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Abstract

Our research focuses on the detection of M. ulcerans (Mycobacterium ulcer-
ans), etiological agent of Buruli ulcer, and the analysis of the spectra of the
optical properties of human skin by diffuse reflectance spectroscopy. This
promising technique is established in this paper for non-invasive and in vivo
characterization of optical properties of tissues for diagnostic application. An
innovative, compact and low-cost architecture for DRS (Diffuse Reflectance
Spectroscopy) has been proposed. This innovative approach is based on the
use of a multispectral image sensor and LEDs (Light-Emitting Diode) to ob-
tain a diffuse reflectance signal in contact with the skin. This prototype, in-
cluding a spectrometer coupled to an optical fiber, a microcontroller, an array
of 8 LEDs and a computer, has been developed, fabricated and implemented.
Diffuse reflectance profiles were acquired at 438 nm, 544 nm and 613 nm. The
spectrum of M. ulcerans was established by this method at 256 nm and 365
nm. The results obtained confirm the potential and of our approach for quan-
titative tissue information and study of Buruli ulcer disease progression before
changes are visibly apparent. This suggests the possibility of using it as a com-
plementary technique to clinical assessment.
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Diagnostics, Diffuse Reflectance, Mycobacterium ulcerans, Skin

1. Introduction

Buruli Ulcer (BU) of etiological agent Mycobacterium ulcerans, is a necrotic, in-

fection and debilitating bacterial disease. The incidence of BU is proliferating
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worldwide and ranks as the third most neglected tropical disease according to the
World Health Organization [1]-[3]. Clinically, this infection often starts with a
nodule, papule or edema without systematic symptoms. Then, the disease pro-
gresses to necrotic ulcers and open wounds, finally evolving to scarring, contrac-
tures and deformities with possible total loss of joint function [4]-[6]. The absence
of pain at the site of the lesions in the early stages of infection leads to a delay in
seeking care in most cases. However, BU can be treated if diagnosed at an early
stage. If not, the consequences are dramatic, because this Mycobacterium destroys
the flesh and, at an advanced stage, the only possible medical outcome is major
surgery or amputation of the affected limb.

Ivory Coast and Indonesia are two countries heavily affected by this disease.
Most diagnostic tests in the field today use invasive methods, which require state-
of-the-art equipment and relatively expensive test kits.

This method can result in physical pain and even risk of infection. The devel-
opment of a cost-effective, biopsy-free device for early diagnosis of Buruli ulcer is
of paramount importance in the fight against this disease but also to improve our
understanding. We are looking for an innovative and cost-effective technique based
on the optical detection of the signatures of this Mycobacterium. In this way, the
knowledge of the optical properties of the skin constitutes a major stake in the
management of patients for many pathologies. Instruments capable of measuring
these properties in vivo and in a non-invasive way are very much in demand, both
by the medical profession and by the cosmetic industry.

In this scientific context, optical imaging methods have gained popularity in
recent years due to their more objective ability to assist the patient in many pro-
cesses by probing tissue properties in an objective and reliable manner [7]. These
techniques are based on light-matter interaction in the visible and near-infrared
spectral regions with skin constituents to determine biochemical and morpholog-
ical properties. These properties can in turn be related to functional parameters
useful to the practitioner. Thus, diffuse reflectance spectroscopy (DRS), a spectro-
scopic method with considerable potential in medical diagnosis, [8] has been widely
used to determine the absorption and scattering properties of cloudy or turbid
media. When applied to biological tissues such as skin, DRS allows quantitative
characterization of cellular and subcellular tissue composition and tissue chromo-
phore types and concentrations for noninvasive medical diagnosis. In the visible
and near-infrared range, these chromophores include oxyhemoglobin, deoxyhe-
moglobin, melanin, and bilirubin, which are of great interest in various clinical
situations.

