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Fluorescence Spectroscopy in Renal Ischemia and Reperfusion:
Noninvasive Evaluation of Organ Viability

M.F. Cassini, M.M. da Costa, V.S. Bagnato, L.F. Tirapelli, G.E.B. Silva, C.A.F. Molina, A.C.P. Martins,
and S. Tucci Jr

ABSTRACT

Background. Damage provoked by ischemia in renal transplants is difficult to quantify.
To determine whether a donated organ is fit for transplantation. We sought to correlate
the findings of fluorescence spectroscopy (FS) with histologic evidence of ischemic injury
and organ viability.
Methods. Kidneys of 33 rats were submitted to FS of the upper and lower poles as well
as the middle third. Excitation was generated by the laser’s wavelengths of 408, 442, and
532 nm. Rats were randomized into groups with the 30, 60, and 120 minutes warm ischemia
before analysis by FS, that was repeated at 5 minutes after reperfusion.
Results. FS results in the reperfusion phase correlated with ischemia time and degree of
histologic injury. After 60 or 120 minutes of ischemia, the excitation lasers of 532 and 442
nm resented a significant negative correlation coefficient with the histological grade (r �
�0.61 and r � �0.73, respectively).
Conclusions. There was a strong correlation between FS and histologic changes only in
the reperfusion phase after renal ischemia. The method was thus unable to assess the

viability of organs before transplantation.
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KIDNEY transplantation is widely recognized to be the
best treatment for patients who require renal replace-

ment therapy.1 The continuous increase in waiting times
aises the need to increase the number of donors. The
ransplant team frequently faces the difficult question of
etermining whether organs from marginal cadaver donors
r those after cardiac arrest are fit for transplantation. It is
ifficult to quantify the intensity of damage in the graft
rovoked by ischemia, especially when the donor has shown
igns and symptoms of hemodynamic instability reducing
ignificantly tissue perfusion and reducing graft survival. In
ddition to ischemia, which promotes anerobic cell metab-
lism, edema, acidosis, and the risk of necrosis, reperfusion
an also cause acute cell injury and renal dysfunction due to
nflammatory reactions mediated by oxidants and free
adicals.2–4

Fluorescence spectroscopy measures tissue changes by
quantitating alterations in tissue spectral properties. Bio-
logical tissue absorbs, emits, and dissipates light at various
wavelengths. Measurements can be performed rapidly with
no organ manipulation, in contrast with a biopsy, which

provides a static, focal evaluation. Evaluations by fluores-
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ence spectroscopy do not suffer interference by the meth-
ds of hypothermic preservation because they do not

nvolve enzymatic tests. The ideal time to assess graft
iability is during hypothermic preservation and not during
he post-transplant period. At present, in view of the lack of
ully reliable and safe methods for the evaluation of isch-
mic damage before transplantation,5 we sought to assess

the technique of laser, induced fluorescence spectroscopy,
an objective, noninvasive, rapid, and real-time technique,
which might in the future be applied to human renal
transplantations. The objective of the present study was to
correlate laser-induced fluorescence spectroscopy it with
histologic evidence of ischemic damage affecting organ
viability.
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MATERIALS AND METHODS

Thirty-three adult male albino Wistar rats (Rattus norvegicus)
weighing 200–250 g were anesthetized using intraperitoneal thio-
pental (20 U/100 g body weight) before a longitudinal median
laparotomy to approach the left kidney. The 33 kidneys were
subjected to fluorescence spectroscopy of the cortex (control
group). The tip of the laser was placed on the upper and lower
poles and in the middle third of the kidneys. The excitations were
generated by laser beams of 408, 442, and 532 nm wavelengths.
Next, the renal vascular pedicles were dissected, isolated, and
controlled with a vascular mini-clamp. The animals were random-
ized into 3 groups that underwent 30, 60, or 120 minutes warm
ischemia. During the ischemia time the kidneys were subjected to
new cortical readings. New readings were obtained at 5 minutes of
reperfusion after observation of the return of the pulse in the renal
artery, patency of the renal vein and complete, uniform kidney
reperfusion, with return to the initial color. The left kidneys were
then excised for histologic study. At zero time of warm ischemia, 4
animals chosen randomly underwent contralateral nephrectomy as
the histologic control group.

The study performed according to the regulations of the Brazil-
ian College of Animal Experimentation was approved by our Ethics
Committee (protocol 041-2010).

Histologic and Statistical Analysis

After staining with hematoxylin and eosin and Masson trichrome,
the ischemic injuries in proximal tubular cells were classified
according to the histologic grading proposed by Goujon et al
(1999).6,7 This method of evaluation is based on 7 morphologic

atterns typical of proximal tubular injuries: vacuolization of the
pical cytoplasm, tubular necrosis, tubular dilatation, cell detach-
ent, brush border integrity, intracellular edema, and basement
embrane denudation. Scores included a 5-point scale: 1 (no

bnormality), 2 (mild injuries in �10% of renal tissue), 3 (injuries
ffecting 10%–25% of renal tissue), 4 (injuries affecting 25%–50%
f renal tissue) and 5 (injuries in �50% of the renal tissue studied).
Light-View-Med (LVM.exe) software was used to acquire spec-

roscopy data, together with the Origin-Lab (8.Ink) software to
roduce and store the graphs.
Statistical analysis was performed using GraphPad PRISM soft-

are, version 4.0 (GraphPad Software Inc, San Diego, Calif).
ontinuous variables were compared using the nonparametric
ruskal–Wallis test followed by the Dunn multiple comparisons
ost-test. Associations between parameters were analyzed by linear
egression. One-way analysis of variance (ANOVA) was used to
valuate renal damage, correlation coefficients were calculated and
ultiple comparisons corrected by Bonferroni post-tests. The level

f significance was set at P � .05.

RESULTS

To validate the fluorescence spectroscopy method, we first
analyzed the mean graphic readings obtained during phases
of autofluorescence, ischemia and renal reperfusion (Fig 1).

post hoc Bonferroni test revealed the mean result of
utofluorescence to be significantly higher (P � .001)

compared with ischemia and reperfusion phases with the
latter significantly greater than the ischemia phase. Isch-
emia of increased times (eg, from 30 to 60 minutes), showed
a significant decrease in the peaks of fluorescence spectros-

copy during the reperfusion phase (Fig 2).
The correlation between histologic grading and ischemia
ime was positive (r � 0.81); that is, the longer the time of
schemia, the higher the histological grade of injury (Table
). As expected, histologic analysis of the control group
howed no change (grade 1). The grades for kidneys
ndergoing 30 minutes of ischemia were 3 and 4, while
hose after 60 or 120 minutes were 4 and 5. Grade 4 was
bserved more frequently among kidneys undergoing to 60
inutes and grade 5, 120 minutes of ischemia (Fig 3).
ecause the time of ischemia showed a strong effect on
istologic grading, we sought to correlate histologic grades
ith the various wavelengths (excitation laser) for each

schemia time using 1-way ANOVA. At 30 minutes of
schemia, no wavelength (excitation lasers, 408, 442, and
32 nm) correlated with histologic grading. At 60 minutes,
he 532-nm excitation laser (in the reperfusion phase)
howed a significant, negative correlation coefficient (r �
0.61) with the histologic grade, namely, the lower the

eak reading by spectroscopy (reperfusion, 532 bm), the
igher the histological grading. At 120 minutes of ischemia,
he 442-nm laser (in the reperfusion phase) showed a
ignificant negative correlation coefficient (r � �0.73) with
he histologic grade, namely, the lower the peak reading by
pectroscopy (reperfusion, 442 nm), the higher the histo-
ogic grade (Fig 4).

DISCUSSION

The use of spectroscopy to study ischemia is not new.
Spectroscopy for tissue analysis was introduced in 1955 by
Chance and Williams,8 who evaluated changes in tissue
fluorophores, such as mitochondrial nicotinamide adenine
dinucleotide, during the process of cell respiration with
production of adenosine triphosphate.

The present study showed that laser-induced fluores-

Fig 1. Mean renal fluorescence values obtained at autofluores-
cence (AUTO), ischemia (ISCH), and reperfusion (REP) regard-
less of the laser excitation wavelength. *a.u., arbitrary unit.
cence spectroscopy of rat renal tissue of was able to detect
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changes during the phases of normal perfusion (autofluo-
rescence) as well as of ischemia and reperfusion. A signif-
icant difference was detected between the decreased curve

Fig 2. Reperfusion curve showing a significant decrease with
an increased in ischemia time from 30 to 60 minutes, compared
with the control curve (autofluorescence). *Arbitrary unit.

Table 1. Correlation Between Ischemia Time and
Histologic Grade

Histologic grade Correlation coefficient 1.000
Sig. (2-tailed)
n 37

Ischemia time Correlation coefficient .806**
Sig. (2-tailed) .000
n 33
6**Significant correlation at .01 (r � 0.81).
eaks during ischemia, versus recovery during reperfusion,
epending on the ischemic increasing length of time, re-
ardless of the excitation wavelength, as also reported by
itzgerald et al in 2004.9 This result suggests that all

biological fluorophores behave in a similar manner in
response to ischemia regardless of the wavelengths, possibly
as a consequence of intense changes in pH, which reduce
the efficiency of fluorescence emission by biological com-
pounds.10 In addition, during ischemia the organ becomes
xcessively rich in carboxyhemoglobin (cyanotic), further
ncreasing the absorptive properties of hemoglobin com-
ared with the pink color under normal perfusion.11 The
rigin of changes in signal intensity during ischemia and
eperfusion phases has not been identified; this subject
ossibly requires monitoring of additional parameters, such
s dispersal of excitation and emission or even intracelullar
H.12 An important result also obtained in the present
tudy was that with increasing time of ischemia (from 30 to

Fig 3. Typical aspect of acute tubular necrosis (ATN) with cell
desquamation toward the lumen (A; stain: hematoxylin and
eosin; original magnification, �400). Dilatation of the proximal
tubules with brush border loss (B; Stain; Masson Trichrome;
original magnification, �200).
0 minutes, for example), there was a significant fall in the
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peak of fluorescence curves during reperfusion. This fall
was significantly correlated with the ischemia time (Fig 2).
This observation suggests that the molecular changes in
ischemic tissue are continuous and progressive. As time
passes, there is a progressive increase among absorbing
chromophores, such as carboxyhemoglobin, and a worsen-
ing of metabolic acidosis, which reduces fluorescence at the
expense of tissue fluorophores (fluorescent structures).

The present study showed a direct association between
the severity of the histologic tissue injury and the warm
renal ischemia time (30 –120 minutes), in agreement with
previous reports.13,14 G1 and G3 animals showed histo-
ogic changes of morphologic damage, especially after 60

inutes of ischemia. Particularly important was the
enudation of the basement membrane, which suggested
hat, after 60 minutes, the injuries caused by ischemia
ere probably irreversible broadly supporting the previ-

Fig 4. At 60 and 120 minutes of ischemia, the laser excitation
of 532 and 442 nm, were significantly correlated, in the reperfu-
sion phase, with histologic injury degree (r � �0.61 and r �

0.73), respectively. *a.u., arbitrary unit.
us literature.13,15–17
Injuries mediated by ischemia and reperfusion were more
evident when examined by light microscopy at 24 hours
after the ischemic insult.13 The true extent of the structural
changes to cells was observed only at a few days after
reperfusion.18 Because the present samples were obtained 5
minutes after reperfusion, the observed changes were cer-
tainly less evident both from a structural and a metabolic
viewpoint; this possibly explains why kidneys submitted to
30 or 60 minutes of ischemia showed similar histologic
grades.

In the present study, we were unable to find an excitation
wavelength among 408, 442, and 532 nm that correlated in
a significant manner with the histologic injuries secondary
to the biphasic process of renal ischemia and reperfusion.
Indeed, the laser with a 408-nm wavelength did not prove to
be effective for this purpose, regardless of the ischemia time
or the histologic grade. After 30 minutes of ischemia, no
wavelength (excitation lasers, 408, 442, and 532 nm) showed
a correlation with histologic grade, in contrast with the
results reported by Tirapelli et al in 2009.19

Conversely, in the present study we observed a significant
correlation between determined wavelengths and certain
ischemia times. Thus, after 60 minutes of ischemia, during
reperfusion the laser delivering 532 nm wavelength showed
the greatest correlation with the histologic grade, namely, the
reduced peak of the reading curve (fluorescence) with the
greater histologic injury. A similar, significant correlation was
observed between the 442-nm laser during renal reperfusion
after 120 minutes of ischemia.

An important detail of our study was the significant
results obtained during the reperfusion phase in contrast
with some previous reports.19,20 Cell changes seem to occur
according to time of ischemia, becoming more evident by
fluorescence spectroscopy during reperfusion, which con-
firms the significant biochemical changes known to mediate
reperfusion lesions.

From a practical viewpoint, our study using current
methods was unable to demonstrate that laser-induced
fluorescence spectroscopy was a safe, reliable method to
organ viability for transplantation, for example using a graft
from a marginal donor. The organ would have to first be
implanted and reperfused to obtain a reliable fluorescence
reading to correlate with the probable degree of histologic
damage. In addition, it is difficult to extrapolate our results
to humans; when using a 442-nm wavelength excitation
laser (during reperfusion), we would have to ask what time
120 minutes ischemia in rats corresponds to ischemia in a
human kidney.

In conclusion, there was a strong correlation between the
fluorescence spectroscopy data and the histologic changes
in renal ischemia in rats, specifically after 60 or 120 minutes
of ischemia using 532 or 442 nm excitation lasers, respec-
tively. Since the effect was only observed in the reperfusion
phase, the method would be unable to assess organ viability

before transplantation.
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Two-photon (2P) excitation of the second singlet (S2) state of a group of fluorescent agents with near

infrared emission was used to extend the optical excitation and imaging regime of 2P microscope

into “tissue optical window” (650–1100 nm). As the first step to achieve deeper optical imaging,

Chlorophyll a and Indocyanine green are investigated and demonstrated as imaging agents using 2P

S2 excitation at 800 nm for microscope imaging at 685 nm. The salient feature is to drive both the

2P excitation and emission wavelengths of the imaging agents to fall into the “tissue optical

window.” VC 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4825319]

I. INTRODUCTION

One of the main challenges of the biomedical optical

community is to image deeper layer of tissue.1 By exciting the

first singlet (S1) state of endogenous or exogenous fluoro-

phores in the visible range, two-photon (2P) technique can

achieve deeper imaging in tissue over conventional fluores-

cence microscope.2 Moreover, the 2P imaging technique has

more advantages: diminishing the scattering caused by short

wavelength and decreasing the out-of-focus background asso-

ciated with single-photon (1P) excitation.3 A conventional

two-photon microscope (2PM) imaging systems usually oper-

ates in the near infrared (NIR) for excitation and in visible

range for emission from either intrinsic fluorophores (e.g., col-

lagen, elastin, and flavin)4 or extrinsic agents (e.g., fluorescein

dye); therefore, the penetration depth of current 2P imaging

techniques are still limited by the scattering and re-absorption

of the imaging signal light in the visible range.2 Additionally,

the visible endogenous fluorescence hinders advantages of

molecular imaging when targeting contrast agents are applied,

particularly when the target concentrations are low.5

Selecting the appropriate imaging wavelength according

to light attenuation caused by tissue provides a means of

increasing the imaging depth. As shown in Fig. 1(a), the

“tissue optical window” from the far-red to NIR range

(650–1100 nm) allows light to penetrate into deep tissue.6 In

the ultraviolet (UV) to visible, the limitation of imaging depth

in tissue is due to the scattering caused by extracellular and

nuclear structures and the attenuation of blood (both oxyhe-

moglobin and deoxyhemoglobin). Above 1100 nm, strong

absorption of water causes the large loss of the light intensity.

In order to increase the penetration depth, the ideal condition

for tissue imaging is to have both the pumping and emission

wavelengths within this “tissue optical window.” However,

the conventional 2P S1 excitation cannot achieve this goal.

Since the current 2P imaging methods excite S1 state of the

endogenous fluorophores or fluorescent dyes, it can just have

either the pumping2 or imaging3 wavelength fall in the NIR

“tissue optical window,” but not both of them. This dilemma

can be illustrated by the absorption spectrum (solid line) and

the emission spectrum (dot line) of Indocyanine green (ICG)

shown as Fig. 1(b). The 2P exciting S1 band of 779 nm for

ICG by a laser at �1552 nm is not in the NIR “tissue optical

window,” but in the strong absorption spectral tail due to

water at �1440 nm. There is a need for 2P imaging technique

to force the wavelengths of both pumping and imaging falling

into the NIR “tissue optical window.”

