanin phantoms and calibrations 

Solid dilutions of melanin (> Sepia officinalis, >99%; Sigma-Aldrich, 
Steinheim, Germany) were performed by trituration with increasing 
amounts of sucrose (>99%, Fluka Biochemika, Steinheim, Germany). 
The powder was weighed on Scotch® Magic tape with melanin content 
varying between 0.075 mg and 1 mg. The diameter of the circle occupied 
by the powder was selected as less than 8 mm (diameter of the loop coil). 
After weighing, the tape was covered with another tape and the obtained 
film was used for calibration purposes. For in vitro calibrations, films 
containing melanin were placed on the surface of a NaCl 0.9% water bag 
(Baxter, Lessines, Belgium), and 10 independent EPR measurements 
were performed by acquisition of five series of two scans of the whole 
EPR spectrum (to visualize the signals from 15N-PDT and melanin). For 
in vivo measurements, films containing melanin were taped onto the 
surface of the forehead skin, and five independent EPR measurements 
were performed. Each measurement included nine series of 2 spectra. In 
addition, the reproducibility of the EPR measurements was tested by 
placing a phantom containing melanin on the surface of the skin in six 
different body positions of the same healthy volunteer (right forearm, 
left forearm, right leg, left leg, forehead, and shoulder). Ten independent 
EPR measurements were performed for each body position. 

2.3. Clinical trial: EPR on skin belonging to different phototypes 

The EPR signal of melanin was characterized in healthy skin pre
senting different phototypes to assess the potential influence of skin 
pigmentation on the EPR signal. The clinical trial (Eudra-CT 2018- 
004203-39) was approved by the Comité d’éthique hospitalo-facultaire 
(CEHF) des Cliniques universitaires Saint-Luc (CUSL) on January 11, 
2019, and by the Belgian Federal Agency for Medicines and Health 
Products on January 18, 2019. Forty-five healthy volunteers with a 
minimum age of 18 years were recruited between March 22, 2019, and 
September 17, 2019. They were recruited by the Biomedical Magnetic 
Resonance Laboratory from among students and faculty members of the 
Health Sector of UCLouvain by responding to a recruitment advertise
ment. The candidates had to fill a questionnaire based on skin 
pigmentation and reaction to sunlight exposure to classify their skin 
phototypes according to the Fitzpatrick scale [32] (phototype I: pale 
white skin, freckled, blue/green eyes, blond/red hair, always burns, 
does not tan; Phototype II: fair skin, blue eyes, burns easily, tans poorly; 
Phototype III: white to light brown skin, tans after initial burn; Photo
type IV: light to moderate brown skin, burns minimally, tans easily; 
Phototype V: brown skin, rarely burns, tans darkly easily; Phototype VI: 
dark brown or black skin, never burns, always tans darkly). They filled 
the informed consent before enrollment. The recruitment included 15 
persons with phototype I-II, 15 persons with phototype III-IV, and 15 
persons with phototype V-VI. The exclusion criteria were as follows: 
individuals with pacemakers or metal implants, claustrophobic or 
agitated individuals, and pregnant women (a β-HCG urinary test was 
performed to ensure the absence of pregnancy in non-menopausal 
women). The subjects were placed over a wheeling aluminum bed 
covered with a stretcher mattress protected by disposable single-use 
paper. The forearm of the healthy volunteer was positioned behind 
the head, and the coil was placed over the area of interest with light 
pressure at the center of the magnet. The area analyzed was exempt from 
any lesions, and the skin was protected with Parafilm, as described 

L. Mignion et al.                                                                                                                                                                                                                                 



Free Radical Biology and Medicine 190 (2022) 226–233

228

previously. A series of EPR scans were recorded using the acquisition 
parameters described previously. During the acquisitions, we checked 
the presence of the two reference peaks coming from 15N-PDT. In 
practice, we sought to acquire at least 15 EPR scans with reasonable 
signal-to-noise ratio from 15N-PDT. No adverse events or serious adverse 
events were reported in the clinical trial. 