Many groups have already investigated DRS as a non-invasive tool to provide in
vivo diagnostic criteria. Many studies have reported that DRS is a rapid, non-inva-
sive and very important technique in many biomedical applications such as moni-
toring tissue oxygenation [9] [10] evaluation of tumor margin in epithelium [11]
detection of breast or colon cancer [12] diagnosis of jaundice in newborns skin
pharmacokinetics [13] [14] etc. DRS provides information about the absorption
and diffusion properties of the tissue in depth and in a quantitative way. Moreover,
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this technique can be realized through compact and relatively inexpensive devices,
which is a clear advantage in many biomedical applications. However, the transla-
tion of this technology is still hampered by some difficulties. In particular, the in-
tegration of the instruments into routine hospital procedures and their ability to
adapt to the variety of tissues encountered in vivo. In particular, the characteriza-
tion of the properties of the distinct layers of the skin, epidermis and dermis, can
be useful for diagnostic applications. We propose implementing this approach us-
ing portable and low-cost technologies, integrating a system associated with LEDs
(Light-Emitting Diode) illumination to limit the impact of the instrument in terms
of cost and size. Recently, the bacteriological diagnosis of Mycobacterium tubercu-
losis based on LED microscopy has improved the sensitivity and speed of tech-
niques. Thus, the new LED fluorescence microscopes replace light microscopes
and Ziehl-Neelsen staining. This makes Ziehl-Neelsen staining examination more
sensitive, faster and easier. LEDs are excellent candidates for general lighting be-
cause of their efficiency, reliability, and expected bulb life (up to 50,000 h); they
produce little heat and do not contain hazardous materials [15]. This is a significant
advantage and improvement. We will first show the experimental setup in this pro-
posed model. Then we will present our preliminary results Finally, we validate in
vivo the relevance of this approach, by further measurements performed on three
selected skin sites with LED sources. The satisfactory results obtained are presented

in this article showing the feasibility in clinics.

2. Materials and Methods

2.1. Experimental Installation

For a characterization of M. ulcerans, we have designed a spectroscopy system. A
prototype consisting of a standard resolution optical sensor to obtain the spectral
signature of this bacterium in contact mode (Figure 1) has been developed. To
evaluate the potential of our approach, a prototype instrument was designed and
fabricated in the LAPLACE laboratory. The instrument consists of a commercially
available optoelectronic sensor combined with a fiber optic coupling system. The
coupling system uses 8 surface-mounted light emitting diodes (LEDs) and a fiber
optic (FOP), ensuring efficient transfer of photons over the array. The short pass
filter UG11 and long pass filter GG420 are used to isolate a certain spectral range.
The reflectance signals of interest are collected using a circular G11 short pass
filter made of colored glass (purple color) suppressing the wavelengths below 400
nm and 700 nm. And long pass filter GG420 circular colored glass (blue color)
collects reflectance signals of interest above 400 nm. This system has been devel-
oped to produce and collect diffuse reflectance models in contact imaging mode.
We described the design of the instrument, presented the developed prototype
and finally evaluated the performance of the prototype on tissue mimicking opti-
cal phantoms. A total of nine volunteers were recruited, including individuals with
healthy skin and skin areas located near Buruli ulcer lesions, forming two catego-

ries, person A and person B. All participants were informed of the objectives and
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procedures of the study.

Long pass
filter GG420 600 pm
filter

Field of
/ e view
Epidermis
Dermis Human skin
Hypodermis

Figure 1. Schematic diagram of the experimental configuration used for the acquisition of
the spectra.

2.2. Brightness Sensor

To sample the reflectance of turbid or turbid media, we used to an eight-bite spec-
trometer to detect and record the spectra of backscattered light on the surface of the
tissue, an optical fiber, a set of LEDs, a deuterium lamp as an excitation source (Fig-
ure 1). In addition, a PC was used for precise control of the acquisition of the meas-
urements in less than five seconds and for processing the acquired data to extract
the absorption and scattering properties of the tissue. Validation experiments were
conducted on human subjects following the methodology used by other authors
[12] [13] and using diffuse reflectance sampled from the scattering media.

No studies have been performed to obtain results on individuals based on age,
gender, or ethnicity, which could be related to skin color and tissue scattering or
analysis.

No subject has been excluded for the use of sunscreen, body lotion or medica-
tion, or for the presence of tattoos or skin conditions or disorders. The measure-
ments session consisted of collecting a spectrum of the test area on the subject’s
limbs and acquiring reflectance measurements of the test area. This test area was
chosen for practical reasons, namely the ease of measurements with the spectro-
photometer. The most intuitive approach is to place the sensor itself in contact

with the tissue to collect and detect scattered photons, as proposed in [16] [17].

