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Abstract
The main objective of the present study was to develop a violet
LED light source suitable for medical application devoted to the
diagnostic and treatment of non-melanoma skin cancers. For this
propose, we constructed a 12 W violet LED lamp (with maximum
emission peak at 405 nm) made up of four mobile 3 W LED. The
LED lamp was characterized employing a spectrometer coupled to
an optical fiber. The irradiance, the radiant power and the radiant
intensity for different distances between the lamp and the de-
tector was assessed. Data were compared with a simulated LED
lamp by using the Zemax optic software for the realization of
luminaries with the desired characteristics as required for medical
applications. The developed lamp in combination with a portable
spectrometer was employed under medical supervision to detect
differences in the emission spectrum of skin suspicious regions and
healthy ones of a patient with non-melanoma skin cancer. The
light of the LED lamp was concentrated in the examined region
by means of the proper focusing of the four individual LEDs, ren-
dering a high intensity homogeneous spot. Thus, endogenous
chromophores at the skin were excited, and the emission intensity
appeared to be enough to detect an enhanced peaked structure
around 600 nm for some suspicious regions before treatment, and
that were absence in healthy regions. These differences can be re-
lated to the augmented protoporphyrin IX content in neoplastic
regions. Results presented in this work indicates the usefulness of
the developed LED lamp as an easyto-use device for the non-in-
vasive detection of skin neoplastic pathologies, before and after
treatment, with the aim of better define the malignant regions as
well as predict the outcome of a certain treatment.

Keywords: Non-melanoma skin cancer, one-point fluorescence de-
| tection, violet LED lamp. ‘

Introduction

The early detection of a neoplastic disease, as well as the develop-
ment of more efficient treatments, are crucial for improving the sur-
vival rate. A variety of new and emerging diagnostic strategies based
on spectroscopic techniques such as non-invasive one-point fluores-
cence (PF) detection, are available to improve the screening proce-
dure [1,2]. PF technique provides useful information for monitoring
the evolution of the abundance and distribution of endogenous fluo-
rophores associated with the neoplastic disease in low-pigmented
superficial neoplasia [3,4].

Currently, the use of devices emitting light is an indispensable ele-
ment of many non-invasive diagnostic procedures. Non-invasive fluo-
rescence detection techniques are available for point measurement
which provides information useful for monitoring the abundance and
location of the fluorophores in low- pigmented superficial neoplasia.
These fluorophores could be classified into three main categories:

endogenous fluorophores that are responsible for native tissue fluo-
rescence (autofluorescence) like keratin, porphyrins, vitamins and
lipids [1,3,5-8]; fluorophores synthetized in the tissue after external
administration of a precursor molecule, specifically protoporphyrin
IX (PplIX) induced by 5- aminolevulinic acid (ALA) [9]; and fluoro-
phores administrated as exogenous drug such as tetra(m- hydroxy-
phenyl) chlorin (mTHPC), a typical photosensitizer used in photody-
namic therapy (PDT) [10]. In this case, because of the optimal dose
during and after PDT are extremely variable [2], the prognosis of PDT
treated patients is required. In this vein, it has been reported that
fluorescence measurements of PplX in the skin of patients showed
changes in PplX levels during therapy (photobleaching) and was a
good predictor of clinical results [11].

The influence of tissue optics on fluorescence measurements were
comprehensively reviewed in literature [12]. Thus, there are impor-
tant properties that influence fluorescence measurements in tissues,
namely, attenuation of light in the tissue, presence of endogenous
fluorophores which cause autofluorescence, absorption, scattering,
and reflection of light. Light-induced autofluorescence spectroscopy
is a very attractive tool for early diagnosis of cancer due to its high
sensitivity, easy-to-use methodology for measurements, lack of need
for contrast agents’ application on the tissue under investigation,
possibilities for real time measurements and non-invasive tumor
detection [3, 5]. This procedure allows the discrimination between
pathological and normal tissue regions based on the differences in
the content and metabolic state of a fluorescent compound. Fluo-
rescence measurements are, in principle, straightforward. By filter-
ing the reflected excitation light, it is possible to obtain rather strong
signals from the tissues. Problems arise for interpreting the fluores-
cence signal as the fluorescence peaks are mostly broad and various
fluorophores can overlap. Different optical properties in excitation
and detection wavelengths also influence the signal. Furthermore,
for the excitation wavelength range, generally in the UV region, the
penetration depth is a few hundred micrometers, while for detec-
tion, the visible region is used, and light can go more than a couple
of millimeters. These facts suggest that the intensity of fluorescence
cannot be directly interpreted as the corresponding fluorophore con-
centration. Another consequence is that the measurement configu-
ration, both in excitation and detection, strongly influences not only
the signal level but also the shape of the spectrum. Moreover, when
the lesion is highly pigmented the obtained fluorescence signal is too
weak to be used for diagnostics. In such cases exogenous fluorescent
markers could be applied [12,13].
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In this work, we develop a violet LED light source suitable for medical
application devoted to the diagnostic and treatment of non-melano-
ma skin cancers. The developed lamp, in combination with a portable
spectrometer, is employed to detect differences between the emis-
sion spectrum of skin regions with non-melanoma skin cancer and
healthy ones at the head of a patient.