2.4. Clinical trial: EPR on suspicious skin lesions 

The clinical trial (Eudra-CT 2017-002503-94) was approved by the 
Comité d’éthique hospitalo-facultaire des Cliniques universitaires Saint-Luc 
on June 21, 2018, and by the Belgian Federal Agency for Medicines and 
Health Products on August 9, 2018. Eighty-eight patients (presenting a 
total of 100 lesions) were recruited between November 22, 2019, and 
April 25, 2022, with an interruption in recruitment from March 2020 to 
September 2021 due to the SARS-Cov-2 pandemic. The objective of the 
clinical trial was to assess the feasibility of detecting the EPR signal of 
melanin in melanocytic lesions and to correlate the EPR signal with 
standard histological analysis of excised lesions by the anatomopathol
ogy department of the CUSL. Inclusion criteria were patients with le
sions suspicious for melanoma requiring surgical resection with the 
lesion in an area that could be positioned in the center of the EPR magnet 
and allowing the positioning of an antenna touching its surface. A 
minimum age of 18 years was required. The patients were recruited by 
dermatologists from the Dermatology Department of the CUSL. Before 
enrollment, the candidates provided informed consent. The exclusion 
criteria were the same as those described previously. The lesion was 
covered with parafilm and placed at the center of the magnet, as 
described previously. The surface coil was placed over the lesion under 
light pressure. EPR spectra were recorded with the acquisition param
eters described previously using a series of two spectra with a 5 s 
acquisition time. After tuning the coil, the patients were required to 
remain immobile. When the lesion was present in the abdominal, chest, 
or back areas, patients were required to hold their breath for 10 s up to 
the end of the acquisition. A series of EPR scans were recorded using the 
acquisition parameters described previously. During the acquisitions, 
we checked the presence of the two reference peaks coming from 15N- 
PDT. In practice, we sought to acquire at least 15 EPR scans with 
reasonable signal-to-noise ratio from 15N-PDT. No adverse events or 
serious adverse events were reported in the clinical trial. 

2.5. EPR data analysis 

The data were processed using the homebuilt MATLAB code pro
vided in the supplementary materials. The first step included a quality 
check of all individual EPR spectra recorded and the removal of spectra 
where an obvious motion was noted (instability or sudden change in the 

baseline) and/or an absence of the PDT reference signals. The median 
EPR spectrum was calculated. The baseline of the median EPR spectrum 
was then corrected and the first integration was calculated using cu
mulative trapezoidal numerical integration (cumptrapz function). 
Finally, a polynomial function was used before calculating the second 
integration (see the MATLAB code in the supplementary materials). The 
results were expressed as the ratio between the double integrated signal 
of the melanin peak divided by the double integrated signal of the two 
PDT peaks. 

3. Results 

3.1. Setup and validation of the procedure to measure eumelanin at the 
surface of the skin 

EPR spectra were recorded on a whole-body EPR spectrometer 
operating at 1.15 GHz. Phantoms of melanin or skin areas of interest 
(protected by a plastic film) were placed under a surface-loop resonator, 
as shown in Fig. 1. Eumelanin displayed a single EPR line characterized 
by a g-factor of approximately 2.004. A previous analysis of eumelanin 
content in primary skin melanomas (based on the formation of pyrrole- 
tricarboxylic acid through permanganate oxidation) suggested concen
trations in the range 0.3–4.5 mg/g of tissue [17]. As the volume of in
terest under the coil (diameter of 8 mm) was lower than 1 cm3, we 
prepared flat phantoms with eumelanin content varying between 0.075 
mg and 1.0 mg. The analysis of phantoms with decreasing amounts of 
eumelanin revealed that the 1st-derivative EPR signal becomes difficult 
to analyze in terms of position and intensity using rapid acquisition for 
the analysis of lesions in patients (Fig. 2). Indeed, as the analyzed sus
picious skin lesions could be located in areas prone to motion (abdomen, 
chest), we limited the acquisition time to a series of two spectra recorded 
in 5 s, compatible with a breath hold of 10 s. To allow the unambiguous 
analysis of eumelanin, we used a stable nitroxide (15N-PDT or 4-oxo-2,2, 
6,6-tetramethylpiperidine-d16-15N-1-oxyl) in a sealed capillary fixed to 
the resonator. The EPR signal from this nitroxide is a doublet due to the 
coupling of the electron spin with 15N, which possesses a nuclear spin I 
= ½. This signal was used as a reference for field positioning, as the 
melanin signal appeared between both lines (Fig. 2), and for quantita
tive purposes (ratio between variable amounts of melanin and fixed 
amount of 15N-PDT). We developed a MATLAB program for the analysis 
of samples with very low eumelanin contents. The analysis included the 
following steps: quality check of all individual EPR spectra and removal 
of spectra with obvious motion and/or absence of a reference signal, 
median spectrum, baseline correction, first integration using cumulative 
trapezoidal numerical integration, and polynomial fitting of the baseline 
and double integration. This process is illustrated in Fig. 3, using the 
analysis performed on a melanoma lesion (patient #85). The eumelanin 