3. Measurements and Characterizations

Diffuse reflectance is a fast non-invasive technique that allows to characterize the

optical parameters of the analyzed skin and quantify the phenomena of diffusion
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and absorption of light. Thus, the processes of reflectance measurements of the
subject’s limb skin were acquired using an ultraviolet/visible/neo-infrared spectro-
photometer (Ocean Optics spectrometer) operating in the spectral region of 360 to
1300 nm. We first adjusted the integration time so that the peak was at about 85%
of the maximum. The illumination source is a set of eight LEDs (Light-Emitting
Diode) as excitation source with wavelengths 360 nm, 365 nm, 530 nm and 610
nm. In addition, we used these LEDs to generate the desired diffuse reflectance
signals. Each type of LED is positioned symmetrically on the periphery of a semi-
circle. They are bent at a 45° angle to evenly illuminate the test area. LEDs are
available on many wavelengths, are very miniaturized and inexpensive, which re-
duces the size and cost DRS system. We chose the different ones considering the
reflectivity of the epidermis, which is 20% (Figure 2) at 470 nm and 530 nm. We
also considered the main absorbers of the dermis, which are hemoglobin with max-
ima at 420 nm, 540 nm for oxyhemoglobin [16] [17]. The hypodermis, the deep
layer of the skin, has not been mentioned here, because our device does not reach
this depth. The protocol was approved based on studies conducted by the relevant
ethics committee [18]. Three diffuse reflectance measurements were taken without
prior application of any product for each skin site on the nine volunteers, using our
dedicated instrument. Finally, the spectra obtained were then processed and ana-
lyzed in an Excel spreadsheet to extract the parameters of interest.

420 480 510 560 610 640 690 755

Light bleam

], epidermis
0.1 nm=: Reflection
0.6 nm
10 nm b dermis
Scatter
2.0 nm-—
Absorption
3.0 nm - ]
~ Hypoderme

Figure 2. Depth of light penetration into skin tissue for different wavelengths.

Wavelengths such as 360 nm were chosen considering the absorption region of
M. ulcerans in the ultraviolet and hemoglobin with maxima at 420 nm and 540
nm. Beyond 650 nm, the results obtained show negative reflectance peaks, which
have no desirable or exploitable physical significance.

Each selected LED wavelength (360 nm, 420 nm, and 540 nm) was chosen to
specifically target the ultraviolet absorption of bacterial aromatic compounds, the
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maximum absorption of the dermis, and that of oxyhemoglobin.

4. Reflectance Factor Analysis and Uncertainty Assessment

The spectral reflectance factor of a given skin tissue sample at each wavelength

can be calculated from the following equation:

R(z)z—s(ﬂ)_s‘j () 4R (1)

5, (1) =34 (%)
where S'is the signal intensity of a skin sample wavelength scan A, S; is the refer-
ence signal of a standard A, Syis the spectrum of the length A and R, is the spectral
reflectance factor of standard A. In addition, the Spectra-Suite software internally
substitutes and calculates the relative intensity percentage 85% of a standard ref-

erence blank by this equation:

(%)R: S(/i)_sd (ﬁ) (2)
5, (4)=s4(4)

where S'is the intensity of the signal from a scan of the skin sample at the wave-
length A, Ssis the dark intensity of at the wavelength A, S, is the reference intensity
at wavelength A. To obtain these results, the analysis procedure is such that two
spectra must first be recorded: the reference spectrum S;and the dark (noise) spec-
trum. Sy The reference spectrum contains the emission curve of the source, the
response of the array, the photodetector, the absorption of any filters and the am-
bient signal. The dark spectrum contains the stray light and the dark (noise) signal
of the photodetector. Table 1 and Table 2 summarize the data obtained. Follow-
ing the data obtained, we studied the optical properties of the skin.

Table 1. Wavelength as a function of absorbance.

Wavelength [nm] Absorbance
210 0.25
256 0.3
365 0.35

Table 2. Optical parameters of human skin of epidermis, thickness |I,; =100 um .