Materials and methods

Software for the LED lamp modeling

ZemaxOpticStudio 18.4.1 is a commonly used optical design program
used for lighting systems design and image analysis [14-17]. Finished
designs of optical devices can be exported as manufacturing-ready
results such as I1SO drawings and common CAD file formats. We
simulated the LEDs source utilizing Blender 2.76 to create a three-
dimensional model of the lens and the ZemaxOpticStudio 18.4.1 to
describe the light emission performance. For this purpose, the fol-
lowing variables were considered: numbers of simulated rays (n), dis-
tance between the source and the sensing surface (d), dimension (12
cm x 12 cm) and number of pixels on the sensing surface (100 x 100
pixels), emission wavelengths of the source, its output power (W),
and the light diffusion considered through the Lambertian fractions
(1/10, 1/12, 0.55/1). Furthermore, we set the wavelength profile
for the light source with a central maximum that falls off following
a Gaussian curve. Results from simulations were utilized for guid-
ing the LED lamp construction and then the outcome of the real and
simulated lamps were compared.

LED lamp construction and its photometric/radiometric character-
ization

The LED lamp was constructed employing four 3 W LEDs, coupled to
individual lenses and heat sinks. Each LED is fed by an independent
electrical circuit with variable electric power to modulate the light
intensity.

To characterize the constructed LED lamp, illuminance/irradiance
parameters such as irradiance (W/cm?2), radiant power (W) and radi-
ant intensity (W/sr) were determined. For this purpose, an AvaSpec-
ULS3648-USB2-UA-25 spectrometer with a CCD detector (3648 pix-
els) provided with a DUV3648 filter for reduction of second-order
effect, and coupled to an optical fiber (200 um in diameter and 2 min
length) for UV / VIS / NIR range (250- 2500 nm), was utilized. A cosine
law CC-VIS / NIR diffuser was adapted to the fiber optic lens. The sig-
nal was registered by Avasoft-Full Software. The optical fiber couple
to the spectrometer was located at one end of an optical bench, and
the light source at a known distance, at the other end of the bench
(Fig.1).
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Figure 1: Scheme of the experimental arrangement for characteriz-
ing the LED lamp. At one end of the optical bench the LED source is
located, and the tip of the fiber optic connected to the spectrometer,
is placed at the other end, at a known distance. The spectrometer
records the illuminance and allows expressing radiometric analogue
units.

Spectroscopic measurements on the skin of a patient

The lesions on the skin are registered employing a point monitor-
ing system. The excitation light come from the violet LED source de-
veloped, and the detection is made by an optical fiber measuring in
the 300-800 nm range. The fiber during measurement is supported
by hand on the surface of the targeted detection tissue (Fig.2.). For
comparison, emission spectra from suspicious skin regions, as well as
healthy zones were registered.

Results and discussion Light source Modeling

The final light pattern generated by a LED is the result of the sum of
the light directly refracted by the encapsulating lens, the light inter-
nally reflected inside the lens, and the light from the reflecting cup
[20]. The first step to carry out the simulation is to build the emit-
ting source based on a LED and the corresponding lens. Thus, an 8 °
lens was designed using the Blender 2.76 program. In this software,
by drawing the profile of the lens and using the tool “spin”, a solid
of revolution was created. The draw lens was exported as CAD file
to ZemaxOpticStudio where PMMA for lens material, Lambertian
lens type (Lambertian fraction) [18], number of incident rays (n),
wavelength, source-surface distance, and power, were specified. A
scheme of the design process can be seen in Fig.3.