Fig. 1. Experimental set-up used for the present investigation. Left: Clinical EPR system with the subject lying between the poles of a magnet (field sweeping 
around 41 mT) and the computer interface allowing the visualization of the EPR spectra. Center: Resonator with the surface loop coil. Right: The coil is positioned 
over the area of interest covered by a plastic film and placed in the center of the magnet. The arrows show the surface loop coil. 
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content was quantitatively assessed using a calibration built with 
phantoms placed on the surface of a water bag and on the forehead of a 
volunteer. A linear relationship was observed between the relative EPR 
signal intensity (melanin/PDT ratio) and the melanin content in the 
samples (Fig. 4A). The squares of the correlation coefficients were 
0.9392 (p < 0.0001, Pearson correlation) and 0.9442 (p < 0.0001, 
Pearson correlation) for calibrations established at the surface of the 
waterbag and human skin, respectively. No significant differences were 
observed between calibration curves (Fig. 4A). In addition, a repro
ducibility assay was performed using the same phantom measured 
during ten different sessions and in six different body positions (left arm, 

right arm, left leg, right leg, shoulder, and forehead). No significant 
differences were observed in the relative signal intensity between the 
different positions (p = 0.22, one-way ANOVA) (Fig. 4B). The overall 
coefficient of variation for these measurements on the skin was 25%. 

3.2. Influence of the skin phototype on the EPR signal 

The first clinical study was conducted to analyze the influence of skin 
pigmentation on EPR signals recorded using the clinical EPR system. 
Forty-five healthy volunteers were recruited, belonging to phototypes I/ 
II (n = 15), III/IV (n = 15), and V/VI (n = 15) according to the Fitz
patrick scale [31]. Measurements were performed on one arm of in
dividuals in a region showing no skin lesions. No significant difference in 
EPR signal intensity was observed between the different phototype 
groups (p = 0.75, one-way ANOVA, Fig. 5). These results indicate that 
the present configuration of the L-band spectrometer used in this study 
was not sufficiently sensitive to measure the differences in melanin 
content due to changes in skin pigmentation. This indicated that 
pigmentation does not play a role in the evaluation of melanin content in 
skin lesions. 

3.3. Link between the lesion status, the Breslow depth of the lesion and the 
EPR signal 

The second study was a prospective clinical trial that included pa
tients with skin lesions suspicious of melanoma requiring surgical 
resection. The patients underwent EPR examination immediately before 
surgery. The results of EPR analysis were compared with the diagnosis 
made in the histopathology report. A table summarizing the patients’ 
characteristics is provided in the supplementary material, including sex, 
age, phototype, size and position of the lesion, histopathological diag
nosis, and Breslow depth (if relevant). Images of all individual lesions 
and their respective EPR spectra are also presented. The study cohort 
included 88 patients (mean [SD] age, 55.1 [14.9] years; 44 women 
[50%]/44 men [50%], with a total of 100 suspicious lesions. Of these 

Fig. 2. EPR spectrum of melanin and PDT used as reference in a L-Band 
EPR clinical system. Typical spectra of eumelanin present in small amounts in 
phantoms placed under a surface coil in the L-Band clinical EPR system. At low 
concentration, the EPR signal becomes difficult to detect. For the analysis, 15N- 
PDT in a sealed capillary was used as a reference. The EPR signal from PDT is a 
doublet with peaks located at lower and higher fields than the melanin signal. 
This signal was used as a reference for field positioning as the melanin signal 
appears between both lines and for quantitative purpose. 