To overcome these problems, the second singlet (S2)

state of the contrast fluorescent agents, such as Chlorophyll a

(Chl a) and ICG, are utilized to achieve deeper imaging with

2PM. Chl a is vital for photosynthesis, easy to be obtained

and not toxic. ICG is one of the most important medical

imaging contrast agents since it is the only US Food and

Drug Administration (FDA)-approved dye in NIR range.5

The 2P S2 excitation of these fluorescent agents using

Ti:Sapphire laser centered at �800 nm makes it possible to

drive the wavelengths of both excitation and emission of the

imaging agents falling in NIR “tissue optical window.” This

study will investigate the possibility of this innovated

approach of 2P pumping of S2 of Chl a and ICG dyes for the

first time to make both absorption and emission wavelengths

in NIR “tissue optical window.”

II. SAMPLES AND EXPERIMENTAL METHODS

The samples to be imaged were Chl a- and ICG-stained

uncoated pore glass beads, which size is �20 to 40 lm and

pore diameter is �24 nm from Pierce Biotechnology INC

(Rockford, IL 61005). ICG was purchased from MP

Biomedicals, LLC (Solon, OH 44139) and Chl a was

extracted from fresh spinach leaves using Ethyl Alcohol. All

the sample preparations and measurements were performed

a)Author to whom correspondence should be addressed. Electronic mail:

ralfano@sci.ccny.cuny.edu
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at room temperature. The beads were soaked in the Chl

a-Ethyl solution and ICG-DMSO (20% aqueous Dimethyl

Sulfoxide) solution with concentration of �0.75 mg/ml for

overnight. It is well-known that Chl a strongly absorbs red

and blue-violet light from S1 and S2 bands, respectively, for

giving green color of leaves.7 Figure 2 illustrates the mecha-

nism of 1P and 2P excitation of S1 and S2 bands of Chl a
using the Jablonski energy level diagram (left side) and the

measured absorption and fluorescence spectra (right side) of

Chl a. The absorption spectrum (solid line) was measured

using UV-VIS-NIR spectrophotometer (Cary 500 Scan)

and the emission spectrum (dot line) was acquired by

FluoroMax-3 spectrometer (Horiba Jobin Yvon). The

absorption of photons could drive the molecules of Chl a
from the ground (S0) state to the S1 and S2 excited states,

converting photon energy into electronic excitation. The

scheme of light absorption and energy decay of Chl a caused

by 1P excitation is well known that the emission of Chl a in

far-red light of �680 nm can be achieved by excitation of S1

caused by red light at �629 nm band or by violet light at

�404 nm (Soret band) using S2 excitation.7 The Chl a

decaying to the S0 may also be achieved by emitting photons

from S1 after 2P excitation given nonradiative process for S2

to S1 following 2P excitation.

ICG was also investigated as a potential S2 fluorescent

agent since ICG and its derivative dyes are widely used in

optical vessel imaging, cancer detection, and surgery cancer

margin assessment. The potential of ICG S2 excitation is

possible because a weak S2 band exists at �398 nm and dual

fluorescence peaks from S1 at 695 nm (weak) and 820 nm

(strong) were observed in Fig. 1(b).

A Multiphoton Microscopy System (Prairie Tech., Inc.,

W.I.) with Coherent Ultima 130 femtosecond duration laser

pulses light source was used to investigate 2P S2 excitation

of Chl a and ICG, which is schematically shown in Fig. 3.

The laser power is 10 mW. The excitation of 800 nm was

used to achieve the 2P pumping S2 band of 400 nm to accom-

plish fluorescence imaging in spectral range around 680 nm

for both Chl a and ICG. This is the optimal condition for the

study of 2P S2 excitation of Chl a because of the strong S1

band absorption and strong emission at �680 nm of Chl a as

shown in Fig. 2. Corresponding to the absorption and

FIG. 1. (a) Optical attenuation caused

by the absorption of principal tissue

chromophores and the scattering of

extracellular and nuclear structures in

the spectral region of 300–2500 nm to

show the existence of the NIR “tissue

optical window”; and (b) The absorp-

tion (solid line) and fluorescence

(dashed line) spectra of ICG.

FIG. 2. Jablonski energy level diagram

for Chl a to be pumped to 1st and 2nd

excited singlet state by the possible

ways in one- or two-photon absorption

(left side); Measured absorption (solid

line) and fluorescence (dot line) spec-

tra of Chl a (right side).
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emission spectra of ICG, our 2PM S2 imaging study is not

perfect to investigate ICG as a 2P S2 imaging agent. One

reason forced us to investigate the weaker emission of ICG

at �695 nm is that an unmountable IR-blocking filter see

Fig. 3 in front of the PMT of the 2PM Prairie system cuts the

strong emission of ICG at �820 nm and just allows the visi-

ble light pass through.

III. EXPERIMENTAL RESULTS AND DISCUSSION

The 2PM of Chl a and ICG-stained beads were imaged

using the channel outfitted with wide band filter of

685 6 40 nm from Chroma (Brand name) with a 40� lens

(N.A.¼ 0.8, water immersion, Olympus). Images were taken

by another channel with filter of 525 6 35 nm for control study

while other imaging parameters (such as laser power, amplifi-

cation of the PMT, and scanning speed, etc.) were kept con-

stant between control (525 nm) and imaging (685 nm) channel.

Figures 4(a) and 4(b) show the 2P microscope image of

Chl a-stained beads under imaging and control channel,

respectively. The 2P microscope images of ICG-stained

beads under imaging and control channel were displayed in

Figs. 4(c) and 4(d), respectively. The potential application of

Chl a and ICG for 2P S2 imaging was validated by observing

the fluorescence images of the Chl a- and ICG-stained beads

under the channel of 685 nm, which is close to the emission

peak of Chl a and ICG while no fluorescence images of

beads can be acquired under the control channel of 525 nm,

which is far from the emission peak of Chl a and ICG. The

2PM images of Chl a- and ICG-stained beads can be clearly

seen under the imaging channel, but no visible profiles of

bead are under the control channel. The much stronger emis-

sion intensity of the Chl a- and ICG-stained beads under the

imaging channel over the control channel can be more

clearly visualized by Figs. 4(e)–4(h), which is the corre-

sponding spatial intensity profiles of the image obtained by

FIG. 4. The 2P microscope image of (a) Chl a-stained beads under imaging (685 nm) and (b) control (525 nm) channel, (c) ICG-stained beads under imaging

(685 nm), and (d) control (525 nm) channel; (e), (f), (g), and (h) are the corresponding digital spatial cross section intensity distribution of the image shown in

(a), (b), (c), and (d), respectively. The femtosecond laser excitation wavelength was 800 nm.

FIG. 3. The schematic diagram of the

two-photon microscopy system used

for demonstrating the ideas of the sec-

ond singlet state excitation.

153102-3 Pu et al. J. Appl. Phys. 114, 153102 (2013)
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integrating the horizontal area shown by the rectangle in

Figs. 4(a)–4(d). These results show that the optimized 2PM

imaging of Chl a- and ICG-stained beads under 2P excitation

of 800 nm is the channel of 685 nm, which is exactly the

strong fluorescence peak of Chl a, and close to the second

strong emission peak of ICG at 685 nm. This indicates that

the recorded microscope image is indeed formed from emis-

sion of the 2P S2 fluorescent agent (Chl a and ICG in our

case) because of the rapid nonradiative relaxation from S2 to

S1. Chl a and ICG can be used as potential 2P S2 fluorescents

agent to enhance the imaging depth by two-photon

microscope.

There are many fluorescent agents with similar spectral

profiles as Chl a and ICG that can be used as potential 2P S2

fluorescent imaging agents. Extensive absorption and emis-

sion spectra of dyes agents have been studied by Oregon

Medical Laser Centre.8 All these fluorescent agents have

stronger absorption S2 band or even higher singlet (Sn) state

over the S1 band. Although their toxicity is still needed to be

investigated, for the interest of the researchers, spectral char-

acteristics of these agents are listed in Table I.

IV. CONCLUSION

The 2P S2 excitation properties of two most important

fluorescent agents, Chl a and ICG, were characterized using

2PM technique. The 2P S2 imaging technique allows for the

wavelength of both exciting and emitting of these imaging

agents into NIR “tissue optical window.” The strong emis-

sion intensities of 2P microscope images of Chl a- and

ICG-stained beads were observed under the imaging channel

of 685 nm, which indicates they can be used to as potential

2P S2 fluorescent agents to enhance the imaging depth. The

outcome of this paper will be the first step for deeper tissue

imaging using S2 excitation 2PM techniques.
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Summary  Non-melanoma  skin  cancer  is  the  most  common  cancer  lesion  worldwide.  In  Brazil,
it represents  95%  of  all  skin  cancer  lesions,  and  25%  of  all  tumor  types.  Early  diagnosis  allows
treatment  at  initial  stages  of  the  disease,  improving  patient’s  prognosis.  Thus,  it  is  of  great
importance  the  development  of  techniques  to  aid  diagnosis,  such  as  marked  fluorescence,  which
we propose  here  for  early  detection  of  skin  cancer  lesions.  In  this  study,  we  use  a  photosensi-
tive substance,  aminolaevulinic  acid  (ALA),  as  biomarkers,  and  analyze  its  in  situ  fluorescence
response  to  light  excitation.  The  use  of  ALA  as  a  biomarker  precursor  is  interesting  because
it shows  selectivity  for  protoporphyrin  IX  production/concentration  in  abnormal  cells.  Proto-
porphyrin IX  shows  high  fluorescence  yield  when  excited  with  UV-blue  light.  In  this  study,  ALA
solutions  (at  5%  and  10%  concentrations)  were  applied  to  malignant  (basal  cell  carcinoma)  and
potentially  malignant  skin  lesions  (actinic  and  seborrheic  keratoses),  aiming  to  investigate  our
ability in  detecting  and  distinguishing  them  by  using  this  technique.  At  regular  time  intervals
(15, 30,  45  and  60  min),  fluorescence  images  were  collected  with  a  prototype  system  for  wide-
field fluorescence  imaging.  ALA  has  provided  a  marked  fluorescence  that  allowed  significant
discrimination  of  normal  and  tumor.  Potentially  malignant  and  benign  lesions  were  all  well-

identified by  their  autofluorescence;  photodynamic  detection  did  not  improve  diagnostics.  This
technique also  provided  a  better  delineation  of  the  lesion  margins,  which  is  very  important  for

an effective  treatment  of  malignant,  potentially  malignant  and  benign  skin  lesions.
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kin  cancer  can  be  classified  in  two  major  groups:  non-
elanoma  and  melanoma.  Non-melanoma  lesions  are  the
ost  common  ones,  with  estimative  between  2  and  3  million

ases  per  year  around  the  world  [1,2].
The  most  common  non-melanoma  skin  cancer  is  the  basal

ell  carcinoma  (BCC),  originated  in  the  basal  layer  of  epi-
ermis.  Its  occurrence  is  higher  in  middle-aged  and  elderly
eople  with  skin  phototype  I  or  II,  and  its  appearance  is
irectly  related  to  prolonged  exposure  to  solar  radiation
hroughout  life.  It  is  usually  observed  at  body  areas  exposed
o  the  sun,  such  as  arms,  face  and  neck  [2—6].

Others  non-malignant,  but  also  important,  skin  lesions  —
ue  to  the  large  occurrence  and  possibility  of  misdiagnosis

 are  actinic  keratosis  (AK)  and  seborrheic  keratosis  (SK).
ctinic  keratosis  is  a  skin  epidermal  dysplasia  that  develops
ue  to  the  cumulative  effect  of  ultraviolet  radiation  from
un  exposure.  It  is  more  prevalent  at  the  same  population
roup  as  for  skin  cancer  and  presents  a  higher  incidence  on
ace,  scalp,  arms  and  hands.  The  seborrheic  keratosis,  usu-
lly  associated  to  genetic  origin,  affects  mainly  the  chest
nd  face,  but  it  can  occur  also  in  the  limbs.  These  lesions
ave  a  warty  appearance,  irregular  surface  and  a  soft  con-
istency  [3—5].  Therefore,  being  able  to  differentiate  these
esions  is  of  relevance  for  clinical  diagnosis.

Prevention  and  detection  are  the  major  challenges  in
ealing  with  skin  cancer:  prevention  depends  mainly  on
he  use  of  sunscreen  and  avoidance  of  exposure  to  high
ltraviolet  irradiation,  and  early  diagnosis  improves  patient
rognosis,  and  reduces  patient  morbidity,  as  well  as  treat-
ent  complexity  and  costs  [4,5,7,8].
Skin  diagnosis  is  initiated  with  whole  body  visualization

nder  illumination  with  white  light  sources,  during  the  clini-
al  examination.  If  any  lesion  is  identified,  a  dermatoscopic
xamination  is  performed  to  obtain  additional  details.  This
quipment  magnifies  the  visualization  field  in  10  up  to  40
imes.  When  a  malignant  condition  is  suspected,  a  biopsy
s  performed.  Histopathological  analysis  is  ‘‘gold  standard’’
or  tissue  diagnosis.  Clinical  characteristics  of  benign  lesions
nd  carcinomas  at  early  stage  are  similar,  and  the  large  vari-
bility  of  professional  skills  to  recognize  early  malignant
eatures  result  in  a  non-efficient  inter-lesion  discrimina-
ion.  Biopsy  is  an  invasive  technique  which  does  not  provide
nformation  of  lesion  margins,  which  is  relevant  for  treat-
ent  planning,  since  surgical  resection  of  the  lesion  has

o  be  performed  beyond  the  clinically  apparent  margin  for
he  malignant  conditions.  For  the  lesions  in  areas  of  cos-
etic  relevance  or  in  surgically  complex  anatomic  regions,

specially  in  face  and  scalp,  the  treatment  must  consider
emoving  the  least  possible  amount  of  healthy  tissue  [9,10].

The  detection  of  lesions  using  illumination  parameters
istinct  to  the  conventional  white  light,  and  the  fluores-
ence  visualization  has  the  potential  to  increase  in  situ
issue  discrimination.  Among  optical  techniques  for  tissue
iagnostics,  one  of  the  most  investigated  one  is  autofluores-
ence  [11—14],  because  tissue  biochemical  and  structural
hanges  that  take  place  during  cancer  development  and

rogression  alter  the  light—tissue  interactions.  Tissue  fluo-
escence  patterns  also  depend  on  these  interactions.  Thus,
uorescence  is  capable  of  detecting  such  changes.  At  skin,
utofluorescence  helps  in  the  detection  and  delineation  of
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umor  margins,  limiting  damage  caused  by  the  tumor  recur-
ence  due  to  an  incomplete  surgical  removal  [11].  The  use
f  skin  fluorescence  also  aids  in  distinguishing  tumor  from
ealthy  tissue  [12]  and  benign  lesions  [13].

The  photodiagnosis  using  an  exogenous  marker  can
ncrease  the  contrast  resolution  between  abnormal  and
ealthy  tissue.  In  photodynamic  diagnosis,  a  solution  of
minolaevulinic  acid  (ALA)  is  topically  placed  on  lesion  sur-
ace.  ALA  is  a  protoporphyrin  IX  (PpIX)  precursor  which  is
n  endogenous  photosensitizer  (PS)  that  naturally  occurs  in
he  cellular  heme  biosynthetic  pathway.  After  ALA  is  local-
zed  into  the  cell,  it  enters  in  the  heme  biosynthesis  and
timulates  the  PpIX  production.  This  PS  has  fluorescence
roperties,  and  accumulates  preferentially  in  abnormal  tis-
ues,  allowing  its  use  as  a  complementary  diagnostic  tool
14,15].  A  higher  ALA-PpIX  production  at  malignant  cells  has
een  observed  at  several  studies  [14,16,17],  supporting  ALA
se  as  a  potential  marker  for  photodynamic  diagnosis.

For  diagnostic  applications,  after  ALA  solution  is  admin-
stered  to  the  target  tissue,  a  time  interval  is  required  for
nough  PpIX  production  and  accumulation  allowing  its  fluo-
escence  visualization  at  the  interrogated  tissue.  Then,  skin
s  illuminated  using  light  at  the  UV-blue  spectral  range,  in
rder  to  excite  the  PpIX  molecules  inside  the  tumor  cells  and
o  induce  their  fluorescence  emission.  Under  this  excitation
ange,  the  PpIX  shows  an  intense  orange-red  fluorescence,
hich  strongly  contrasts  with  the  green  autofluorescence  of

he  biological  tissues.
In  this  clinical  study,  the  efficacy  of  ALA  photodynamic

etection  (ALA-PDD)  of  malignant,  potentially  malignant
nd  benign  skin  lesions  was  investigated.  To  the  best  of  our
nowledge,  there  is  no  analysis  evaluating  the  best  ALA  con-
entration  for  the  photodynamic  detection  of  skin  lesions.
he  aim  of  the  present  study  was  to  evaluate  the  efficacy  of

 clinical  protocol  for  the  ALA-PDD  for  the  detection  of  skin
esions.

aterial and methods

atient  accrual

n  this  study,  43  patients  of  both  genders,  Caucasian,
etween  45  and  91  years  old,  with  BCC,  AK,  and  SK  were
nvestigated  between  May  2010  and  June  2011.  A  total  of  71
esions  were  imaged:  29  BCC,  31  AK,  and  11  SK.