Multiple variations were tested to model the exit beam of the light
source. For example, the radiant intensity is represented for different
variables (Fig.4). For n = 50.000 and Lambertian fraction 1/10, the
image achieves acceptable definition on the detector surface (Fig.4c).

Construction of the LED lamp

Each 3 W LED coupled to a heat sink and a lens was mounted on a
mobile arm which can be displace in order to focus the lens-LED-heat
sink systems on a convenient small region (Fig.5). The real image of
the illumination area generated by the LED source with central axis-
oriented lenses at 20 cm distance, is shown in Fig.5e.

lens coupled to the LED-heat sink on a mobile arm; g) Scheme of the
four focused LEDs.

Comparison between simulated and constructed LED lamp

We obtained the simulated irradiance from the source (W/cm?) for
different Lambertian fraction and compared it with the irradiance
of the constructed LED lamp measured with the spectrometer de-
scribed above. For a Lambertian fraction 1/10, simulated results
did not fit experimental observations, but changing it to 1/12, ex-
perimental data could be reproduced (Fig. 6a). An appropriate agree-
ment was obtained between the simulation and the experiment in
verifying the inverse-squared law, by measuring the irradiance for dif-
ferent distances (d) between the detector and the LED lamp with the
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Figure 2: Scheme of autofluorescence point monitoring system: the
excitation is external to the detector, and the detected emission light
travels apart through an optical fiber.
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Figure 3: Converging lens design: a) Schematic drawing from lens
data sheet; b) drawing the profile using the Blender 2.76 program; c)
Application of spin tool to obtain the solid of revolution of the profile
drawn in b); d) simulated lens with better definition than c), which
was exported to Zemax; e) system of lens-LED in Zemax, and analysis
of the emission on a detector surface located at 20 cm of the LED; f)
photograph of the real lens.

Figure 4: Radiant intensity for different n and Lambertian fractions
for d =20 cm and detector area 12 cm x 12 cm, i.e., 100 x 100 pixels:
a) n = 10,000, Lambertian fraction: 1/10; b) n = 50,000, Lambertian
fraction: 0.55 / 1; ¢) n = 50,000, Lambertian fraction: 1/10.
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Figure 5: Construction of the LED source with a maximum total pow-
er of 12W achieved with four 405 nm-LEDs of 3 W each. a) LED-heat
sink system., a 3W high power LED is coupled to a single heat sink;
b) Lens-LED- heatsink system, made up of a lens of 8> coupled to
the LED-heat sink system; c) photograph of the 12W LED lamp with
all four lens-LED-heat sink systems; d) 12W LED lamp power sup-
ply, with the possibility of turning on one, two, three or four LEDs
simultaneously. Furthermore, it is possible to regulate the intensity
of each LED and thus the overall source output; e) photograph of
the constructed source with four focused LEDs illuminating a perpen-
dicular surface; f) scheme of a single LED system consisting in a LED
with an 8-degree lens coupled to the LED-heat sink on a mobile arm;
g) Scheme of the four focused LEDs.
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Figure 6: a) Irradiance for different Lambertian fractions. Comparison
between the simulated violet LED lamp (vertical bars) with the physi-
cal measurement (horizontal line); b) Comparison between simulated
and measured irradiance as a function of 1 / d2 for the LED lamp
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Figure 7: (a and b) Photographs of the lesion at the head of a pa-
tient before (a) and after (b) the treatment with a clinical red laser
source. (c) Average fluorescence spectrum from lesions before treat-
ment (black circles), and fluorescence spectrum from the skin of the
hand (red circles) taken as healthy skin. The reference curve obtained
from the decaying tail of the peak at 505 nm is shown in dashed lines.
(d) Fluorescence spectrum from treated lesions. After subtracting the
reference curve, a rather clear peak in the 600 — 700 nm range related
to an increased amount of PplX in untreated pathological regions,
can be distinguished in comparison to treated ones, as depicted in
the insets.
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experimental arrangement depicted in the scheme showed in figure
1 (Fig. 6b).