Fig. 3. Steps in EPR analysis of the melanin content in lesions. The example illustrated is from a melanoma in Patient #85. A: lesion of interest that was 
positioned in the center of the magnet under the surface loop resonator. B: visualization of a series of individual EPR spectra. This step allows to remove spectra with 
obvious motion of absence of reference peaks. C: median EPR spectrum obtained from spectra kept for the analysis. At this stage, a baseline correction is applied. The 
signal of melanin is shown with green arrows and PDT peaks with red arrows. D: median spectrum after baseline correction. E: raw first integrated EPR spectrum. F: 
polynomial fitting. G: corrected first integrated spectrum. H: second integrated spectra of the peaks of PDT (red arrows) and melanin (green arrow). (For inter
pretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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lesions, 66 were benign atypical nevi (including 3 blue nevi), 30 were 
classified as melanomas, 1 was a basal cell carcinoma (BCC), and 3 were 
dermatofibromas (DF). The analyzed melanomas were obtained from 
patients with the following characteristics: (mean [SD] age, 65.3 [12.9] 
years; 10 women [33.3%]/20 men [66.7%]). Melanomas included nine 
superficial spreading melanomas (SSM), one nodular melanoma (NM), 
sixteen lentigo maligna (seven lentigo maligna in situ (LM) and nine 
invasive lentigo maligna (LMM)), two skin melanoma metastases (MM), 
and two undifferentiated melanomas (UM). All melanomas were pig
mented, and none of the non-pigmented lesions analyzed in this study 
were diagnosed as melanomas. The EPR spectra displayed an analyzable 
signal in 92% of the lesions. The reasons for failure to analyze the signal 
were the absence of the reference peaks of PDT due to motion (n = 4), 
abnormal EPR signal of the reference peaks due to EPR line shape 
distortion (n = 2, see spectra in the Supplementary material for patients 
#27 and 59), abnormal unstable spectra due to motion (n = 1), and a 
long distance between the coil and lesion due to protective dressing in 
one case of an advanced ulcerated bloody lesion (n = 1). Overall, we 
obtained dual data (EPR/histopathology) for 92 lesions, including 62 
benign atypical nevi, 26 melanomas, one basal cell carcinoma, and three 
dermatofibromas. We observed a highly significant difference (p <
0.0001, Mann-Whitney test) in melanin content (expressed as the 
melanin/PDT ratio) when comparing benign atypical nevi (n = 62) and 
malignant melanomas (n = 26) (Fig. 6A). No clear trend was observed in 
melanin content when comparing different types of skin lesions 
(Fig. 6B). A trend to an increase in melanin content was observed when 
comparing melanoma with high Breslow (higher than 0.8 mm, n = 10) 
compared to low Breslow (lower than 0.8 mm, n = 16): the melanin 
content (expressed as melanin/PDT ratio) was 0.128 ± 0.027 and 0.107 
± 0.025 (mean ± standard error) for high Breslow and low Breslow 
melanomas, respectively, but the difference was not statistically signif
icant (p = 0.3561, Mann-Whitney test) (Fig. 6C). Finally, the analysis of 
pooled data from the study on phototype in healthy volunteers and the 
study on suspicious lesions showed that the melanin content (expressed 
as melanin/PDT ratio) was significantly higher than that in all other 
groups (ANOVA and multiple comparisons Kruskal-Wallis test, Fig. 6D). 

4. Discussion 

The main achievement of the present study is that we succeeded in 
noninvasively detecting endogenous free radicals in human beings by 
EPR for the first time. To date, clinical studies with low-frequency EPR 
have only been possible after patient administration of an exogenous 
paramagnetic sensor reporting on its oxygen environment [5,6] or in 
teeth after an external high irradiation dose [7,8]. While paramagnetic 
compounds are present in many biological compounds and can be 
characterized by high-frequency EPR spectrometers (9 GHz or higher), 

Fig. 4. Validation of the method to quantify 
melanin. Left: in vitro calibrations established with 
films containing melanin placed at the surface of a 
NaCl 0.9% water bag or the skin forehead of a healthy 
volunteer. Each point is the mean of 5 different 
measurements ± standard error. The squares of the 
correlation coefficients were 0.9392 (p < 0.0001, 
Pearson correlation) and 0.9442 (p < 0.0001, Pear
son correlation) for calibrations established at the 
surface of water bag and human skin, respectively. 
No significant difference was observed between both 
calibration curves. Right: reproducibility assay using 
a film containing 0.507 mg melanin at the surface of 
the skin in 6 different body positions of a healthy 
volunteer (right forearm, left forearm, right leg, left 
leg, forehead, shoulder). Ten independent EPR mea

surements were done in each body position. Each independent measurement in the reproducibility assay included 9 series of 2 EPR spectra. Results are expressed as 
mean of the melanin signal intensity relative to PDT ± standard error. No significant difference was observed in the EPR signal intensity whatever the position of the 
measurement (p = 0.22, One-way Anova).   