All  lesions  were  clinically  diagnosed,  and  BCC  was  con-
rmed  by  histopathology.  All  patients  were  evaluated  at  the
kin  Department  of  Amaral  Carvalho  Hospital,  and  all  under-
ent  surgery  after  fluorescence  evaluation.  This  research
as  approved  by  the  Review  Board  on  Ethics  in  Research

rom  the  Amaral  Carvalho  Hospital  Foundation  (CEPFHAC
23/2010).  Patients  and  their  respective  caregivers  signed
n  informed  written  consent  for  participation  in  the  clinical
tudy.

hotosensitization
he  pro-drug  used  was  5-aminolevulinic  acid  (5-ALA  —
SUESCC  ‘‘NIOPIIK’’  B  SADAVAYAd.  1k4,  Moscow,  Russia)
anipulated  at  concentrations  of  5%  and  10%  in  Milli-Q
ater  solution  with  3%  of  dimethylsulfoxide  (DMSO)  and
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Figure  1  Skin  lesions  images  using  white  light  illumination  (left  column),  autofluorescence  (central  column)  and  1  h  after  appli-
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cation ALA  (right  column).  The  lines  show  typical  images  for:  B

1  mM  ethylenediaminetetraacetic  acid  (EDTA).  DMSO  is  an
enhancer  of  ALA  penetration  in  tissue,  and  EDTA  inhibits
the  enzyme  ferrochelatase,  resulting  in  a  higher  concentra-
tion  of  PpIX  in  cells.  The  PpIX  production  occurs  inside  the
mitochondria,  and  it  is  induced  by  the  ALA  present  in  the
biosynthetic  heme  pathway  [18—20].

Fluorescence  device

The  fluorescence  evaluation  was  performed  using  a  home-
made  handheld  device  for  widefield  fluorescence  imaging.
The  illumination  system  is  composed  of  a  set  of  LED  arrays
with  emission  between  380—420  nm,  with  peak  in  400  nm
and  irradiance  at  50  mW/cm2.  Three  optical  components
are  used:  a  filter  at  the  excitation  path  (band-pass  filter
between  390  nm  and  460  nm),  a  dichroic  mirror  (reflection
of  the  blue  spectrum  and  transmission  of  the  green—red
spectrum),  and  a  filter  at  the  collection  path  (long-pass  fil-
ter,  over  475  nm).  This  optical  arrangement  was  designed
to  improve  the  contrast  visualization  (difference  between
colors  and  intensities)  of  light  in  green  and  red  regions  of
the  visible  spectrum,  main  fluorescence  emissions  of  the
biological  tissue  and  PpIX,  respectively.  A  digital  color  cam-
era  (Sony  DSC-H50)  was  coupled  at  the  device  through  an
adapter  for  image  acquisition  [21].

Clinical  protocol
The  skin  lesions  were  initially  evaluated  under  conventional
white  light  and  dermatoscopy  by  a  certified  dermatolo-
gist  (AGS),  and  the  clinical  characteristics  described  at  the
patient  chart.

n
R
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op),  AK  (center),  and  SK  (bottom).

Solutions  of  ALA  5%  or  10%  were  prepared,  and  immersed
n  a  warm  bath  for  total  dissolution  of  ALA.  After  that,  the
olution  was  kept  at  room  temperature,  protected  from  light
ntil  the  moment  of  use.

Lesions  were  cleaned  with  chlorhexidine  soap,  and
leansed  with  NaCl  0.9%  solution.  No  curettage  proce-
ure  was  performed  in  the  interrogated  lesions,  because
ur  aim  was  to  analyze  the  efficacy  of  the  photody-
amic  diagnostics  without  any  invasive  procedure,  so
ariations  due  to  the  inherent  lesion  characteristics,
ike  surface  keratin  and  dead  cell  layers,  could  not  be
voided.

Five  percent  ALA  solution  was  applied  on  54  lesions  (21
CCs,  22  AK,  and  11  SK).  In  order  to  determine  if  a  higher
ro-drug  concentration  could  improve  the  photodynamic
etection,  10%  ALA  solution  was  applied  on  17  lesions  (8
CCs  and  9  AK),  and  the  same  analysis  parameters  were
erformed.

The  ALA  solution  was  applied  over  the  lesion  surface,
overing  all  clinical  margins.  After  the  pro-drug  applica-
ion,  the  lesions  were  protected  from  light  exposure  using
n  occlusive  curative  with  PVC  plastic  film,  aluminum  foil
nd  bandage.  Images  were  collected  at  regular  time  inter-
als  (15,  30,  45  and  60  min)  in  a  dark  room.  At  each  time
nterval,  the  curative  was  removed  for  image  collection,  and
eplaced  just  after  imaging.

The  images  were  processed  using  an  algorithm  writ-
en  in  Matlab® 7.5  (MathWorks,  USA)  for  evaluation  of
pIX  fluorescence  emission.  This  algorithm  determines  the

umber  of  pixels  for  the  component  R  (‘‘red’’)  in  the
GB  matrix  for  each  image,  attributing  them  to  red  light

ntensity,  which  was  associated  to  the  photosensitizer  fluo-
escence.
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Figure  2  Graphics  of  red  fluorescence  intensity  versus  appli-
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tatistics

ata  are  expressed  as  average  values  and  standard  devi-
tions.  The  Shapiro—Wilk  test  was  used  to  determine  the
ormality  of  the  data.  To  compare  differences  between
esions  and  normal  tissue,  before  and  after  ALA  applica-
ion  paired  Student’s  t-test  was  used,  and  for  discrimination
etween  lesion  and  normal  tissue,  unpaired  Student’s  t-test
as  applied.

The  software  Statistica  for  Windows,  release  7  (Statsoft,
ulsa,  OK)  was  used  for  the  statistical  analysis  and  the  sig-
ificance  level  was  set  at  5%  (p  <  0.05).

esults

LA  5%

he  image  sequence  in  Fig.  1  shows  the  PpIX  production  over
ime  in  a  BCC  at  right  temporal  (Fig.  1a—c),  an  AK  at  the
ight  forearm  (Fig.  1d—f)  and  a  SK  at  the  chest  (Fig.  1g—i).
he  left  column  shows  the  image  of  skin  lesions  under  white

ight  illumination  (Fig.  1a,  d,  g);  the  central  column  their
utofluorescence  (Fig.  1b,  e,  i);  and  the  right  column,  typ-
cal  lesion  photodynamic  fluorescence,  one  hour  after  ALA
pplication.

Healthy  tissue  shows  fluorescence  at  the  green  region  of
he  spectrum,  and  abnormal  tissues,  as  BCC,  AK,  and  SK,
how  loss  of  fluorescence  emission  (LOF),  visualized  as  a
arker  region.  The  red  fluorescence  at  Fig.  1c,  is  observed  at
he  same  regions  previously  associated  with  LOF.  The  visu-
lized  bright  spots  correspond  to  areas  of  high  fluorescence
mission  (Fig.  1e  and  f)  from  hyper-keratinized  areas  of  the
esion  surface.  It  can  be  noted  that  SK  does  not  fluoresce
Fig.  1h),  visualized  as  a  dark  region  with  several  fluores-
ent  points.  This  autofluorescence  pattern  is  related  to  a
igh  melanin  content  that  extensively  absorbs  both  excita-
ion  and  fluorescence  lights,  and  to  the  corneal  structures
nside  the  lesion,  resulting  in  LOF  and  highly  fluorescent
pots,  respectively  [9,22].  No  qualitative  visualization  of  the
pIX  production  could  be  observed  at  the  AK  and  SK.

To  quantify  the  PpIX  showed  in  the  images,  regions  at
oth  normal  and  lesion  tissue  were  selected,  and  the  inten-
ity  of  red  fluorescence  was  calculated  for  each  image.
hen,  intensity  was  normalized  by  its  background  red  inten-
ity  (the  red  emission  present  at  tissue  autofluorescence),
o  obtain  only  the  contribution  of  the  PpIX  emission  in  the
issue  fluorescence  after  the  ALA  treatment.  Fig.  2  shows
raphs  of  PpIX  intensity  emission  as  a  function  of  time  of
he  three  lesions  shown  in  Fig.  1.  It  is  possible  to  observe
hat  the  PpIX  fluorescence  intensity  increases  with  time  for
CC,  while  remains  almost  constant  for  the  other  lesions,
nhancing  the  qualitative  analysis.

Statistical  tests  were  performed  to  determine  whether
here  was  significant  difference  between  the  fluorescence
f  the  lesion  and  normal  tissue  (before  and  after  ALA  appli-
ation)  and  between  these  lesions  before  and  after  ALA

pplication.  In  order  to  show  that  the  PpIX  production
ccurs  preferentially  in  abnormal  cells,  tests  were  also  per-
ormed  by  evaluating  normal  tissue  before  and  after  ALA
pplication.

t
t
C

ation  time  of  ALA  for  lesions  shown  in  Fig.  1.  BCC,  AK  and
K, respectively.  The  line  corresponds  to  the  red  fluorescence
resent in  fluorescence  from  the  healthy  skin.

In  the  comparison  between  lesion  and  normal  tissue  prior
o  ALA  application  (autofluorescence),  there  was  significant
ifference  in  all  cases  (p  <  0.01).  The  same  was  true  when
omparing  the  lesion  and  normal  tissue  60  min  after  ALA
pplication  (p  <  0.01).
When  the  lesion  autofluorescence  was  compared  with
he  values  of  fluorescence  60  min  after  ALA  application,
here  was  significant  difference  (p  <  0.01)  only  for  the  BCC.
omparison  between  normal  tissue  before  and  60  min  after
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Figure  3  Skin  lesions  images  using  white  light  illumination  (left  column),  autofluorescence  (central  column)  and  1  hour  after
or:  B
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application ALA  (right  column).  The  lines  show  typical  images  f

ALA  application  showed  no  statistical  significance  for  any
group.

ALA  10%

The  images  in  Fig.  3  show  PpIX  fluorescence  emission  over
time  in  a  BCC  lesion  (Fig.  1a—c)  and  an  AK  lesion  (Fig.  1d—f).
The  left  column  shows  the  skin  lesions  under  white  light
illumination  (Fig.  1a  and  d);  the  central  column,  their  auto-
fluorescence  (Fig.  1b  and  e);  and  the  right  column,  lesion
fluorescence  one  hour  after  ALA  application.

For  AK  lesion,  the  result  was  similar  to  5%  ALA.  For  BCC
lesion,  however,  a  reduced  production  of  PpIX  was  observed,
although  the  quantitative  analysis  showed  an  increase  in
PpIX  fluorescence  intensity  (Fig.  4),  it  was  preferentially
located  at  the  lesion  borders  as  showed  in  Fig.  3c.  Here  it
is  important  to  point  out  that  this  BCC  lesion,  in  compari-
son  to  the  one  in  Fig.  1a,  showed  a  higher  necrotic  tissue
at  lesion  surface,  preventing  an  efficient  penetration  of  the
ALA  solution,  due  to  a  non-curettage  of  these  lesions,  the
PpIX  emission  was  observed  at  the  lesion  regions  of  less
keratinized  surface.

The  statistical  tests  for  comparison  between  lesion  and
normal  tissue,  both  prior  to  ALA  application  (autofluores-
cence)  and  60  min  after,  showed  significant  differences  in
all  cases  (p  <  0.01).  When  lesion  and  normal  tissues’  auto-
fluorescence  was  compared  to  fluorescence  intensity  values
60  min  after  ALA  application,  no  significant  difference  was
observed.

Discussion

The  observed  LOF  from  the  abnormal  skin  has  been  also
described  in  other  studies  [12,23,24],  and  this  is  mainly
justified  by  the  decrease  in  collagen  fluorescence  caused

by  fiber  linkage  breakdown  [25].  Others  skin  components
such  as  flavins  do  not  have  a  great  contribution  due  to  the
excitation  wavelength,  which  is  not  within  the  absorption
wavelengths  of  these  components  [26].

l
a
a
s

CC  (top)  and  AK  (bottom).

Fluorescence  images  after  the  ALA  application  show  pref-
rential  accumulation  of  PpIX  in  skin  areas  associated  or
ithin  the  BCC  lesions,  representing  a potential  aid  to  the
ancer  diagnosis,  since  it  increases  the  visualization  contrast
etween  normal  and  abnormal  tissue.  With  this  increase  in
ontrast,  an  improved  discrimination  of  the  lesion  superfi-
ial  margins  is  provided,  information  highly  important  for
he  treatment  planning  and  execution.

The  difference  between  the  autofluorescence  from
ormal  and  abnormal  tissue  is  noticeable.  This  obser-
ation  is  in  agreement  with  other  studies  in  liter-
ture  which  demonstrate  a reduction  of  the  green
uorescence  at  skin,  and  an  increase  in  the  red  flu-
rescence  for  lesions  [16,17,27]. After  application  of
he  ALA  solution,  the  difference  between  tissues  is
ore  evident  with  time,  when  considering  the  red
uorescence  emission.  The  use  of  the  photodynamic
iagnosis  only  showed  a  response  for  BCC  lesion,  but  there
as  no  improvement  at  the  visual  discrimination  to  the  auto-
uorescence  detection.

A  possible  reason  for  the  lesions  in  which  there  was  no
ncrease  in  the  red  fluorescence  emission  is  the  ineffec-
ive  penetration  of  ALA  solution;  mainly  caused  by  areas  of
yper-keratinization  and  necrotic  tissue.

Several  lesions  of  BCC  and  AK  present  extensive  kera-
inization  on  the  surface,  which  behaves  as  physical  barrier
o  the  penetration  of  ALA  solution  [28]. The  result  is  a  large
umber  of  lesions  which  showed  no  increase  in  PpIX  fluo-
escence  even  60  min  after  ALA  application.  However,  this
eratin  layer  can  be  removed  by  curettage,  which  is  a  sim-
le  medical  procedure.  Indeed,  the  curettage  is  performed
n  ALA-photodynamic  therapy  (PDT)  for  the  removal  of  the
eratin  and  dead  cells  layers  to  improve  the  pro-drug  pene-
ration  [29,30]. In  the  investigated  protocol,  the  curettage
as  not  performed,  since  the  aim  was  to  verify  the  efficacy
f  the  photodynamic  detection  using  a  procedure  with  the

east  possible  number  of  steps.  Based  on  the  present  results,
n  improved  performance  and  diagnostic  resolution  may  be
chieved,  if  the  curettage  is  performed  previously  to  ALA
olution  placement.
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Figure  4  Graphics  of  red  fluorescence  intensity  versus  application  time  of  ALA  for  BCC  and  AK  lesions  showed  in  Fig.  3.  The  line
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orresponds  to  the  red  fluorescence  in  fluorescence  from  the  h

For  SK,  the  high  light  absorption  by  melanin  hinders
uorescence  visualization,  in  both  autofluorescence  and
hotodynamic  detection.

However,  for  SK  and  AK  lesions,  the  autofluorescence
etection  presents  already  an  improved  visualization  of  the
esion.  The  photodynamic  detection  did  not  show  a signifi-
antly  increase  in  the  red  fluorescence  intensity.  Therefore,
ensitization  has  shown  to  be  important  only  for  BCC  lesions.

The  autofluorescence  for  SK  lesions  may  help  on  the
ifferential  diagnostics  to  melanoma.  The  corneum  pseu-
ocysts,  a  tissue  structure  that  differentiates  the  SK  from
elanoma,  become  evident  in  autofluorescence  images

22,31].  In  melanoma  lesions,  the  autofluorescence  pattern
s  an  evident  LOF,  visualized  as  a  dark  area  without  any
uorescent  spots.

The  anatomical  site  also  plays  an  important  role  on  the
enetration  of  the  ALA  solution.  Lesions  that  are  located  in
he  arm  and  forearm  usually  present  a  thicker  layer  of  ker-
tin  than  those  located  in  the  head  and  neck,  reducing  the
ro-drug  penetration.  In  arm/forearm  cases,  the  PpIX  fluo-
escence  emission  was  less  intense  in  the  lesions  borders,
s  well  as  less  intense  when  compared  to  cases  in  head  and
eck.