[zﬁ] Refra Idx Azls 10(’)1 ﬂr,::;-l 105 a::n-l 100 ,:nn-l 100 ilrim‘l
360 1.356 0.724 20.28 4.04 406 148.35
365 1.354 0.725 19.37 3.76 388 141.36
420 1.343 0.742 12.14 1.79 243 87.93
430 1.342 0.745 11.22 1.56 225 80.93
470 1338 0.756 8.35 0.96 167 60.61
530 1.335 0.774 5.594 0.535 112 41.99
580 1333 0.788 4143 0.381 83.2 31.99
1310 1.323 0.999 0.275 0.275 5.70 4.900
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5. Optical Properties of the Skin
5.1. Calculation of the Absorption Coefficients of the Skin Layers

To quantify possible changes in physiological parameters due to the presence of
disease, a study of images of healthy skin was necessary.

Thus, the optical skin model was first validated on normal subjects. Figure 1
shows the measurements made on the left form of a healthy subject.

Then, the biological medium was described using optical properties such as the
absorption coefficient y,, the scattering coefficient y,, the refractive index of the
medium £ and the anisotropy factor g At the macroscopic scale, human tissues
being considered as layers, we used a simplified mathematical model for each layer
considered in our analysis.

For the epidermis, melanin is the main contribution, and for the dermis, the

model mainly considers blood volume and blood oxygenation.

5.2. Epidermal Layer

The effect of thin epidermal layer on the intensity of diffusely reflected light is
based on the volume of melanin in the epidermis and the thickness of the epider-
mis [2]. The effective attenuation of light through the epidermis, A, is deter-

mined by the Beer-Lambert law, which gives:
A%pi(/l) :exp[_lua.epi (i)lepi] * (3)

where A is the wavelength in nm, y,., the absorption coefficient of the epidermis
in mm™, and Z,, the thickness of the epidermis in mm. The total absorption coef-
ficient of the epidermis, u.,; depends on the percentage or volume fraction of mel-

anin in the skin and is given by:
lua,epi (l) = fmel : lua,mel (ﬂ) + (l_ fmel )ﬂa,skin (i) * (4)

With £, the volume fraction of melanin according to skin tone, i, me the mel-
anin absorption coefficient, and 4, «» the absorption coefficient of normal skin
excluding base melanin. The results presented in this paper are based on the pre-
viously reported values for t,mer [3] and g, s [4], see Table 2.

The remaining variable is the volume fraction fmel melanin in the epidermis.
The absorption coefficient for normal skin was considered to be the same for the
epidermal and dermal layers. This model does not take into account epidermal
scattering because the probability of a scattering event in a 60 pm epidermis is
very low, less than 5%. The absorption coefficients for melanin and dermal layer

can be approximated as follows:

Ha el (ﬂ) =6.6x10" 3% “
and
Hagin (4) =0.244 + 85.3exp{_(/16(;254)} (6)

Gemert [5] proposed an empirical skin equation that relates the anisotropy fac-
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tor gto wavelength. Epidermal anisotropy factors g, the dermis gz, given by:

Gain = Uepi = Jger =0.62+0.29x10°4 )

where A is the wavelength. The refractive indices [6] are calculated by:

n(4)=1.3199+687817° -1.32x10°2* +1.11x10"1"° (8)

5.3. Dermal Layer

For the dermis, the thickest and most diffusive layer, its influence on the skin re-
flectance is estimated by a stochastic model of photon migration, e.g., random
walk theory. Given the known random walk expression for diffuse reflectivity, R,
semi-infinite medium with an absorbent limit and without index shift [7]:

Ro(l)=exjfl—;i“)[1—exp(—@)} )

where uis the ratio of the absorption and diffusion coefficients ﬁ, . In the case of
H

the dermis:

o= :uder:nis (10)
Y2

Lems and 4 are the reduced diffusion and absorption coefficients of the
dermis, respectively. The attenuation coefficient of this layer is related to the vol-

ume fraction of blood in the tissue and the percentage of oxygenated blood given:
0.35
A\ﬂermis (l) :106—145|:’ud9”;”'5:| (11)
7

The dermal absorption coefficient depends on the contribution of the volume
fraction of blood in the tissue, blood and the percentage of that blood that is oxy-
genated foxy relative fractions of HbO, and Hb in the blood. The dermal absorp-
tion coefficient is calculated by:

:ua,dermis (ﬂ’) = fblood lua‘blood (/1) + (1_ fblood ):ua,skin (2’) (12)

Where blood is the volume fraction of blood in the dermal layer and ;s is the
absorption coefficient of the skin. The absorption coefficient of whole blood is

expressed as:
lua,blood (ﬂ’) = 1:bloud :ua,oxy (ﬂ’) + (1 - fblood )ludeoxy (i) ( 13)

Data measured in vitro tend to be higher than those measured in vivo [8]. This
may result from differences in sampling conditions and measurements methods
used [9].