Fig. 5. Influence of the phototype on the melanin signal. 45 healthy vol
unteers exhibiting a phototype I and II (n = 15), phototype III and IV (n = 15) 
and phototype V and VI (n = 15) were recruited. Measurements were per
formed on one arm of those individuals, in a region showing no skin lesion. 
Each point represents the measurement performed on each individual volun
teer. Red bar represents the median value. No significant difference in EPR 
signal intensity was observed between the different groups of skin phototype (p 
= 0.75, One-way Anova). (For interpretation of the references to colour in this 
figure legend, the reader is referred to the Web version of this article.) 
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their detection has so far been impossible using low-frequency spec
trometers with limited sensitivity. The selection of melanin as an 
endogenous free radical was based on the following considerations. 
First, in contrast to other reactive free radicals, melanin is a highly stable 
free radical. Second, melanin is present in high concentrations in pig
mented skin lesions, compatible with detection using a 1 GHz EPR 
spectrometer (1 cm depth wave penetration). Third and most impor
tantly, EPR detection of melanin could be highly relevant in the context 
of clinical applications as a potential differential diagnostic aid for 
pigmented skin lesions [28]. Our earlier work demonstrated the feasi
bility of detecting in vivo melanin in pigmented melanoma models 
implanted in anesthetized mice in vivo [26,27]. The transfer of this 
approach to humans is particularly challenging because of the need for 
an acceptable protocol for patients. In contrast to animal models, in 
which the optimal configuration for detection can be adapted and 
optimized over a long period of time, clinical measurements should be 
performed rapidly and efficiently in humans. In addition, as suspicious 
lesions can be located in areas prone to motion, it was necessary to use 
rapid acquisitions compatible with requests for immobility and breath 
holding. EPR spectra were acquired using a series of two scans of 5 s with 
relaxing periods between the EPR acquisitions. After the installation of 
the patient in the magnet, the entire protocol duration was limited to 20 
min. Consequently, a limited series of spectra were accumulated, and it 
was anticipated that the resulting EPR spectra would present a very low 
signal-to-noise ratio. This prompted us to develop a method that allows 
the assignment of magnetic field positioning and comparison with a 
reference signal for quantitative purposes. These two lines of PDT were 
suitable for this purpose. In addition to its use as a reference during data 
post-processing, the PDT signal is an excellent marker for assessing the 
quality of the spectra acquired from patients. 

The first trial in healthy volunteers was designed to evaluate the 
potential impact of skin pigmentation on EPR recordings, which could 
potentially affect the signal in skin lesions. Using the same conditions as 

those used for analyzing skin lesions, the signals recorded were not 
significantly different from the noise, and no significant difference was 
observed between the different groups despite the obvious differences in 
melanin content in the epidermis. This result highlights the limited 
sensitivity of the proposed setup for detecting low melanin concentra
tions. In turn, this bothering result at first sight could be considered as an 
advantage to study melanocytic skin lesions, as there was no need for 
correction due to skin pigmentation. A clinical trial of suspicious mel
anocytic skin lesions revealed a highly significant difference in melanin 
content between skin melanomas and benign nevi. This result obtained 
in a totally noninvasive manner is consistent with earlier results ob
tained in vitro on paraffin-embedded biopsies using high-frequency EPR 
[28]. Cesareo suggested that spectral variations may be related to 
qualitative melanin differences occurring in melanoma cells and 
concluded that this EPR signal may represent a reliable marker for 
melanoma diagnosis in human histological sections [28]. As the same 
authors observed differences in melanin content for high and low Bre
slow melanomas [28], we investigated this possibility using our clinical 
setup. Although the signal was slightly higher in invasive melanomas 
with high Breslow (>0.8 mm) than in those with low Breslow (<0.8 
mm), the difference was not significant. 