Even  when  the  ALA  concentration  is  increased  from  5%  to
0%,  most  of  the  lesions  did  not  show  enough  accumulation
f  PpIX,  reinforcing  the  hypothesis  of  the  physical  barrier
mpairing  an  efficient  tissue  photosensitization  [15,32,33].

Although  curettage  has  been  already  used  for  other  pro-
ocols  as  a  safe  and  effective  practice  [29,30],  this  study
imed  to  verify  how  feasible  this  technique  could  be  with
o  application  of  any  invasive  procedure.

onclusion

luorescence  investigation  of  BCC  lesions,  using  both
utofluorescence  and  photodynamic  detection  techniques,
howed  ability  to  significantly  differentiate  normal  from
umor  tissue.  PpIX  accumulation  in  skin  lesions  increases

isual  contrast  between  healthy  and  abnormal  tissues.  This
ontrast  allows  for  improved  identification  of  lesion  margins.

For  detection  of  non-malignant  skin  lesions,  AK  and
K,  the  use  of  autofluorescence  images  only  proved  to  be
y  skin.

ufficient;  no  additional  information  was  provided  by  using
hotodynamic  diagnosis.  In  the  case  of  AK,  due  to  excessive
eratin  at  lesion  surface,  ALA  solution  did  not  adequately
enetrate  into  the  tissue  to  induce  PpIX  production.  For
K  lesions,  with  higher  melanin  content,  autofluorescence
mages  result  in  tissue  LOF,  with  highly  fluorescent  spots
nside  the  lesion.  These  spots  are  corneum  pseudocysts,
hich  are  characteristic  structures  at  those  lesions.  There-

ore,  observing  them  contributes  to  diagnosis,  especially  to
ifferentiate  them  from  melanoma.

Increasing  concentration  of  ALA  form  5%  to  ALA  10%  for
CC  and  AK  showed  that  the  low  PpIX  production  was  not  due
o  low  concentration,  but  to  the  limited  penetration  of  the
ro-drug  solution,  which  might  be  managed  by  performing
urettage  on  lesions  prior  to  ALA  administration.

Widefield  fluorescence  imaging  is,  therefore,  a  poten-
ial  auxiliary  tool  for  skin  diagnosis,  helping  to  define  the
esions  margins;  and  ALA-mediated  photodynamic  detec-
ion  showed  to  be  able  to  increase  visual  contrast  of  BCC
esions.
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1. Introduction

The optical fluorescence technique provides an excellent way 
to simplify clinical diagnosis. The high velocity and sensitiv-
ity to differentiate tissue variations allow simple implementa-
tion of this tool [1, 2] to obtain good clinical results.

Being a nonaggressive and nondestructive technique [3–5], 
the fluorescence can be used in medicine for diagnosis pur-
poses or monitoring degradation of some drugs used in cancer 

treatment modalities. The biochemical composition and struc-
ture of biological tissues influence the light–tissue interaction. 
Thus, healthy tissue compared with injured tissue or contami-
nated by microorganisms will present different optical char-
acteristics [6, 7].

In dentistry, a similar system was developed for detection 
of oral cancer, soft tissue alterations [8, 9], incipient caries 
[10], identification of dental calculus, and for other applica-
tions [11, 12].
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Abstract
Fluorescence results from a process that occurs under certain conditions in molecules known 
as fluorophores, fluorochromes or fluorescent dyes when they absorb light. The molecule 
is excited to a higher energy state and emits fluorescent light. The emission wavelength is 
always higher than the excitation wavelength. Optical diagnoses by fluorescence can be 
used in medicine and dentistry. It does not cause injury to tissues because it is a noninvasive 
method and can add benefits to clinical treatments. The aim of this case report was to apply 
an optical fluorescence system for wide-field image viewing and visual monitoring of the 
management of plaque and dental calculus before and after periodontal scaling to improve 
the diagnoses and follow-up of patients with periodontal disease. The results suggest that 
it is possible to observe, with a fluorescence system, residual plaque and calculus that 
were not easily seen by the naked eye during oral inspection. Thus, the optical technique 
can potentially improve periodontal screening efforts, especially in patients undergoing 
periodontal maintenance.
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Periodontal disease is one of the major infections of the oral 
cavity and is a major cause of tooth loss. During periodontal treat-
ment it is important to conduct a thorough scraping with the aim 
of removing any calculus that can be attached to the tooth surface 
[13]. To perform periodontal treatment correctly, visual inspec-
tion and tactile sensitivity are fundamental to prevent residual 
calculus; unfortunately, this kind of skill is possessed only by a 
periodontal specialist (periodontist) with experience [14].

The use of optical diagnosis as an adjunctive of dental cal-
culus detection becomes especially appropriate for the gen-
eral practitioner to minimize the difficulty in residual calculus 
detection that may still persist after periodontal scaling [15].

The purpose of this case report was to demonstrate the use 
of optical fluorescence as an important tool for nonperiodon-
tists to use to perform visual plaque and calculus monitoring 
before and after periodontal scaling.

2. Materials and methods

This case report was approved by the Ethics Committee in 
Research of University Center of Araraquara-UNIARA (pro-
tocol number: 1200/10). To perform visualization of scrap-
ing and dental calculus removal by optical fluorescence, we 
examined 30 patients who were instructed verbally and with 
reading materials who subsequently signed a consent form. 
Clinical examination and image registers before and after den-
tal procedures were performed at a dental office at The Health 
Center of Physics Institute of Sao Carlos, University of Sao 
Paulo, Sao Carlos, Sao Paulo, Brazil.

The system (prototype) used for fluorescence imaging  
was developed in partnership with the Engineering School of 
Sao Carlos Laboratory of Biophotonics at Physics Institute  
of Sao Carlos, both from University of Sao Paulo, Sao Carlos, 
Sao Paulo, Brazil, and the company MMOptics (Sao Carlos, 
Sao Paulo, Brazil).

The instrument consists of three different systems. The 
first is the optical system, consisting of high-intensity LED 
lights, with emission centered at 405 and 450 nm and five opti-
cal filters. The second is the electronic system, which con-
trols and powers the lighting system. The third is the detection 
system, comprising an attached camera and/or webcam. The 
excitation wavelength is from 405 to 420 nm. Filters allow the 
capture of the fluorescence signal fairly well, as well as appro-
priate contrast in the display of images. To observe hard tissue 
(teeth), a power of 20 mW was used; to observe the soft tissue 

(gingival), the power was increased to 140 mW to improve the 
view of the present structures.

Initially, the clinical examinations were performed and 
photographs were obtained throughout the oral cavity. The 
images were obtained using a distance approximately 10 cm 
from the oral cavity. All patients were photographed with and 
without the fluorescence system before the beginning of scal-
ing and root planning.

Then, the periodontal treatment was performed by a gen-
eral dentist (nonperiodontist) with an ultrasound device 
(Gnatus Medical and Dentistry Equipments, Ribeirao Preto, 
Sao Paulo, Brazil) to remove supragingival calculus visual-
ized by the fluorescence system. After periodontal scaling, 
new inspections were performed throughout the oral cavity 
and new pictures were obtained. Subsequently, a comparison 
of the images was made before and after periodontal scraping.

3. Results

Calculus within the periodontal pocket is a complicated and 
potentially delicate structure to be detected with radiographic 
examinations and dental probe inspections. Our results 
using an optical fluorescence imaging method was helpful to 
improve calculus detection and, consequently, dental cleaning.

In addition, clinical appointments have shown that the 
intervention using optical fluorescence as an additional tool 
for periodontal treatment had a favorable influence on patient 
compliance.

Figures 1–4 show the results obtained from the teeth in the 
buccal region teeth. Figure 1(A) shows the presence of dental 
calculus without needing help of the fluorescence diagnosis 
system. Using optical fluorescence, dental calculus can be 
seen in red in figure 1(B). Both images were taken before the 
procedure of dental scaling. Figures 2(A) and (B) were taken 
after periodontal treatment. Figures 1(B) and 2(B) show the 
images using the fluorescence system. Likewise, in figures 
3(A) and (B), it was possible to observe the lingual region of 
the lower teeth before periodontal treatment. Figures 4(A) and 
(B) illustrate images after treatment.

4. Discussion

Fluorescence properties of supragingival and subgingival 
calculus may provide a way to accurately assess presence of 

Figure 1. Images of teeth with and without fluorescence. Presence of bacterial plaque and calculus (A). Red (B) shows plaque and calculus 
with fluorescence.
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these deposits in regions not directly seen or that are difficult 
to reach by periodontal probing. In the present study, fluores-
cence spectra were recorded directly from patients with solid 
calculus and periodontal disease [16, 17].

Presence of multiple fluorophores that cover a wide range 
of excitation and emission maxima and simultaneous quench-
ing and reabsorption effects may change peaks caused by 
fluorescence [18].

Peaks in the red spectral region between 570 and 740 nm 
present in calculus preserve their wavelength position inde-
pendently of the excitation wavelength. A red light is absorbed 
by organic and inorganic matter on teeth and then are re-emit-
ted from the organic material as near-infrared fluorescent light 
[19]. Near-infrared fluorescence excited by 655 nm LASER 
irradiation has shown the feasibility of detecting clinical sub-
gingival calculus [6, 7].

A mixture of different fluorescent chromophores is pre-
sent in human calculus, as has already been suggested [17, 
20]. Supragingival calculus may have porphyrin derivatives 
noticeable by the Soret bands at approximately 405 nm and by 
less intense Q bands at higher wavelengths [17, 20, 21].

Ribeiro-Figueiredo et al [22] compared the fluorescence 
spectra obtained at three LASER excitation wavelengths 
from intact enamel, sound dentin and carious dentin. 
The results showed that carious enamel usually presents 
Zn-protoporphyrin and protoporphyrin IX. It is known that 
porphyrin fluorescence found in dental calculus and in cari-
ous dental hard tissue is closely linked to high bacterial 
activity [23]. Some bacteria rely on hemin iron-containing 
molecules as a source of iron, such as hemin or hemo-
globin, and the inflammatory gingival condition may be 
a source of blood and an important source for porphyrin 
derivatives [24].

Carvalho et al [25] studied the influence of efforts used to 
modify patient behavior regarding periodontal maintenance. 
The irregular compliers and noncompliers were subjected 
to the usual procedures and strategies, such as reminders of 
the next visit, information regarding periodontal disease and 
importance of maintenance, and motivation for those who 
showed an improvement in compliance. We believe that the 
optical diagnosis method in this case is a great tool to increase 
compliance with periodontal treatment.

Figure 2. Images of teeth with and without fluorescence after periodontal scaling. Absence of residual calculus is shown (A), (B).

Figure 4. Images after periodontal scaling (A) and (B). Absence of dental plaque and calculus confirmed by optical fluorescence (B).

Figure 3. Images without fluorescence show presence of plaque and calculus (A). Using the fluorescence system, plaque and calculus can 
be seen (red, (B)).

Laser Phys. 24 (2014) 085604
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In this study, the fluorescence imaging system proved to be a 
good adjunct tool not only for clinical diagnosis by images but 
also for assisting in the monitoring and visualization of peri-
odontal scaling, in agreement with other studies [8–10, 22].

The light interactions with biological tissues influence bio-
chemical structures that build tissues. Hard tissues fluoresce 
differently than soft tissues, and the same phenomenon occurs 
for disease and organisms. Our results regarding detecting the 
presence of plaque and calculus and fluorescing at red wave-
lengths were also found in other studies [6–8, 24, 26–29].

Even though dental calculus and plaque are not the only 
cause of periodontal disease, they deserve special attention. A 
complete removal procedure is considered crucial for the suc-
cess of periodontal therapy [27]. The ability to detect subgin-
gival calculus in vitro was tested in 20 freshly extracted teeth 
affected by periodontitis, and the results were compared with 
clinical and histological findings [27, 28].

It has been well-documented that thorough subgingival scal-
ing and root planning will result in a reduction of periodontal 
bacteria. However, in the presence of supragingival calculus, 
rapid subgingival colonization will occur within a few weeks. 
Hence, a thorough mechanical debridement to ensure complete 
removal of this pathogenic calculus is mandatory and will also 
help prevent progression of periodontitis [28, 29].

Traditional methods of calculus detection are typically 
explorer, periodontal probe and radiographic examinations. 
Although widely used, traditional methods of diagnosis of 
dental calculus after scaling and root planning, especially 
when performed by nonspecialists, may present difficulty in 
realization and detection [30–34]. In view of its potential for 
dental diagnostics, fluorescence spectroscopy in the optical 
range has been the subject of research for years [34–38].

The wavelengths between 405 and 420 nm used in this 
case report proved to be effective for dental plaque and cal-
culus detection when performed before and after scaling. Our 
results were similar to those of Buchalla et al [20], who used 
a light wavelength between 400 and 420 nm.

Although optical fluorescence has been recognized for 
some time [39], only recently have systematic investigations 
been performed [20, 40]. In our case report, images were 
recorded directly from mouth of each patient in real time.

The aim of this case report was mainly to focus on quali-
tative assessment of optical fluorescence properties for den-
tal applications. We could not find a correlation between the 
thickness of calculation and intensity of fluorescence signal, 
which may be attributable to the high optical density of den-
tal calculus. However, this system has been used in medicine  
[1, 2, 4] and dentistry [17, 20, 27, 28] because of its high sen-
sitivity, simplicity, and less time required for obtaining results.

This new tool is quite simple to use, fast, secure and serves 
as a new aid to determine, monitor and visualize images. The 
essential component of conventional periodontal therapy is 
the effective removal of bacterial deposits from the root sur-
face, along with calculus deposits, to create a biologically 
compatible root surface. This optical instrument can be used 
to optimize the diagnosis of residual plaque and calculus, thus 
improving therapy results. The use of optical fluorescence in 

dental diagnosis before and after periodontal scaling contrib-
utes to better detection of residual calculus.

5. Conclusion

We conclude that clinicians can observe the subgingival root 
surface, tooth structure and residual calculus in real time. This 
new system of optics diagnosis by fluorescence is simple to 
use, fast, secure and serves as a new guide for viewing, moni-
toring, and diagnosis of plaque and dental calculus.
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Abstract: Melanoma is the most aggressive skin cancer type. It is 

characterized by pigmented lesions with high tissue invasion and metastatic 

potential. The early detection of melanoma is extremely important to 

improve patient prognosis and survival rate, since it can progress to the 

deadly metastatic stage. Presently, the melanoma diagnosis is based on the 

clinical analysis of the macroscopic lesion characteristics such as shape, 

color, borders following the ABCD rules. The aim of this study is to 

evaluate the time-resolved fluorescence lifetime of NADH and FAD 

molecules to detect cutaneous melanoma in an experimental in vivo model. 

Forty-two lesions were analyzed and the data was classified using linear 

discriminant analysis, a sensitivity of 99.4%, specificity of 97.4% and 

accuracy of 98.4% were achieved. These results show the potential of this 

fluorescence spectroscopy for melanoma detection. 
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1. Introduction 

Annually, 2-3 millions non-melanoma and around 132,000 melanoma skin cancers occur 

globally and, unfortunately, these numbers are increasing, according to the World Health 

Organization. Surgical resection is only effective for initial lesions, and its recurrence can 

vary from 7 to 51%. In Brazil, approximately 6,000 lesions are diagnosed per year, and 

melanoma is responsible for 80-85% of all deaths caused by skin cancer. Melanoma is the 

most aggressive skin cancer type, which is characterized by pigmented lesions with high 

metastatic potential. The early detection of melanoma is extremely important to improve 

patient prognosis and decrease mortality rate. Presently, the melanoma diagnosis is based on 

the clinical analysis of the macroscopic lesion characteristics such as shape, color, borders 

following the ABCD rule. The ABCD rule states for: A (asymmetry), B (border irregularity), 

color (non-homogenous color distribution), and D (diameter greater than 6 mm). The lesion 

progression and site location are also considered for clinical diagnosis [1]. 

As soon as the clinical examination indicates a potential melanoma, an excision is 

performed and then, the histology is evaluated. If melanoma cells are detected in the border of 

the lesion, another excision is performed with a larger resection margin. Chemotherapy and 

radiotherapy are also indicated for the cases of possible metastatic stage [2]. Anyway, early 

detection of melanoma is highly dependent on the clinician training and expertise on 

recognizing initial melanoma signs. Optical techniques for diagnosis have been already used 

for melanoma detection such as epiluminescence microscopy, reflectance spectrophotometry, 

fluorescence spectroscopy, fluorescence imaging and optical coherence tomography [3, 4]. 