Table 2 clearly shows that the diffusion and absorption coefficients depend on
the wavelength. Based on this observation, Jacques et a/. have developed an em-
pirical equation that represents the reduced diffusion coefficient y, of the dermis

as a function of wavelength [10]. This equation is as follows:

s (A)=2x10°27*° +2x10% 27 (14)

Where the first term is Mie scattering and the second is Rayleigh scattering, A
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expressed in nanometer. The optical parameters calculated at different wave-
lengths are presented in Table 2. In the analysis, rather than assuming the con-
stant anisotropy coefficient, whatever the sample analyzed, it is necessary to eval-
uate it according to the wavelength, this characterizes a better accuracy of the sam-

pling step.

6. Results and Discussions

In this section, we first present our simulation results and then the results of the
measurements carried out. Our simulation results show that the tissue light inter-
action is strongly wavelength-dependent and depending on the wavelength value,
the light wave will propagate deeply inside the tissue, see Figure 3. Figure 4 and
Figure 5 show the absorption spectrum of the epidermis and that of oxyhemoglo-
bin in relation to wavelength, respectively.

This fluctuation in the index of cellular components such as cytoplasm and nu-
clei can be approximated to 1.3 in our study. This is obviously an order of magni-
tude; we do not attempt to be more precise because this value may vary in situ
given the variability of the optical properties of the skin from one individual to
another.

Figure 5 shows the elevation of fully oxygenated and fully deoxygenated blood.
The absorbance spectra of oxyhemoglobin and deoxyhemoglobin, the major chro-

mophores of the skin dermis in the ultraviolet, visible and infrared regions.

Human skin refractive index spectrum
I I T

1.35

1.34 -

133 -

1.32

131k

T T

refractive index of the epidermis

300

400 500 600 700 800 900 1000 1100 1200 1300

Wavelength [nm]

Figure 3. Refractive index of human skin as a function of wavelength.

Absorption spectrum of Epidermis
T T T

100

95 -

90 -

85

80 -
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75
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300

I !
400 500 600 70\%/avelenq%g?nm] 900 1000 1100

Figure 4. Absorption spectrum of the epidermis as a function of wavelength.
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Figure 5. Absorption spectrum of oxyhemoglobin and deoxyhemoglobin as a function of
wavelength at 430 nm and 580 nm.

Knowledge of the refractive index is therefore necessary to calculate the scat-
tering properties, as the tissues are heterogeneous in composition. On the epider-
mal layer of the skin, at the wavelength of 350 nm, see Figure 6.

Absorbance spectrum of human skin

3000 1

N
o
o
o
T
!

1000

Absorbance [a.u.]

200 300 400 500 600 700 800 900 1000 1100

Wavelength [nm]

Figure 6. Reflectance spectrum of healthy human skin at 544 nm and 613 nm.

These preferred wavelengths must be absorbed by the target. The absorption
coefficient, the probability per unit path length that a photon at a particular wave-
length will be absorbed is a function of the concentration of chromophores pre-
sent.

We obtained a strong absorption in the 420 nm (blue), 430 nm (green) and 580
nm (yellow) wavelengths and a weak but significant absorption band in the 800
nm to 1000 nm spectral region. This analysis allowed us to distinguish the less
penetrating wavelengths of far UV and far infrared radiation due to proteins and
water chromophores respectively.

There are many photothermal effects, as light cannot impose a tissue effect
when it is absorbed by the chromophores of the medium. This study allowed us

to find the discriminating frequencies and favored the choice of different lengths
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for the study system.

The measurements were obtained from a continuous signal. The results of our
experiment were simulated using Matlab and Excel 2016 software, as shown in
Figure 6. Our experiment showed that the signal intensity passes through various
tissue structures. We noticed that the structures are made up of peaks that repre-
sent echoes of different layers of light.