Overall, our study should be considered as a proof-of-concept, 
demonstrating that clinical EPR can noninvasively detect endogenous 
free radical melanin in melanocytic skin lesions. Using the present 
configuration, a highly significant difference was observed between 
malignant melanomas and benign nevi, opening new avenues for eval
uating clinical EPR as a potential aid for the diagnosis of pigmented skin 
lesions. Overall, our study should be considered as a proof-of-concept, 
demonstrating that clinical EPR can noninvasively detect endogenous 
free radical melanin in melanocytic skin lesions. Using the present 
configuration, a highly significant difference was observed between 
malignant melanomas and benign nevi, opening new avenues for eval
uating clinical EPR as a potential aid for the diagnosis of pigmented skin 

Fig. 6. Results of the EPR study on suspicious le
sions. Each point represents the measurement from 
each single lesion. A: A highly significant difference 
(p < 0.0001, Mann Whitney test) is observed in 
melanin content when comparing benign atypical 
nevi (n = 62) and melanomas (n = 26). Red bars are 
the medians of the results. B: No clear trend was 
observed in melanin content when comparing 
different types of skin lesions. Invasive Lentigo 
Maligna (LMM), Lentigo Maligna in situ (LM), Su
perficial Spreading Melanomas (SSM), Nodular Mel
anoma (NM), undifferentiated melanomas (UM), skin 
melanoma metastasis (MM), basal cell carcinoma 
(BCC), dermatofibromas (DF). C: A trend to an in
crease in melanin content was observed when 
comparing melanoma with high Breslow (higher than 
0.8 mm, n = 10) compared to low Breslow (lower 
than 0.8 mm, n = 16), but the difference was not 
statistically significant (p = 0.3561, Mann Whitney 
test). D: Comparison of pooled data coming from the 
study on phototype in healthy volunteers and the 
study on suspicious lesions (benign nevi vs mela
nomas). Melanin content (expressed as melanin/PDT 
ratio) was significantly higher in the melanoma group 
compared to all other groups (Anova and multiple 
comparisons Kruskal-Wallis test). (For interpretation 
of the references to colour in this figure legend, the 
reader is referred to the Web version of this article.)   
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lesions. In clinical practice, the most useful metrics for measuring ac
curacy in melanoma detection is the number needed to excise (NNE), 
calculated as the number of melanocytic lesions excised for every 
confirmed melanoma. 10 years ago, a large multicenter study revealed 
that the NNEs were 8.7 and 29.4 for specialized clinical settings (SCS) 
versus non-specialized clinical settings (NSCS), respectively [33]. The 
use of digital dermoscopy and reflectance confocal microscopy (RCM) 
has significantly reduced unnecessary excisions without missing mela
noma cases leading now to a NNE between 2.4 and 4 in SCS [34–38]. Of 
note, due to the limited depth penetration, both methods have limited 
value to provide information on the Breslow depth. High-frequency ul
trasound (HFUS) with transducer frequencies of 20 MHz can produce 
high resolution images of structures close to the skin surface and inform 
on the Breslow depth [39]. However, HUFS lacks of specificity regarding 
the nature of the lesion. Recent developments using multiphoton im
aging systems have also shown the potential ability to evaluate the 3D 
distribution of epidermal melanin content in vivo [40]. In this context, 
the selectivity of EPR for melanin detection as well as its noninvasive 
nature seem particularly attractive for skin melanoma characterization. 
We believe that this seminal contribution will inspire scientists in the 
field. Regarding technological developments, there is clear room for 
boosting the sensitivity of the method through improvement in instru
mentation, for example by developing S-Band (2–3 GHz) bridges 
compatible with clinical EPR spectrometers, allowing a penetration 
depth of 2 mm in the skin [41] and/or use of new acquisition modes (i.e., 
using multiharmonics or rapid-scan), allowing the use of higher modu
lation amplitude and power [42,43]. Flexible resonators adapted for 
skin measurements could also be advantageous for minimizing motion 
artifacts [44]. Finally, as the ultimate goal is to measure the Breslow 
depth, it will be important to adapt to clinical EPR system resonators and 
gradients, allowing high-resolution imaging [45] to map the skin 
penetration of melanin. The observation of a higher signal intensity of 
melanin in melanoma compared to benign lesions may also stimulate 
fundamental research to address unsolved issues. An open question is to 
know why these EPR signals are different. At this point, we can only 
speculate on possible factors at the origin of changes in EPR signal in
tensity such as differences in melanin content, in melanin polymer or
ganization, in melanogenesis or in melanin degradation [12,13,46,47]. 
Because it has been established that the EPR signal could be modulated 
by the presence of divalent cations, further research is warranted to 
measure possible variations in metal ions content and metal ions bound 
to melanin in human melanoma tissues and benign lesions to assess their 
potential role in EPR signal recorded in physiological conditions [48]. 
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