Melanoma cells are characterized by high proliferative and metabolic rates, but the most 

common variation between normal and cancer cells is the high rate of aerobic glycolysis or 

the Warburg effect. The Warburg effect describes the cancer respiratory pathway that, when 

in the presence of oxygen, shows a high rate of glycolysis, followed by the lact acid 

fermentation in citosol, in contrast to the normal cells that present a lower glycolysis rate, 

followed by oxidation of pyruvate in mitochondria. In normal tissue, the glucose metabolism 

pathway is described by the Pasteur Effect, which determines the metabolism pathway with 

plentiful and limited oxygen [5, 6]. NADH (nicotinamide adenine dinucleotide) and FAD 

(flavin adenine dinucleotide) are the primary electron acceptor and donor, respectively, in 

oxidative phosphorylation, the most efficient means of energy production in cells. Changes in 

the NADH/FAD rates and their relative amounts of free and protein-bound states depend on 

the glycolysis and oxidative phosphorylation ratio. This suggests that tissues with different 

metabolic rates can be discriminated by comparing short and long lifetime fluorescence 

decays of NADH (the average lifetimes for free and protein-bound NADH are approximately 

0.3 ns and 2 ns, respectively) and FAD (for free FAD is around 5 ns and, for protein-bound 

FAD, approximately 1 ns) and the relative amount of free and protein-bound states [7]. 

Although NADH and FAD are the mainly molecules used as biomarkers for tumor 

metabolism, the fluorescence lifetime technique reveals changes in the tumor 

microenvironment, and is influenced by others fluorophores present in tissue. The individual 
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fluorescence analysis of specific molecules in tissue measurements is a complex task, since 

the overall spectrum presents the contribution of several biomolecules, including absorbers 

and scatterers, and is modified by attenuation coefficient at the visible spectrum. Anyway, the 

detection of these overall changes in tumor microenvironment is an important factor for tumor 

and margin evaluation. 

Fluorescence lifetime analysis has been presented as a sensitive technique for tissue 

characterization for diagnosis purposes. The fluorescence lifetime can discriminate free and 

protein-bound components of fluorophores. One of the main advantages of the fluorescence 

techniques is the in situ and non-destructive evaluation of tissues with fast response. This 

makes the fluorescence lifetime technique quite suitable for clinical applications. Targeting 

NADH and FAD from cutaneous melanoma lesions may present diagnostic information. The 

aim of the present study is to evaluate the efficacy of the time-resolved fluorescence 

spectroscopy on the diagnostics of the induced cutaneous melanoma in an animal model. 

2. Materials and methods 

Cell line: The B16F10 murine melanoma cells (Rio de Janeiro Cell Bank, Rio de Janeiro, 

Brazil) were cultured in DMEM medium supplemented with 10% bovine fetal serum and 1% 

penicillin-streptomycin solution under 5% CO2 at 37°C. 

Animals: Forty-two nude balb/c mice (Centro de Bioterismo - Universidade de São Paulo 

– São Paulo, Brasil) were housed in micro-isolator cages, with food and water ad libitum. 

Experimental melanoma: The animal was anesthetized using 2% isofluorane mask. An 

intradermal injection of 10
7
 B16F10 cells in 100 µL of PBS was performed into the right and 

left animal flank regions. The mice were examined daily to monitor any changes in systemic 

conditions as loss of weight or signs of metastasis. This study was approved by the Ethical 

Committee of the Universidade Federal de São Carlos – São Carlos/Brazil. 

Characterization of optical properties of the experimental melanoma: The light 

distribution in the induced tumor was evaluated by reflectance, fluorescence and transmission 

spectroscopy measurements. For the reflectance and fluorescence measurements, the optical 

fiber coupled to 378nm or 445nm laser was positioned on the top of the tumor, and the 

reflectance was radially collected scanning the total lesion surface, or until the signal absence, 

in steps of 0.1mm. Then, the animal was euthanized and the tumor was removed for 

transmittance evaluation. For experimental purposes, an optical fiber was positioned at the top 

of the lesion, and the collect fiber was positioned at the tumor base to collect the transmission 

light. The diffuse and transmitted reflectance spectra were plotted and the total attenuation 

coefficients were determined based on the dimensional lesion characteristics. Fluorescence 

spectra were also plotted and the maximum distance at the lesion surface from the excitation 

site was determined. Based on these measurements, an estimated interrogated tissue volume 

for this experimental melanoma was defined. 

Fluorescence system: The time-resolved fluorescence spectroscopy system is composed of 

two diode lasers, one emitting at 378 nm and another at 445 nm (BDL-375-SMC and BDL-

445-SMC, Becker and Hickl, Berlin, Germany). The 378 nm is used to excite NADH, and the 

445 nm to excite FAD. Both lasers have a repetition rate of 20, 50, 80 MHz and a temporal 

pulse duration of 50-100 ps. A bifurcated fiber (Ocean Optics, Dunedin, Florida, USA) was 

used to deliver the light to the tissue and to collect the tissue fluorescence. A bandpass filter at 

(440 ± 40) nm (Semrock, Rochester, New York, USA) was used with 378 nm excitation, and 

a bandpass filter at (514 ± 30) nm (Semrock, Rochester, New York, USA), for 445 nm 

excitation. The fluorescence signal was detected using a high-speed hybrid PMT detector 

(HPM-100-50, Becker and Hickl, Berlin, Germany). The data were collected and processed 

using the TCSPC Software (Becker and Hickl, Berlin, Germany). The impulse response 

function (IRF) of the system is about 230 ps. 

Fluorescence lifetime measurements: Lesions of 2 up to 30 mm in diameter were 

interrogated. The mice were anaesthetized with 2% isourane in oxygen using a mask. The 
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optical fiber was positioned at the surface of the experimental melanoma lesion or on the 

normal skin and the fluorescence measurements were collected. At least three measurements 

were taken from each lesion with both excitation lasers. Each flank region where the 

melanoma cells were inoculated was monitored daily, and the measurements were performed 

with lesions size between 2 and 15mm. A total of 42 lesions were investigated. 

Data processing: The raw data of the photon counting with time resolution was processed 

using the SPCImage Software (Becker and Hickl, Berlin, Germany). SPCImage software 

provides an “estimation” of the IRF by calculating the first derivative of the rising part of the 

fluorescence lifetime spectrum and, then, it calculates a function model for the measured 

intensity by the convolution of the IRF and the exponential decay fitting. So, the decay curve 

of the model function was fitted by a bi-exponential function: 

   1 2

1 2 , 

t t

τ   τ  
F t a e a e       [1] 

using the average fluorescence lifetime values τ1 and τ2, ccorresponding to short and long 

lifetime components, respectively, and relative coefficients a1 and a2, where a1 + a2 = 100. 

In order to compare the collected data from normal skin and cutaneous melanoma, scatter 

plots and box plots graphs were constructed using Origin 9.0 (OriginLab. Corporation, 

Northampton, MA, USA) using a1, a2, τ1 and τ2 parameters of each measurement. This 

comparison allowed a better discrimination for measurements using 378 nm or 445 nm 

excitation wavelengths. 

Statistical analysis: It was used unpaired t test. Exact p values were computed, all p values 

are two-sided, and a p ˂0.001 was considered statistically significant. 

Data analysis: a classification was performed with the linear discrimination analysis of 

MATLAB software (version R2012a, Mathworks, Natick, MA, USA) to determine the 

combination of predictor variables that accounts for most of the differences in the behaviors 

of the normal skin and cutaneous melanoma groups. The classification algorithms were then 

evaluated based on sensitivity, specificity and accuracy values. For diagnostics classification, 

histopathology of HE slides was used as gold standard. 

3. Results 

Experimental melanoma: the induced cutaneous lesion shows a fast progression characterized 

by dark pigmentation and metastatic potential. Twenty-four hours after the injection it is 

possible to observe a small pigmented lesion with an average of 2-3mm in diameter. At 48 

hours after the melanoma induction, the lesions reach up to 1cm of diameter. After 7 days, the 

tumor shows a diameter of 4-5cm. During this development, no significant changes were 

observed in the animal overall conditions, as loss of body weight or changes in behavior. Ten 

days after the induction, metastasis can be observed. In the first 48 hours of development, 

some lesions present a thin layer of normal epidermis over the tumor. It constitutes a 

limitation for optical measurements such as fluorescence lifetime, especially with ultraviolet-

violet excitation, since the detected signal has also the contribution of normal tissue presented. 

The induced lesion rises at the surface until approximately 72 hours, becoming similar to a 

spontaneous lesion. After 10 days it starts to invade deeper tissues, reaching muscle and 

spreading to all the body. Even before invasion, the lesion area observed on the skin surface 

was smaller than that observed in dermis deeper layers. During this period, angiogenesis is 

also observed, but this is not sufficient to feed the whole tumor mass and the lesion center 

become necrotic. For experimental purposes, no measurements were performed in the 

necrosis area, due to the absence of lesion diagnostic information. In the histology one can 

observe melanoma cells surrounded by a collagen fiber and numerous blood vessels. 

Characterization of experimental melanoma optical properties: the 378nm laser 

reflectance measurements showed that the light is completely absorbed by the tissue and so, 

no reflectance was observed at the surface. On the other hand, it was possible to observe the 
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tissue fluorescence as a function of the radial distance. The decays were fitted and the 

attenuation coefficient determined. Then, an interrogated volume was estimated in about 

0.079 ± 0.009 mm
3
. For the 445nm laser, due to its low efficiency for tissue excitation, it was 

not possible to detect the fluorescence signal. However, the reflectance measurements were 

enough to estimate the probed volume to 0.017 ± 0.002 mm
3
. Due to the lesion thickness 

between 2.4mm and 4mm, transmittance signal was not detected for none excitation lasers. 

Time-resolved fluorescence lifetime spectra: the fluorescence lifetime is sensitive to 

fluorophore microenvironment and provides a method for discriminating free and protein-

bound components of NADH and FAD. The NADH molecules show a short lifetime 

component when it is free and a longer lifetime component when it is protein-bounded. For 

FAD molecules, short lifetime component is present for protein-bounded and longer lifetime 

component for its free state. These molecules states are related to aerobic and anaerobic 

processes: oxidative phosphorylation and glycolysis. In Fig. 1 one can observe the decay 

curve for (mainly) NADH and FAD molecules in normal skin and melanoma. 

 

Fig. 1. Representative fluorescence decay profiles of NADH (A) and FAD (B) molecules in 

normal skin and melanoma. 

Despite the fact that the system excites targeting NADH and FAD molecules, it is 

complex to evaluated individually the contribution of these molecules in the in vivo 

fluorescence spectrum. Other biomolecules also contribute for the collected spectrum such as 

melanin, collagen, elastin and keratin. 

Data processing: The results obtained for the 378nm excitation is shown in Fig. 2. One can 

observe that for the a1 and a2 parameters there were no significant difference between normal 

skin and cutaneous melanoma (Fig. 2(A) and 2(B)). It was not observed in the melanoma, 

probably due to the thin normal epidermis layer present over the experimental lesion. In 

addition to its contribution to the collected fluorescence signal, this thin skin layer also 

reduces the laser penetration and resulted excitation of the target tissue. 

On the other hand, the parameters τ1 and τ2 that refers to the average lifetime fluorescence 

values showed a statistical significant discrimination between normal skin and melanoma (p < 

0.001)(Fig. 2(C) and 2(D)). Both, short and long lifetime components, increased in melanoma 

when compared to normal skin. If the results agreed with the Warburg effect, the melanoma 

fluorescence lifetime would be diminished due to the presence of higher concentration of free 

NADH molecules when compared to protein-bound molecules. However, this was not 

observed. A hypothesis to these results is that since we interrogated the melanoma lesions at 

different development stages, the specific Warburg effect could not be observed at the 

average data. Furthermore, others molecules such as collagen and melanin may contribute to 

this change in the fluorescence lifetime observed. This data was also fitted for three 
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exponentials, but the parameters obtained did not improve our results. Anyway, these 

measurements showed a significant discrimination between normal skin and melanoma. 

 

Fig. 2. Boxplot for the parameters obtained in the data analysis for 378 nm excitation: a1, a2, τ1 

and τ2, respectively. Significant differences (P < 0.001) exist between normal vs. melanoma for 

the parameters τ1 and τ2(*). 

Figure 3 shows the fluorescence lifetime parameters obtained for FAD excitation at 

445nm. The parameters a1 and a2 represent the relative quantities of FAD molecules on both 

states, protein-bound and free, respectively. Figure 3(A) and 3(B) show that melanoma has 

more FAD in protein-bound state than normal skin. The opposite is also true: normal skin has 

more free FAD molecules than melanoma. If the glycolysis and oxidative phosphorylation 

ratio characteristic of melanoma were observed, melanoma would present higher amount of 

free FAD than in normal tissue. However, looking for the normal skin, the relative quantities 

of free and protein-bound FAD agree with the aerobic metabolism. These results may be 

explained by the system used for the measurements. Although FAD is the mainly excited 

molecule, it is not the unique one. 
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Fig. 3. Boxplot for the parameters obtained in the data analysis for 445 nm excitation: a1, a2, τ1 

and τ2, respectively. Significant differences (P < 0.001) exist between normal skin vs. 
melanoma for all parameters (*). 

The protein-bound FAD is part of the oxidative phosphorylation metabolism and its 

lifetime is smaller when compared to the free FAD state. Therefore, the short and long 

lifetime components describe the melanoma preference to glycolysis (Fig. 3(C) and 3(D)). 

These results agree with the melanoma metabolism changes described by Scott et al., 2011 

[6]. Melanoma, even in the presence of oxygen, increases the energy generation by 

nonoxidative breakdown of glucose – glycolysis, instead of more energy-efficient oxidative 

respiration. 

Data analysis: The data classification was performed using the parameters τ1 for 445 nm 

excitation and τ2 for 378 nm. These parameters were chosen based on the best results obtained 

in this study. The linear discriminant analysis was able to discriminate normal skin and 

melanoma with a sensitivity of 99.4%, specificity of 97.4% and accuracy of 98.4% (Fig. 4). 
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Fig. 4. Short lifetime component (τ1) of 445 nm excitation against long lifetime component (τ2) 
of 378 nm, the separating lines was performed using linear discrimination analysis. 

The short lifetime component of FAD and long lifetime component of NADH provides 

information about the oxidative phosphorylation metabolism pathway. The aerobic respiration 

is present in both tissues following the Pasteur effect. Furthermore, it was an important 

parameter to distinguish normal skin and melanoma. 

4. Discussion 

Metabolism is an important parameter to evaluate the cell microenvironment. Nicotinamide 

adenine dinucleotide (NAD
+
/NADH) is an important coenzyme involved in the energy 

metabolism of living cells. In the aerobic respiration, glucose is converted to lactate, NADH is 

oxidized to generate ATP through oxidative phosphorylation. NADH has a short and a long 

lifetime components, depending on whether it is in free or protein-bound state, respectively 

[6]. 

FAD is another coenzyme in living systems and is also present in two forms, referred to as 

protein-bound and free FAD. The protein-bound FAD state participates in oxidative 

phosphoylation and it is also important for tumor metabolism [6]. FAD also has, short and 

long lifetime components refer to protein-bound and free FAD state, respectively. Changes in 

the tumor’s microenvironment such as the oxygen viability, pH, and temperature modify the 

metabolism process, and may be detected by time-resolved fluorescence lifetime 

measurements. 

Results obtained in experimental melanoma model with excitation at 378nm were able to 

distinguish normal skin and tumor for both lifetime components. However, parameters a1 and 

a2 were not able to distinguish normal skin and melanoma. These components are related to 

the amount of NADH molecules in the free and protein-bound states and the measurements 

may be compromised due to the experimental melanoma development. A thin normal 

epidermis can be observed overlaying the melanoma lesion in the first three days after the 

cells injection. This tissue layer probably contributes to the amount of NADH measurements 

modifying the parameters a1 and a2. It also influences the long and short lifetime components, 

but it is not visible due to the average lifetime obtained. Therefore, both lifetime components 

distinguished the normal skin and melanoma. These results do not agree with the Warburg 

Effect that describes the tumor metabolism preference to glycolysis (Scott et al., 2011). If it 

happens, melanoma would present lower fluorescence lifetimes due to the free NADH state 

lifetime contribution. There are many reasons that may explain this, such as experimental 

melanoma development, tumor pH and oxygen. Some endogenous fluorophores such as 

tryptophan moieties, collagenase-digestible and pepsin-digestible collagen, cross-links, elastin 

cross-links, reduced NADH, oxidized flavins, porphyrin and keratin may contribute to change 

the NADH fluorescence lifetime in melanoma. Several studies using fluorescence lifetime 
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presented different behaviors for normal and malignant tissues that are neither all in 

agreement with the Warburg effect. Skala et al. (2007) evaluated the fluorescence lifetime in 

precancerous epithelia and showed a decrease in the NADH lifetime when comparing normal 

to low and high grade precancerous [8]. 