Application of the violet LED source to detect non-melanoma skin
cancer

As know, the PplX exhibits maximum light absorption (the Soret
peak) at 405 nm and an emission peak in the red region. PpIX concen-
tration is expected to be increased in pathological skin [21]. For this
propose, we used the constructed violet LED lamp with maximum
excitation peak at 405 nm to illuminate suspicious points in the head
of a patient with a non-melanoma skin cancer before (Figure 7a) and
after (Figure 7b) the treatment with a red medical laser emitting at
652 nm. The fluorescence intensity of the PplIX was recorded with a
spectrometer couple to an optical fiber with the scheme showed in
figure 2. The average spectrum from suspicious areas as well as re-
gions of healthy skin exhibits an emission peak at 505 nm, being the
intensity of suspicious points greater than healthy skin area. Further-
more, suspicious points exhibit another structured peak in the 600
- 700 nm range (Fig. 7c, black squares). The later feature appears as
a shoulder for the case of the average emission spectrum taken from
the hand skin (Fig. 7c, red squares) or from different treated points
at the head (Fig. 7d). A reference curve can be obtained from the
decaying tail of the peak at 505 nm to be subtracted from emission
intensity at the 550 — 700 nm range [22]. The inset in Fig. 7d shows a
rather clear peak, while a noisy signal is obtained for red laser treated
regions (inset in Fig. 7c). This description is consistent with the in-
creased amount of PplX in pathological regions in comparison with
a healthy skin and treated regions. A similar interpretation has been
proposed in literature [23].

Fluorescence spectroscopy with 405 nm excitation for the detection
of non-melanoma tumors in vivo has been reported in literature [4].
In this work, authors have demonstrated the correlation between
cancer detection diagnostic accuracy and skin phototype of the pa-
tient. With increasing of cutaneous pigmentation, the diagnostic ac-
curacy for tumor detection and differentiation from normal skin fall
down. In our case, we followed the fluorescence on a patient with
non-melanoma neoplastic disease before and after the treatment.
It can be detected a significant decrease in the fluorescence in the
600 — 700 nm range, for treated regions (Figure 7). We employed a
point monitoring system like that employed in reference [24]. There,
the pharmacokinetics of PplX in skin tumors, i.e., basal cell carcino-
mas (BCC) and T-cell lymphomas, as well as in normal skin has been
studied utilizing red (652 nm) laser induced fluorescence for the in
vivo monitoring. Results from this research showed that the emission
spectra indicated the build-up of the PpiX and the tumor selectivity in
the superficial layers of the area planned for treatment.

Conclusion

At present, histochemical methods are the standard procedures in
diagnosis of many disorders, primarily neoplastic ones. However,
autofluorescence-based techniques applied to tissue analysis can be
performed in real time because it does not require any treatment of
fixing or staining of the tissue. Most authors, who used autofluores-
cence in diagnostics of precancers and malignant tumors, have de-
clared as drawbacks, that there was relatively high rate of false-posi-
tive findings [25-27]. These unexpected false positive may be caused
by the appearance of a minimal amount of blood (hemoglobin) on
surface, bacterial colonization [26], inflammation, edema, as well as
scar formations. In any case, autofluorescence based strategies, due
to their easy implementation in the clinic, are convenient for screen-
ing purpose.

In this work we describe the modeling, the construction and char-
acterization of a violet LED light source with controlled power, and
which can be focused on a small surface region, achieving and irradi-

ance of 165 mW cm-2 at 25 cm from the source. Furthermore, the
application of the LED source to the follow up of a non-melanoma
skin cancer was reported. The fluorescence spectra from tumors and
normal surrounding tissue regions illuminated by the developed UV/
violet LED lamp, was registered employing a portable spectrometer
and an optical fiber probe. Autofluorescence spectra were recorded
pre- and pos-treatment with a clinical laser source. PpIX enhanced
concentration was detected in pathological skin areas according to
corrected fluorescence spectra, in agreement with the literature [28].
The present work suggests that changes in the fluorescence spec-
trum characteristics could be mainly relate to appearance or concen-
tration changes in fluorophores, which are present in a skin pathol-
ogy, and could be associated to changes in the metabolic activity, as
concluded in the reference [29]. These results would be valuable in
the design of photodynamic diagnostic protocols as well as for im-
proving the control of PDT treatment dosing, rendering this alterna-
tive approach, either as a single or as an adjuvant intervention, more
attractive for clinical massive application.
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