Three significant peaks are in the spectral region of 400 to 750 nm the presence
of spurious noise. These spurious signals are caused by losses in the absorption
and scattering of light relative to the wavelength used. The observed peaks are at
438 nm, 544 nm and 613 nm respectively.

This shows that normal skin with a non-ulcerative pimple absorbs more light
in the visible region. These peaks are signals of the type of cellular chromophores
present in the cytoplasm of the epidermis. During diagnosis, the practitioner
could consider these wavelengths which would allow to better orient the charac-
terization of this bacterium. We therefore clarified and reframed the measurement
range. To prove the relevance of our approach, we prepared a phantom medium,
Le., an inert physical device reproducing some properties of M. ulcerans. Figure
7 shows the absorption spectra specific to mycolactone A/B. It demonstrates the

distinctive optical features of this molecule.

Abs

260 310 360 410

Figure 7. MeOH absorption spectra. Red: mycolactone A/B, Blue: 2-naphthylboronate with
syn-2,4 pentanediol, transparent region through the 365 nm filter [11].

These methods for detection of Mycobacterium were used by thin layer chro-
matography (TLC) with irradiation through a 365 nm UV filter. Figure 8 shows
the absorption spectra of mycolactone A/B (red) and 2-naphthylboronate (blue)
and the transparent region of the UV filter used (purple) [12].

These results therefore show that irradiation through a 365 nm filter can excite
the pentanoate chromophore of mycolactone A/B but cannot excite 2-naphthyl-
boronate.

In this assay, mycolactone A/B is detected as a yellow-green, fluorescent spot

by excitation at 365 nm in cyclohexane-19, the pentanoate gives a fluorescence
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emission at B 520 nm (green, yellow). Using our method, we observe the same
patterns of the bacteria.

e
'S

Absorbance spectrum of Mycobacterium ulcerans A/B
T T T T

e e
() w
T T

Absorbance [a.u.]
o
T

0 | L L
200 250 300 350
Wavelenath Inml

400 450

Figure 8. Absorbance spectrum of Mycobacterium ulcerans as a function of wavelength at
256 nm and 365 nm.

The device used reveals and detects the optical signature of the mycobacterium

in Figure 8 which is the proof of the strong potential of our methodology in the
early detection of this disease.

7. Analysis of the Results of the Sample Measurements

We then performed measurements on three selected skin sites with the LEDs
sources. Site I: skin above the hand muscle, site II: skin above the wrist crease, and
site III: skin on the back of the hand. The measurement for site I is shown in Fig-

ure 9.

1072 Spectrum reflectance palm
L}

Reflectance [%)]
- a
L| L|

e
o
L |

0
350 400 450 500 550 600 650 700 750 800
Wavelength [nm]

Figure 9. Evolution of the palm reflectance profile.

The analysis shows that the reflectance values are low with site I. The main rea-
sons for this weakening could be the observed increasing low number of LED sig-
nal penetration for this measurement site located above the skin muscle. This led
to a decrease in the sensitivity of the measurement site and a decrease in the spec-
ificities. Therefore, it is best to experiment with the characteristics of each site

differently depending on the sensitivity of the site or its specific nature. Thus, we
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evaluated sites IT and III. The measurement results for site II are shown in Figure
10. For this site, we observed that the peaks are much larger at wavelengths where
light is strongly absorbed by the chromophores. These spectral changes observed

are consistent with the results of our study. Site I is less sensitive and less specific.

. Wrist reflectance spectrum

T T 7

o
(2]
T

I

Reflectance [%]
(=]
=Y

©

N
T

I

0
350 400 450 500 550 600 650 700 750 800
Wavelength [nm]

Figure 10. Evolution of the reflectance of the wrist of the hand.

Finally, Figure 11 shows the performance of our measurement evaluated over
the entire range for site III. With respect to the optical window, we observed three
significant peaks acquired at wavelengths 385 nm,420 nm and then the last peak
at 773 nm respectively.

Spectrum reflectance back of the hand

0.35

03 B

0.25 - b

e
[
T

1

°
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T

1

Reflectance [%]

o
-
T

1

0.05 |- 4

0 L L 1 1 1 1 -
350 400 450 500 550 600 650 700 750 800
Wavelength [nm]

Figure 11. Spectral profile of the back of the hand.