The experiments performed with the 445nm excitation showed statistical significance for 

all components evaluated. Melanoma presented a higher amount of protein-bound state FAD 

in comparison to normal skin. It does not reveal the expected, wherein the protein-bound state 

FAD is related to the oxidative phosphorylation metabolism. Although the relative quantities 

of FAD did not agree with the Warburg effect, the opposite was observed for the lifetimes. 

The protein-bound FAD state has a short lifetime, while the free FAD has a long lifetime. 

Results showed that the melanoma has a longer lifetime, related to the presence of free FAD 

molecules. On the other hand, the normal skin showed a shorter lifetime, related to the 

protein-bound FAD. These results agree with the tumor preference to glycolysis. pH is 

another parameter that may influence the FAD lifetime. Islam et al. (2013) described that 

acidic pH shift the fluorescence lifetime to higher values, while basic pH shifts the 

fluorescence lifetime to smaller values [9]. This shift to higher lifetime values was observed 

in melanoma measurements, and it may be related to the pH effect once there are several 

studies describing the melanoma acidic characteristic [10,11]. Our results based on an 

averaged of the fluorescence lifetime measured at distinct melanoma development stages may 

not be specifically explained by the Warburg effect. The analysis of the NADH and FAD, free 

and protein-bound states, has not been completely elucidated during at each step of the tumor 

development. Tumor metabolic pathways is a complex process involving many factors such 

as cell type and proliferation rate, temperature, experimental model including the animal and 

others [12]. Beyond that, it is not possible to measure the fluorescence lifetime of only NADH 

and FAD molecules. They are the mainly molecules present in tissue, but collagen, melanin, 

keratin and others molecules can be find and definitely contribute to the fluorescence lifetime. 

Tumor metabolic stages and the amount of molecules present in tissue may be the responsible 

of changes in the decays. 

Butte et al. (2005) described the potential use of time-resolved fluorescence spectroscopy 

as an adjunctive tool for the intraoperative rapid evaluation of meningioma diagnosis. They 

evaluated the technique on ex vivo tissue specimens from patients undergoing brain tumor 

surgery and the results showed a sensitivity higher than 89%, specificity of 100% and an 

accuracy of classification around 92% [13]. 

Marchesini et al. (2002) reviewed the most important optical systems for melanoma 

detection. Video camera showed specificity from 55 to 91%, sensitivity from 80 to 90%. The 

best results were obtained for infrared and RGB gradient color [3, 14, 15]. Spectrophotometry 

techniques showed specificity from 46 to 91% and sensitivity from 80 to 89%. The best 

results were obtained for lesion area and spectral curve analysis [16]. Elbaum et al. 2001 

investigated the potential of the multispectral dermoscopy to diagnose melanoma. Sixty-three 

cutaneous melanoma and 224 non-melanoma lesions were evaluated. In this study, the 

infrared and wavelet data were evaluated and 85% specificity and 100% sensitivity were 

obtained [17]. 

Multiphoton laser tomography and fluorescence lifetime was also evaluated for melanoma 

[4]. This technique was able to distinguish cell morphology such as keranocytes and 

melanocytes, although this technique did not distinguish melanoma and nevus. 

The main advantage of time-resolved fluorescence lifetime comparing with steady-state 

fluorescence spectroscopy is the possibility to obtain metabolic information that is not 

dependent on tissue absorption and scattering [8]. This advantage is highly important for 

melanoma. It is also important for margin detection during a surgery resection. 

Using the time-domain fluorescence lifetime, our results showed a sensitivity of 99.4%, 

specificity of 97.4% and accuracy of 98.4% when it was used a linear classification. These 

results refer to 42 experimental melanoma lesions induced in balb/c nude mice using the cell 
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line B16F10. Though these results were obtained with an experimental melanoma, the values 

of sensitivity, specificity and accuracy were significant when compared to other techniques. 

Despite this study reveals that the fluorescence lifetime technique was able to distinguish 

normal and melanoma tissue, its potential use for melanoma and margins diagnostics must be 

defined based also on the discrimination of melanoma and others pigmented lesions.The 

investigation of the efficacy of this technique in cutaneous pigmented lesions will be 

performed in patients. Anyway, the differentiation of normal skin and melanoma is very 

important for margin detection in surgery, once melanoma is an extremely aggressive tumor 

with high rates of morbidity and mortality when metastasized. The possibility of using a fast 

measurement to determine the tumor site ressection may reduce the recurrence rate and then, 

improve the patient survival. 

5. Conclusion 

High rates of sensitivity, specificity, and accuracy of 99.4%, 97.4%, 98.4%, respectively, 

were obtained using time-domain fluorescence spectroscopy to detect cutaneous melanoma in 

an animal model. These results show the potential of lifetime fluorescence to aid in the 

cutaneous melanoma detection through a non-invasive technique. 
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ABSTRACT  

The use of portable electronic devices, in particular mobile phones such as smartphones is increasing not only for all 

known applications, but also for diagnosis of diseases and monitoring treatments like topical Photodynamic Therapy. 

The aim of the study is to evaluate the production of the photosensitizer Protoporphyrin IX (PpIX) after topical 

application of a cream containing methyl aminolevulinate (MAL) in the cervix with diagnosis of  Cervical Intraepithelial 

Neoplasia (CIN) through the fluorescence images captured after one and three hours and compare the images using two 

devices (a Sony Xperia® mobile and an Apple Ipod®). Was observed an increasing fluorescence intensity of the cervix 

three hours after cream application, in both portable electronic devices. However, because was used a specific program 

for the treatment of images using the Ipod® device, these images presented better resolution than observed by the Sony 

cell phone without a specific program. One hour after cream application presented a more selective fluorescence than the 

group of three hours. In conclusion, the use of portable devices to obtain images of PpIX fluorescence shown to be an 

effective tool and is necessary the improvement of programs for achievement of better results. 

Keywords: Cervical Intraepithelial Neoplasia, portable electronic devices, Protoporphyrin IX,  Photodynamic Therapy . 
 
 

1. INTRODUCTION  

The use of portable electronic devices, such as smartphones has become increasingly common place within the 

healthcare environment, using by healthcare professional and patients. Before the use of cellular devices was restricted 

in many healthcare environments but now these devices are used more freely for both the healthcare professional and 

patient [1]. Portable electronic devices can auxiliary diagnosis of diseases and monitoring treatments like topical 

Photodynamic Therapy such as Cervical Intraepithelial Neoplasia (CIN), precancerous condition of the cervix localized 

in the squamo-columnar junction [2].  

Human papillomavirus (HPV) infections is main factor related to CIN, mainly high risk HPV types 16 and 18. The 

classification used to CIN is CIN 1: mild dysplasia, CIN 2: moderate dysplasia and CIN 3:severe dysplasia and 

carcinoma in situ (CIS) . However if CIN is diagnosed at an appropriate time before cervical cancer manifestation, it 

may be cured and cervical cancer avoided [2,3]. 
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Currently the detection of CIN lesions is made based on mass screening with cervical cytology and/or HPV testing and 

after identification of a subject at risk, colposcopy with acetic acid is used to evaluate the location, size and possible 

grade of the lesion, and to take guided biopsies from it. Colposcopy is a technique with high sensitivity (over 90%) but 

low specificity (50-60%).Therefore, new techniques are required which detect lesions with more efficiently [4]. 

Photodynamic Therapy (PDT) is a promising alternative for diagnosis and treatment of CIN and it is less damaging to 

normal tissues than surgery, radiation, or chemotherapy. Fluorescence diagnosis occurs through irradiation with light of 

a wavelength that matches the absorption peak of the photosensitizer, dysplastic or malignant tissue shows a 

characteristic fluorescence which can be used for lesion detection [3,4]. 

The application of cream with methyl aminolevulinate (MAL) in cervix lesion allows the penetration of MAL in the cell 

and allows entry into the biosynthetic pathway of heme, resulting in protoporphyrin IX (PpIX) formation. Studies have 

demonstrated that the production and accumulation of PpIX occurs more efficiently in altered and neoplastic cells than 

in normal cells. The PpIX molecule is highly fluorescent, or when it absorbs energy, the decay of the excited electronic 

state result in photon emission, or fluorescence [5].   

As production and accumulation of PpIX is higher in altered cells if the tissue with CIN is treated with MAL cream and 

fluorescence is detected after the determined time, the visualization of the fluorescence has the potential to improve the 

identification and CIN treatment. 

 

2. MATERIAL AND METHODS 

 

2.1 Patient selection  

Patients shows in cervical cytology testing and colposcopy diagnosis of CIN. Patients were selected and invited to 

participate in this study.  The patients were subjected to photodynamic therapy (PDT) for diagnosis of CIN through the 

fluorescence images captured using two devices (a Sony Xperia® mobile and an Apple Ipod®) and these patients were 

divided in two groups: Group 1 with CIN 1(one hour with cream) and Group 2 with CIN 2 (three hours with cream). 

 

2.2 Casuistry   

The patient selection was consecutive, non-random, decided by the clinicians involved in the research and with biopsy 

confirmed by the CIN presence. Written informed consent was obtained following approval by the Human Medical 

Ethics Committee.   
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2.3 Application of cream with MAL 

The applications of cream containing 20% MAL  (w/w) was realize using a needleless syringe with 2 grams of the cream 

and after tampon was used to keep the cream in place for one (Group 1) and three hours (Group 2).  

 

2.4 Portable devices 

Portable devices used in this study were: 

- Apple Ipod® touch 5th generation with iSight camera of 5 megapixel, hybrid IR filter and five-element lens 

- Sony Xperia model “P” with 8 megapixel camera. 

Fluorescence image using portable device Apple Ipod® were captured  through of specific program for the treatment of 

images, ProCAM2. 

 

2.5 Fluorescence images 

After one hour (Group 1) and/or three hours (Group 2) of applications of cream containing MAL, fluorescence images of 

the photosensitizer protoporphyrin IX (PpIX) were obtained using the tip with  laser emitting at 405 nm (CerCa 150 

System®, MMOptics and Trubios) and fluorescence images were captured using two different devices (a Sony Xperia® 

mobile and an Apple Ipod®) and the images were compared. After the registration of images another tip of the Cerca 

System with LEDs (light-emitting diodes) emitting at 630 nm was anatomically positioned in cervix. The patients of the 

Group 1(with CIN I-one hour with cream incubation) were treated during 21 minutes, with an intensity of 80 mW/cm2. 

The same time of application was did for the patients of the Group 2 (with CIN 2-three hours with cream incubation), 

with intensity of 120 mW/cm2.  After PDT, new fluorescence images were captured. 

 

3. RESULTS AND DISCUSSION  

 
 

Application of 2 grams of 20% MAL cream in cervix for one and three hours has been used for fluorescence 

diagnosis of CIN 1 and 2, respectively. Topical application of MAL, induces formation of the endogenous 

photosensitizer, PpIX in tissues where carcinogenesis has begun. The PpIX tend to accumulate in premalignant and 

malignant tissues and the illumination with light with appropriate wavelength beginning to excitation of PpIX 

fluorescence, which helps to localize PpIX-rich areas and identify potentially malignant tissues [6]. 

In this study was used a system (CerCa 150 System®) with the probe laser emitting at 405 nm and fluorescence 

images  were captured, using two different devices (a Sony Xperia® mobile and an Apple Ipod®)  after one and/or  three 

hours, and the cevix demonstrated red fluorescent characteristic of the PpIX formation. After 21minutes of PDT was 

observed PpIX photodegradation, as seen in the  green fluorescent imaging.  
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Panels A of the figures 1 and 2 shows the PpIX fluorescence imaging of cervix with CIN 1 using the  Sony Xperia®  and 

an Apple Ipod®, respectively.  

 
FIGURE 1: Cervix images of  Group 1with one hour cream and acquired with Sony Xperia®  model “P” device  - Panel 
A: PpIX fluorescence in cervix. Panel B: Cervix fluorescence after PDT (LED 630nm, 80 mw/cm2, during 21 minutes, 
total dose of 100 J/cm2) 
 
 

 
 
FIGURE 2: Cervix images of Group 1 with one hour of cream application and acquired with Apple Ipod®.   - Panel A: 
PpIX fluorescence in cervix. Panel B: Cervix fluorescence after PDT (LED 630nm, 80 mw/cm2, during 21 minutes, total 
dose of 100 J/cm2) 
 

Fluorescence images of the Group 1 were similar comparing the devices Sony Xperia® and Apple Ipod®, 

demonstrating selectivity in fluorescence with 1 hour of MAL cream (Figures 1 and 2, panels  A). 

After PDT of Group 1 (dose of100 J/cm²)  a significant PpIX photodegradation was observed in both portable 

devices (Figures 1 and 2, panels B). 

According to the images captured with Sony Xperia® and Apple iPod to the Group 2 patients (Figures 3 and 4, 

panels A) were observed greater intensity of fluorescence in comparison with  patients of Group 1.  Weingandt et al. 
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2002 [6] observed similar results and attributes that the increase fluorescence intensity is correlated to the severity of 

CIN. 

 
 
 

 
FIGURE 3: Cervix images of  Group 2 with three hours of cream application and acquired with Sony Xperia®  model 
“P” device.  Panel A: PpIX fluorescence in cervix. Panel B: Cervix fluorescence after PDT (LED 630nm, 120 mw/cm2, 
during 21 minutes, total dose of 150 J/cm2) 
 
 
 

 
FIGURE 4: Cervix images of Group 1 with one hour of cream application and acquired with Apple Ipod®.  Panel A: 
PpIX fluorescence in cervix. Panel B: Cervix fluorescence after PDT (LED 630nm, 120 mW/cm2, during 21 minutes, 
total dose of 150 J/cm2). 
 

After PDT of Group 2 (final dose of150 J/cm²) also was observed a significant PpIX photodegradation forboth 

portable devices (Figures 3 and 4, panels B). 
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However, fluorescence images captured by Apple Ipod® device associated with a specific program called 

ProCam 2 demonstrated better resolution, possible due by the fact that this program allows the registering photography 

with Digital Single-lens reflex (DSLR) settings. DSLS have been shown to achieve remarkable low-light sensitivity 

using high-resolution and advanced noise reduction [7] 

 

4. CONCLUSION 

 
Fluorescence images obtained by portable devices (a Sony Xperia® model “P” mobile and an Apple Ipod®)  

demonstrated the possibility of fluorescence diagnostic by PpIX formation and monitoring the treatment of pre-

malignant lesions through  degradation of PpIX. However, is necessary the improvement of programs for achievement of 

better results. 
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a b s t r a c t

In a recent paper published by our group (M.D. Scherer et al. J. Fluoresc. 21 (2011) 1027e1031), we
showed that fluorescence spectroscopy has a potential to be used to determine the biodiesel content in
the diesel/biodiesel blends. However, this method presents some challenges that must be overcome to be
successfully applied. For instance, the method must work with biodiesel produced from different
vegetable oils and fats. In the present study, we evaluated the ability of fluorescence spectroscopy to
quantify the biodiesel concentration in diesel/biodiesel blends prepared from different feedstocks. Four
different blends prepared using biodiesel produced from four refined vegetable oils (canola, sunflower,
corn, and soybean) were used in the present investigation. For all samples, the fluorescence spectra were
collected between 300 and 800 nm when excited at 260 nm. Our results revealed that the four blends
presented a similar emission profile with a maximum at 470 nm. Furthermore, the same fluorescence
behavior (emission intensity as a function of biodiesel content) was observed for all blends. Therefore,
the results showed that fluorescence-based method for quantifying the biodiesel content in the diesel/
biodiesel blends is independent of the refined vegetable oil used in the biodiesel production.

� 2012 Elsevier Ltd. All rights reserved.

1. Introduction

In recent years, a great attention has been given to the devel-
opment of biofuels because they may be obtained from renewable
sources, and are more environmentally friendly [1]. Among the
biofuel options, biodiesel appears as a sustainable candidate to
partly or completely substitute petroleum-derived diesel because
its properties are quite similar to those of diesel fuel [2]. Biodiesel is
a biodegradable fuel that can be obtained from vegetable oils as
well as animal fats [3]. As a result of alternative strategies to reduce
the emission amount of carbon dioxide [4], the use of diesel/bio-
diesel blends (DBB) has been increasing worldwide. Several coun-
tries have adopted DBBwith different blending limits. The biodiesel
percentage usually varies between 2 and 20% that depends on each
national legislation. For instance, Brazil has required the use of 5%
biodiesel by volume in the DBB [5]. Therefore, it is necessary to
develop or improve methods to quantify the biodiesel content in
DBB to ensure compliance with legislation. Moreover, it is desirable
that the biodiesel content determination can be provided by

amethod that is easy to use, has a low cost per sample analysis, and
provides rapid and accurate results.

A variety of analytical techniques have been developed for
quantifying biodiesel content in DBB [6]. Methods based on Fourier
transformmid-infrared (FT-IR) absorption spectroscopy [7,8], liquid
and gas chromatography [9e11], nuclear magnetic resonance
spectroscopy [6], ultraviolet absorption spectroscopy [12], near-
infrared spectroscopy [6,13,14], saponification number [15], ester
number [16], and radiocarbon analysis [17] have been reported.
Despite the several proposed methods, the development of alter-
native methods that combine low cost, fast and accurate results,
and portability is still the object of research. Portability is desirable
to allow fuel measurements directly at the point of sale instead of
the laboratory, reducing cost and analysis time. Aiming to develop
a methodology that is able to meet all these requirements, we have
recently demonstrated that fluorescence spectroscopy has a great
potential to be used as tool to quantify the biodiesel content in DBB
[18]. In that work, the authors showed that fluorescence method is
as sensitive as the FT-IR spectroscopy method. The latter is the
standard technique used to quantify the biodiesel content in DBB
and its use is regulated by means of the NBR 15568 standard. The
NBR was introduced by the Brazilian Association of Technical
Standards (ABNT). Other international regulatory agencies, such
as American Society for Testing and Materials and European
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Committee for Standardization, also make use of the method based
on mid-infrared spectroscopy to quantify the biodiesel content in
DBB by means of the ASTM D7371 and EN 14078, respectively.
Besides the precision, the fluorescence method can be applied
remotely and allowing biodiesel quantification without prior
sample preparation. However, the method based on the fluores-
cence spectroscopy still presents some challenges that must be
overcome to be successfully applied. As biodiesel can be produced
from different vegetable oil feedstocks, an important question that
needs to be evaluated is whether the method works with biodiesel
produced from different vegetable oils.

Aiming to address this issue the fluorescence method, we
evaluated four sets of blends prepared using biodiesel produced
from four vegetable oils (canola, sunflower, corn, and soybean). Our
results suggest that fluorescence-based method is independent of
the vegetable oil feedstock.

2. Material and methods

Canola, sunflower, corn, and soybean biodiesel were produced
via transesterification process from their respective refined oils
using a 6:1 M ratio of methanol/oil, and NaOH as alkaline catalyst
(0.4 wt.% with respect to oil). The NaOH was dissolved in meth-
anol and then added to the preheated oil at 60 �C. The reaction
was performed under constant stirring during 60 min at 60 �C. At
the end of the reaction, the crude product was allowed to stand in
separating funnels for 24 h and two phases were observed, one
containing mainly biodiesel and other consisting of glycerol.
Afterward, the phase rich in biodiesel was rotary evaporated
under reduced pressure during 1 h at 70 �C to eliminate methanol.
Then, the biodiesel was washed three times using tap water (3:1,
v/v) at room temperature and intervals of 30 min. Subsequently,
the samples were filtered through sodium sulfate to eliminate
traces of water. The conversion oil to biodiesel was evaluated by
FT-IR spectroscopy, monitoring the infrared absorption band at
around 1746 cm�1 [19]. In addition to the FT-IR measurements,
the biodiesel conversion process was monitored by viscosity
measurements. As reported recently by Borges and co-workers
[20], it is possible to estimate the fatty acid methyl esters
content from the dynamic viscosity analysis. They showed that,
after the conversion of vegetable oil to its biodiesel, the dynamic
viscosity is usually reduced to values lower than 5 cP, depending
on the type of raw material used. In our study, the soybean,
sunflower, corn, and canola biodiesel presented a viscosity value
of about 4.75, 4.70, 4.85, and 4.90 cP, respectively. Finally, the DBB
was prepared using the diesel obtained from Petrobras (Petróleo
Brasileiro S.A.). Henceforward, DBB is named BX, where X repre-
sents the volume percentage of biodiesel in the blend. Ten
samples, from B1 to B10, were prepared in triplicate for each raw
material.

Fluorescence measurements were performed in triplicate using
a fluorescence spectrophotometer (Cary Eclipse, Varian) and right-
angle geometry. UV light at 260 nmwas used to excite the samples,
and the fluorescence spectrumwas collected in the spectral region
between 300 and 800 nm. Finally, emission measurements of the
blends (B1 to B10) and diesel (B0) without any dilution were per-
formed to evaluate the biodiesel content. All fluorescence analyses
were performed using 1-cm path length quartz cells at room
temperature.

3. Results and discussion

Fig. 1 exhibits the fluorescence spectrum of diesel and soybean
biodiesel under excitation at 260 nm. Although petroleum-derived
diesel shows two fluorescence bands centered at about 470 and

585 nm, biodiesel presents two bands with fluorescence peaks at
470 and 660 nm. For better comparison, the spectra of diesel and
soybean biodiesel showed in Fig. 1 were normalized. However,
results corroborate that the fluorescence intensity at 470 nm from
diesel is about five times higher than that from biodiesel [18]. The
emission bands observed in diesel are principally due to the
aromatic compounds in the fuel. In turn, it is reasonable to consider
that the biodiesel emission bands are due to the remaining fluo-
rophores from vegetable oil such as tocopherols and chlorophyll
because biodiesel has a similar fluorescence spectral profile to that
of the oil (data not shown), however the role of the fatty acid
methyl esters may not be ruled out.

Fig. 2 displays an enhancement in the emission intensity of the
blends as a result of the increase in the biodiesel content in the DBB.
Furthermore, a linear dependence between fluorescence intensity
and biodiesel content is observed, as shown in the inset of Fig. 2. As
reported in Ref. [18], this fluorescence enhancement might be
associated with the change in viscosity of the blend as the biodiesel
content increases because an increase in the viscosity of the blend
reduces, for instance, the collision frequency of the fluorophores,

Fig. 1. Normalized fluorescence spectra of diesel and soybean biodiesel.

Fig. 2. Fluorescence spectra of the DBB prepared from corn biodiesel. The inset shows
the fluorescence intensity at 470 nm as a function of biodiesel content in the DBB.
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decreasing the probability of the molecules in the excited state
return to the ground state via nonradiative pathways.

To assess the applicability of the fluorescence method for
quantifying the biodiesel content in different DBB, the emission
intensity at 470 nmwas determined for the samples of the four set
of blends so that the d parameter (d¼ [(I� Io)/Io].100%, where Io and
I are the fluorescence intensity at 470 nm of the diesel (B0) and DBB
samples, respectively) was calculated. This parameter indicates the
relative change of the fluorescence intensity of each blend with
respect to the fluorescence of the petroleum-derived diesel. Fig. 3
shows a similar increase of the d with the increase in the bio-
diesel concentration for all blends. These data show that the
addition of 10% (v/v) biodiesel to the blend yielded approximately
17e20% increase in the fluorescence intensity. A linear correlation
(R2) between fluorescence intensity and biodiesel content in DBB
ratio bigger than 0.98 was determined for all DBB studied. The R2

was 0.983, 0.984, 0.985, and 0.984 for the blend using canola,
sunflower, corn, and soybean biodiesel, respectively.

Furthermore, Fig. 4 shows that the angular coefficients (b) are
similar for all blends, where bwas determined from the theoretical
fit of the data shown in Fig. 3. These results show the fluorescence
response of DBB was practically independent of the vegetable oil
used for biodiesel preparation, although fluorescence changes in
the different DBB within 2e3% of each other were observed.

4. Conclusions

In summary, the results pointed out that the DBB prepared from
biodiesel produced from different vegetable oils present a similar
fluorescence response as a function of biodiesel content. The
finding reveals that all DBB samples exhibited an increase factor of
about 17e20% in the fluorescence intensity at 470 nm when bio-
diesel content increased from B0 to B10. Furthermore, this
enhancement of the emission intensity in the DBB was indepen-
dent of biodiesel feedstock, suggesting that fluorescence spectros-
copy can be successfully used to determine the biodiesel content in
DBB. Therefore, the present results contribute to consolidate the
fluorescence spectroscopy as a potential technique to be used as
a sensitive method that allows biodiesel quantification in diesel
without prior sample preparation.
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Resumo
A fluorescência óptica pode ser utilizada como um coadjuvante ao exame clínico bucal, uma 

vez que permite, por autofluorescência, a detecção de inúmeras alterações na cavidade bucal 
que poderiam passar despercebidas pelo cirurgião-dentista ou até mesmo de difícil percepção 
apenas pelo método visual. O objetivo do presente estudo foi demonstrar o uso do sistema de 
fluorescência óptica por imagem no diagnóstico de diferentes lesões da cavidade bucal, seja 
em tecido duro ou mole, de forma a familiarizar o cirurgião-dentista com o uso do equipa-
mento. Para este estudo foi utilizado um equipamento constituído de um diodo emissor de luz 
(LED), com emissão na região do violeta e um conjunto de filtros ópticos (Evince - MMoptics, 
São Carlos, SP, Brasil). Para a aquisição das imagens foi acoplado ao equipamento uma câme-
ra fotográfica (Nikon, D90, Bangkok, Tailândia) com o auxílio de um adaptador. O sistema de 
fluorescência bucal possibilitou observar alterações nos tecidos duros dentais como manchas, 
presença de placa e cálculo dental, lesões incipientes e infiltrações marginais, além de facilitar 
a diferenciação entre materiais restauradores como resina composta e cerâmica. Em tecidos 
moles foi possível detectar lesões potencialmente malignas e lesões tumorais. Portanto, pode-
-se concluir que o sistema de fluorescência óptica permite ao cirurgião-dentista diagnosticar e 
identificar estruturas e alterações na cavidade bucal de forma simples, não invasiva e em tempo 
real revelando lesões que não seriam facilmente detectados com a iluminação convencional.

Descritores: Fluorescência; Diagnóstico Bucal; Cavidade Oral

AbstRAct
Fluorescence techniques can be used as an adjunct to clinical examination of the mouth, 

detecting tissue changes in oral mucosa or hard dental tissues, which might be unnoticed by 
the dentist or even difficult to detect under white light examination. The aim of this study was 
to demonstrate the use of wide-field fluorescence imaging in the diagnosis of various lesions 
of the oral cavity, either in hard or soft tissues, in order to familiarize the dentist with the use 
of the equipment. For this study we used an optical fluorescence system with emission in the 
violet region (Evince, MMOptics, São Carlos, SP, Brazil). For image acquisition, the fluorescence 
system was coupled to a digital camera (Nikon D90, Nikon, Bangkok, Tailândia). With the flu-
orescence system was possible to observe changes in hard dental tissues such as bright spots, 
dental plaque and calculus, incipient carious and marginal microleakage lesions. The system 
also facilitated the differentiation between restorative materials such as composite resin and 
ceramic. The fluorescence optical was also helpful in screening and detection of potentially 
malignant lesions and tumors could be observed. Therefore, we conclude that the fluorescence 
optical system allows the dentist to identify structures and alterations in the oral cavity in a 
simple, noninvasive, and in real-time procedure, revealing injuries that would not be easily de-
tected with conventional illumination.

Descriptors: Fluorescence; Oral Diagnostics; Mouth
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RelevânciA clínicA
Neste trabalho sumarizamos diferentes situações clínicas onde 

imagens de fluorescência óptica auxiliam no diagnóstico, possi-
bilitando uma melhor visualização de lesões da cavidade bucal, 
tornando-se um coadjuvante ao exame clínico bucal.

intRodução
Rotineiramente, no consultório odontológico, para o diagnós-

tico de lesões nas estruturas dentárias ou nos tecidos moles adja-
centes, o cirurgião-dentista utiliza-se de uma boa anamnese, sen-
do considerado um ponto inicial no diagnóstico de uma doença, 
no qual o paciente é questionado de forma a discutir fatos que se 
relacionam com a doença. Em seguida, realiza-se exame físico in-
tra e/ou extraoral, buscando-se através da inspeção visual os sinais 
e sintomas relacionados à queixa do paciente. Por fim, quando ne-
cessário, são solicitados exames complementares, no qual o exame 
radiográfico é essencial para suporte nas decisões diagnósticas de 
tecidos duros enquanto que o exame histopatológico (biópsias) é 
para os tecidos moles1.

No entanto, em determinadas situações clínicas, o uso de exa-
mes complementares só permitem confirmações de diagnóstico 
quando a alteração tecidual já se encontra em estado conside-
rado avançado, como é o caso de cáries incipientes, que não são 
visualizadas no exame radiográfico. No caso de lesões na mucosa 
bucal, onde é necessária a biópsia, este diagnóstico tende a ser 
mais tardio, pois a biópsia é um exame invasivo, embora indispen-
sável. Além de ser um método invasivo, a biópsia não é realizada 
com frequência no consultório. Com isso, a maioria dos casos de 
lesões na mucosa é identificada já em fase avançada, apresen-
tando alta mortalidade. No entanto, a detecção precoce de áreas 
displásicas e/ou neoplásicas aumenta significantemente as chan-
ces de sucesso do tratamento, assim como diminui a morbidade 
associada. Segundo dados do Instituto Nacional de Câncer (INCA), 
em 2012, aproximadamente 14.000 novos casos de câncer bucal 
foram diagnosticados no Brasil2.

Atualmente, é cada vez maior o uso de técnicas modernas para 
auxílio do dentista no diagnóstico preventivo, especialmente de 
lesões em estágios iniciais, seja em tecidos duros ou moles da ca-
vidade bucal. Dentre os métodos existentes, temos os mais caros 
e complexos como o raio-x digital e a tomografia computadoriza-
da3. No entanto, outros métodos mais simples e capazes de serem 
utilizados diretamente pelo profissional da Odontologia podem 
auxiliar enormemente, e nesse sentido os sistemas de imagem de 
fluorescência óptica ganham destaque4-6.

Fluorescência óptica é um fenômeno físico que ocorre em de-
terminadas moléculas, denominadas fluoróforos. Várias moléculas 
que compõem nosso organismo são fluoróforos naturais. Os flu-
oróforos ao serem excitados por luz, ou seja, iluminados, absor-
vem a energia e depois emitem energia também na forma de luz, 
porém com uma cor diferente7. Um tecido sadio apresenta uma 
determinada fluorescência característica, porém ao sofrer uma al-
teração sua fluorescência natural se altera. Dessa forma, durante o 
desenvolvimento de uma lesão, os fluoróforos se alteram, mudam 
de concentração e de distribuição e, consequentemente, a fluores-

cência do tecido se altera4,7-9.
Deste modo, ao realizar os procedimentos de rotina num pa-

ciente, a fluorescência pode ser usada pelo dentista para detectar 
possíveis alterações na cavidade bucal que não seriam facilmente 
detectadas com a iluminação convencional por aumentar o con-
traste de visualização dos tecidos alterados. Assim, além de detec-
tar lesões pré-malignas e tumores malignos, essa técnica permite 
ao cirurgião-dentista detectar placa bacteriana, cálculo dental, 
lesões incipientes, desmineralização do esmalte dental, microtrin-
cas, infiltrações marginais, e ainda auxilia na diferenciação de ma-
teriais restauradores estéticos como resina composta e cerâmica.

O presente trabalho teve como objetivo demonstrar o uso 
do sistema de fluorescência óptica por imagem no diagnóstico. 
Exemplos de diferentes lesões da cavidade bucal serão apresenta-
dos de forma a familiarizar o cirurgião-dentista com o uso dessa 
nova tecnologia disponível para auxiliar o exame clínico.

RelAtos de cAsos clínicos
Para a visualização por fluorescência dos tecidos da cavida-

de bucal utilizou-se o sistema de imagem de campo amplo por 
fluorescência óptica EVINCE (MMOptics, São Carlos, SP, Brasil). 
O sistema é basicamente composto por arranjo de LEDs (Diodos 
Emissores de Luz), emitindo na região violeta-azul do espectro 
eletromagnético, e por um conjunto de filtros ópticos que per-
mitem a visualização da fluorescência. Todo este conjunto forma 
uma peça de mão, por meio da qual é feita a observação direta 
da fluorescência no visor. O equipamento apresenta três níveis de 
irradiância (intensidade) de iluminação: alto, médio e baixo.

Para a aquisição das imagens foi acoplada ao equipamento 
uma câmera fotográfica digital Nikon D90 (Nikon, Bangkok, Tai-
lândia) com o auxílio de um adaptador rosqueável, confecionado 
especialmente para este estudo.

Para comparação, imagens da mesma área foram capturadas 
com a iluminação convencional (luz ambiente) e, em seguida, 
uma imagem de fluorescência foi capturada com o sistema de 
fluorescência óptica.