These acquired peaks are induced by soft tissue can be used as a valuable source
of additional information for diagnosis and characterization of biological tissues.

This data set will be useful for a variety of applications. For example, the data
could be used for the development of physical and digital tissue phantoms or other
models for human skin. Similarly, knowledge of the spectral reflectance signatures
of human skin over a wide spectral range would assist in the development of im-
aging/detection systems used for emerging applications such as medical treatment
and cosmetic technology.

DOI: 10.4236/0japps.2025.159182

2719 Open Journal of Applied Sciences


https://doi.org/10.4236/ojapps.2025.159182

D. K. Yable et al.

Following our approach, further reflectance measurements were permed on
various body parts of a person A and B in the spectral range 600 to 1200 nm and
1030 to 1300 nm. Analysis of the results obtained with the DRS instrument allows
us to observe a growth in the diffuse reflectance spectra of various parts of the
body of two persons A and B between the spectral ranges 600 and 750 nm and
then 1030 and 1200 nm, respectively, Figure 12 and Figure 13. Whether it is per-
son A or person B, we notice that the reflectance spectra of the areas with stain
and scar are weak. Moreover, we note that the spectra have the same appearance,
but they present different intensities.

80 Diffuse reflectance spectra of various body parts A
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Figure 12. Diffuse reflectance spectra of various parts of the body of two separate individuals
Aand B.
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Figure 13. Diffuse spectra of various body parts of two persons A and B together.

On the other hand, there are hardly any peaks observed. Diffuse reflectance
measurements from our device do show differences in spectra for various individ-
uals. The differences are more distinct in terms of intensity. They also show spec-
tral diagnosis is essential in the treatment of diseases, we think that it would be
even more interesting to continue and finalize this project by a clinical experi-
mentation so that results can be used for the diagnosis of other pathologies.

These satisfactory results show that the DRS is a method allowing to make di-
agnosis of this disease in situ. The approach presented here can finally be consid-

ered for use in diagnostic studies of this pathology based on the analysis of spectral
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signatures and studies of skin chromophores. We acknowledge that our study has
certain limitations, including the small size of the in vivo cohort, the use of tissue
phantoms for certain acquisitions, and the limited diversity of skin types repre-
sented. Furthermore, the optical complexity of the skin as a scattering medium,
the variability of in vivo and ex vitro measurements, and the limited penetration
of certain wavelengths into the epidermis and dermis are also factors to consider.
In order to overcome these constraints, we plan to conduct a larger-scale clinical
validation, including a more diverse sampling of skin phototypes and an increased
number of participants, in order to confirm and generalize the performance of

our approach.

8. Conclusions

This study allowed us to propose and establish the basis for the development of a
new non-invasive optical method to detect Mycobacterium ulcerans earlier, be-
cause the diagnosis of Buruli ulcer is still long, costly and traumatic for the patient
(biopsy and transport).

Our approach is based on the diffuse reflectance spectroscopy that occurs when
light passes through biological tissue. The first part of the study proposed an in-
novative instrumental solution to avoid the cost and pain of the invasive method.
The proposed solution was developed through a prototype, and the performances
were validated on an inert system and on people. The measurements carried out
with this model allowed to quantify the reflectance. The coherent results obtained
show the feasibility of this type of analytical method in early optical detection. The
spectral information considered is consistent with the theoretical part of the ab-
sorption, reflection and scattering due to the interaction of the light wave with the
biological tissue.

The developed system allows to obtain the spectral signature of this bacterium,
according to the size of the particles and their biochemical composition, through
the biological tissue without any trauma. This innovative approach provides in-
formation on the infected tissue, in depth and quantitatively, through the analysis
of optical absorption and scattering properties. Diagnosis by this approach would
consist in the analysis of spectral signatures.

In addition, this technique can be performed on site and implemented using
compact and relatively inexpensive instruments, which is a significant advantage.
This technique could be also considered for Buruli ulcer characterization in future
biomedical applications.

Beyond the spectroscopy and physiological characterizations, the results ob-
tained here can be placed in a more general perspective and the detailed analysis
of skin health would allow a better understanding of the pathophysiology, the in-

dolence associated with this disease.
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