Para a documentação de lesões pré-malignas e tumores ma-
lignos, os critérios de inclusão foram idade superior a 18 anos e in-
ferior a 80 anos, com encaminhamento odontológico e/ou médico 
para avaliação no ambulatório de cabeça e pescoço do Hospital 
Fundação Amaral Carvalho (Jaú, SP, Brasil), por apresentarem sus-
peita de displasias e/ou neoplasias na região de cabeça e pescoço. 
Esses pacientes, em torno de 80, foram atendidos pela equipe mé-
dica local, sendo que apenas os casos restritos a lesões na cavidade 
bucal foram documentados, atingindo cerca de 10 casos, dos quais 
cinco estão descritos no presente estudo. A documentação dos ca-
sos de Dentística seguiram os mesmos critérios de inclusão quanto 
à idade e gênero acima referidos, porém apenas com finalidade de 
exame clínico rotineiro, sendo atendidos cerca de 30 estudantes 
pertencentes ao Instituto de Física de São Carlos – USP, dos quais 
cinco foram selecionados para documentação neste estudo. Todos 
os participantes autorizaram a publicação das imagens do caso.

Nas figuras de 1 a 4 são mostradas as imagens de luz branca e 
de fluorescência para diferentes situações clínicas envolvendo os 
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FIGURA 1A
Coroa de cerâmica no dente 21 (luz branca)

FIGURA 2A
Restauração de resina composta (dente 46) e coroa de cerâmica (dente 47) (luz branca)

FIGURA 3B
Placa e cálculo nos dentes anteriores inferiores (imagem por fl uorescência)

FIGURA 2B
Restauração de resina composta (dente 46) e coroa 
de cerâmica (dente 47) (imagem por fl ourescência)

FIGURA 3A
Placa e cálculo nos dentes anteriores inferiores (luz branca)

FIGURA 1B
Coroa de cerâmica no dente 21 (imagem por fl uorescência)
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FIGURA 5A
Carcinoma basocelular com extensão para o lábio superior (luz branca)

FIGURA 4A
Lesão incipiente em esmalte dental nos dentes 37 e 38 (luz branca)

FIGURA 5B
Carcinoma basocelular com extensão para o lábio superior (imagem por fl uorescência)

FIGURA 4B
Lesão incipiente em esmalte dental nos dentes 37 e 38 (imagem por fl uorescência)

FIGURA 6A
Carcinoma espinocelular na região retromolar, lado esquerdo (luz branca)

FIGURA 6B
Carcinoma espinocelular na região retromolar,

lado esquerdo (imagem por fl uorescência)
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FIGURA 8A
Lesão potencialmente maligna no lábio inferior (luz branca)

FIGURA 8B
Lesão potencialmente maligna no lábio inferior (imagem por fl uorescência)

FIGURA 7A
Carcinoma espinocelular já tratado, na região de 

orofaringe, lado esquerdo, com áreas de fi brose (luz branca)

FIGURA 7B
Carcinoma espinocelular já tratado, na região de orofaringe, 

lado esquerdo, com áreas de fi brose (imagem por fl uorescência)

tecidos duros dentais. Enquanto que nas fi guras de 5 a 8 apresen-
tamos casos clínicos na mucosa bucal e lábios.

Para se obter um campo adequado de visualização de mucosa 
bucal por fl uorescência é necessário um ambiente com pouca ou 
ausência de luz ambiente, pois somente a fl uorescência do tecido 
deve ser observada, aumentando o contraste entre região normal 
e alterada. Outro fator importante para que se obtenha um bom 
sinal de fl uorescência é que a fonte de luz emitida pelo equipa-
mento tenha intensidade sufi ciente para atingir a superfície do 
tecido alvo. Os melhores resultados obtidos para estruturas dentá-
rias foram com a menor intensidade de luz, o que já era sufi ciente 
para uma boa visualização, e a uma distância aproximada de 10cm. 
Enquanto que para os tecidos adjacentes foi necessário a inten-
sidade máxima de emissão de luz, mantendo a mesma distância, 
em determinados casos de envolvimento de áreas posteriores uma 
distância menor foi exigida para melhor visualização.

Além disso, durante o exame bucal com equipamentos de 
fluorescência, é indispensável fornecer aos pacientes óculos de 
proteção específico com a função de evitar a exposição direta à 
luz, por ser considerada prejudicial ao olho humano. Quanto ao 
cirurgião-dentista, é dispensado o uso de tais óculos uma vez 
que a luz deve ser observada exclusivamente através do visor 
do equipamento.

discussão
Fluorescência é um fenômeno óptico que ocorre em diversos 

materiais, inclusive partes do corpo humano, como por exemplo: 
dente e mucosa bucal. A fl uorescência é a emissão de luz por parte 
de um material ou tecido biológico. E cada material tem sua fl u-
orescência característica. Por ser uma técnica com resposta ime-
diata, a visualização é em tempo real, e não invasiva. Isso possibili-
tou observar alterações nos tecidos duros dentais como manchas, 
presença de placa, cálculo dental, lesões incipientes e infi ltrações 
marginais, além de facilitar a diferenciação entre materiais restau-
radores como resina composta e cerâmica7,8.
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Com relação aos tecidos duros dentais, como mostrado nas 
figuras 1A e 1B, pode ser facilmente visualizada a fluorescência 
normal dos dentes e também ausência da fluorescência da coroa 
total em cerâmica no dente 21. Enquanto que nas figuras 2A e 2B, 
pode ser feita a diferenciação entre resina composta (dente 46) e 
a coroa de cerâmica (dente 47).

Essa diferença da fluorescência entre os diferentes materiais 
restauradores facilita a identificação e, consequentemente, a re-
moção restrita desses materiais. Desta forma, durante a troca de 
material restaurador o clínico consegue fazer uma remoção seleti-
va do material a ser trocado, preservando a estrutura dental sadia.

Em determinadas especialidades, como em ortodontia, após a 
finalização do tratamento, além do descolamento dos braquetes, 
é imprescindível a remoção completa dos resíduos do material re-
sinoso, utilizado para colagem, da superfície do esmalte dental. 
Como a grande maioria das resinas compostas apresentam-se com 
alta fluorescência frente à excitação pela luz violeta, é permitido 
ao cirurgião-dentista diferenciar com facilidade áreas que ainda 
apresentam tais resíduos e desta forma fazer uma remoção ade-
quada e completa, preservando ao máximo a estrutura dental.

Outra situação muito frequente é a presença de placa bac-
teriana, cálculo dental e lesões incipientes em esmalte dental. A 
presença de bactérias nessas áreas resulta na produção de porfi-
rinas, substância produzida durante o metabolismo bacteriano. A 
porfirina, quando excitada pela luz violeta, emite fluorescência na 
cor alaranjada-vermelha8,9. Desta forma, as situação clínicas aci-
ma referidas podem ser facilmente detectadas pelo cirurgião-den-
tista frente à intensidade da coloração vermelha. Na figura 3B, 
representativa da imagem de fluorescência da figura 3A, placa 
bacteriana e áreas associadas com cálculo dental foram visualiza-
das pela fluorescência na coloração vermelha. Nos casos de pla-
ca bacteriana, alerta o cirurgião sobre áreas que o paciente está 
apresentando dificuldade de higienização adequada, já nos casos 
de cálculo dental, esta visualização auxiliará o dentista na remo-
ção do mesmo. A motivação do paciente para os procedimentos 
de higienização também poderá ser melhor implementada, pois o 
paciente facilmente visualizará as áreas críticas e o resultado após 
uma efetiva higienização. Nas figuras 4A e 4B, são apresentadas 
lesões incipientes no esmalte dental dos elementos 37 e 38. Este 
tipo de lesão não é visualizado facilmente com luz branca, tor-
nando-se uma área de alerta para um tratamento preventivo e/ou 
minimamente invasivo, tornando os procedimentos de Dentística 
menos restaurativos e mais preventivos e terapêuticos.

Em relação aos tecidos moles, o tecido bucal normal ao ser 
excitado com luz violeta emite uma luz em tom esverdeado. No 
entanto, quando há alguma alteração tecidual, essa característi-
ca também se altera. Em um tecido neoplásico geralmente ocor-
re diminuição da fluorescência, visualizada pelo equipamento 
como uma área mais escurecida, conforme ilustrado nas figuras 
5A e 5B, um caso de carcinoma basocelular que se estendeu para 
o lábio superior.

As figuras 6A e 6B representam um caso diagnosticado, por bi-
ópsia, de carcinoma espinocelular na região retromolar, sendo im-
portante ressaltar que a lesão estava associada ao uso de prótese. 

Na região alterada observamos uma diminuição da fluorescência 
verde natural do tecido, ainda acompanhada por pontos verme-
lhos de fluorescência que indicam a presença de microrganismos, 
fato comumente associado às lesões teciduais7-9. Vale ressaltar que 
as lesões inflamatórias apresentam também uma menor emissão 
de fluorescência verde, sendo que o clínico deve associar o exa-
me clínico e histopatológico à visualização da fluorescência no 
seu diagnóstico final. A menor intensidade de fluorescência visu-
alizada ocorre em função da maior quantidade de hemoglobina, 
principal biomolécula absorvedora presente no tecido inflamado.

Em alguns casos, onde há uma maior queratinização ou fibro-
se tecidual, geralmente ocorre um aumento da fluorescência na 
região verde, como nas figuras 7A e 7B. O paciente apresentava 
quadro de carcinoma espinocelular na região de palato mole es-
tendendo-se para orofaringe, porém, quando foi feita a avaliação, 
ele já havia sido submetido ao tratamento cirúrgico apresentando 
área fibrosada, representada pela coloração verde mais intensa. 
Além disso, as ausências de áreas escurecidas permitiram confir-
mar o achado histopatológico de qualquer nova alteração.

Além do auxílio na detecção de lesões tumorais, também foi 
possível detectar lesões potencialmente malignas, como a lesão 
de lábio inferior apresentada nas figuras 8A e 8B, que teve maior 
evidenciação da sua extensão quando utilizado a fluorescência. 
Isso reforça o fato de que a técnica de imagem por fluorescên-
cia pode auxiliar o profissional na escolha de área adequada para 
a realização da biópsia, que nesse caso correspondeu não à área 
esbranquiçada visualizada na luz branca convencional, mas sim à 
área escura adjacente. A visualização da imagem também pode 
ser útil durante um procedimento cirúrgico para delimitação das 
bordas de uma lesão.

Com isso, foi demonstrado o grande potencial da fluorescência 
óptica no auxílio à detecção e distinção de lesões bucais, seja em 
tecidos duros ou moles. É importante também ressaltar a existên-
cia de vários outros equipamentos similares disponíveis no merca-
do. Neste estudo, utilizamos o EVINCE (MMOptics, São Carlos, SP, 
Brasil) como exemplo de sistema de fluorescência. Existem outros 
mais específicos somente para o diagnóstico de cárie, tais como: 
Inspektor Pro QLF (Inspektor Research Systems BV, Amsterdam, 
Holanda), VistaCam iX e/ou Vista- Proof (Dürr Dental, Bietigheim-
-Bissingen, Alemanha), Spectra (Air Techniques, Melville, NY, Esta-
dos Unidos) e o DIAGNOdent e/ou DIAGNOdent pen (KaVo, Bibe-
rach, Alemanha). Alguns destes equipamentos possuem softwares 
específicos para o auxílio neste diagnóstico10-12. Para o diagnóstico 
de lesões no tecido mole, podemos também citar o VELscope e/
ou VELscope Vx (LED Dental, Burnaby, BC, Canadá), e o Identafi 
3000 (Trimira LLC, Houston, Texas) que, além da fluorescência, usa 
diferentes cores para iluminar e analisar uma lesão suspeita13,14. 
Diversos estudos utilizando esses sistemas demostram igualmente 
a grande capacidade de imagens de fluorescência no auxílio ao 
profissional da odontologia. 

conclusão
Os exemplos mostrados neste trabalho demonstram a grande 

utilidade de imagens de fluorescência, sendo considerado um mé-
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todo complementar ao exame clínico convencional realizado no 
consultório odontológico.

Concluímos que o sistema de fluorescência óptica permite ao 
cirurgião-dentista diagnosticar e identificar estruturas e altera-
ções na cavidade bucal de forma simples, não invasiva e em tempo 
real, revelando lesões que não seriam facilmente detectados com a 
inspeção usando luz branca.

AplicAção clínicA
O emprego da técnica de fluorescência óptica como método 

complementar, durante o exame clínico odontológico, é uma téc-
nica recomendável na prática clínica por possibilitar, de maneira 
simples e eficaz, uma melhor visualização das alterações dos teci-
dos duros e moles bucais.
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Evaluation by Fluorescence Spectroscopy of the Most Appropriate
Renal Region for Obtaining Biopsies: A Study in the Rat

M.F. Cassini, M.M. da Costa, V.S. Bagnato, L.F. Tirapelli, G.E.B. Silva, A.C.P. Martins, and S. Tuccl Jr

ABSTRACT

Introduction. Renal puncture biopsies are directed at the lower poles of the organ to
decrease the risk of hemorrhage and complications.
Objectives. To evaluate by fluorescence spectroscopy (FS) the most appropriate renal
region (in terms of metabolic changes) to obtain a biopsy.
Materials and methods. The kidneys of 33 Rattus norvegicus rats were submitted to FS
detection in the upper and lower poles and in the middle third. Excitations were generated
with lasers at wavelengths of 408, 442, and 532 nm. Animals were divided at random into
groups of warm ischemia (30, 60, and 120 minutes), whose kidneys were again analyzed by
FS, as well as after 5 minutes of reperfusion using the same excitation beams in the same
renal regions. Then the kidneys underwent histologic preparation and examination.
Results. The middle third area of the rat’s kidneys proved to be significantly more sensitive
to ischemic and reperfusion changes than the renal poles, as determined by FS (P � .001).
Conclusions. The middle third of the kidney was the most appropriate site for a renal

biopsy to monitor a transplanted organ.
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RENAL TRANSPLANTATION is the best treatment
for patients who require replacement therapy.1

During the post-transplant period, an inappropriate clin-
ical evolution, a delayed recovery of function, or suspi-
cion of acute rejection indicate the need for a graft
biopsy. In general, renal puncture or open surgery biop-
sies are directed at the poles (especially the lower one) of
the organ because of the reduced risk of hemorrhage or
other complications due to the procedure. The renal
poles are believed to have less exuberant vascularization,
presenting a lower risk of bleeding and a greater sensi-
tivity to ischemic injury. When no acute tubular necrosis
(ATN) is present in the poles, ATN is not considered to
be present in the other regions. Similarly, the absence of
signs of acute rejection in a polar biopsy reassures the
medical team regarding the organ as a whole.2

Fluorescence spectroscopy measures changes in tissues
by quantitating differences in spectral properties. Biolog-
ical tissues can absorb, emit, and dissipate light at various
wavelengths. The measurements can be performed rap-
idly with no manipulation of the organ, in contrast to a
biopsy, which provides only a static, focal evaluation.
Evaluations by fluorescence spectroscopy do not suffer

interference by methods of hypothermic preservation

© 2013 by Elsevier Inc. All rights reserved.
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ecause they do not involve enzymatic activities. Photo-
etection by fluorescence offers an alternative technique
o differentiate biological tissues, not only for the diag-
osis of tumors, but also for the investigation of changes

n the metabolic status of cells.3–7

When a material is photo-excited, the energy received in
the form of photons causes electrons to be transferred from
a layer of lower to a layer of higher energy. This state is
unstable and the excited electrons will decay, soon return-
ing to the layer of lower energy and releasing the excess
energy. One of the permitted forms of the decay process is
a radioactive phenomenon called fluorescence (ie, the
re-emission of photons).8–10

Fluorescence spectroscopy is based on the detection of
photons emitted by fluorescent species when excited from a
source of photons of well-known energy, usually the laser
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due to one of its main properties (ie, monochromaticity, the
characteristic of a source that emits photons of well-
determined wavelength). Biological tissues contain enor-
mous amounts of chromophores, molecules that interact
differently with light. Three main types of chromophores
are present in tissues: fluorophores (chemical groups that
can convert the light absorbed to fluorescence—tryptophan
and structural proteins, for example); absorbers (chemical
groups that absorb light and do not produce fluorescence—
hemoglobin, for example), and scatterers (structures that
alter the direction of the incident photon but conserve its
energy such as the refraction gradient between the intra-
and extracellular environments).

In the presence of metabolic changes, such as acidosis,
that increase or reduce deoxyhemoglobin or cell structure
changes, there is an early modification of the characteristics
of tissue fluorescence. Thus spectroscopy may be more
sensitive than histologically observed by standard light
microscopy.

The objective of the present study was use fluorescence
spectroscopy (FS) to assess the most appropriate renal
region, to obtain a renal biopsy.

MATERIALS AND METHODS

Thirty-three adult male albino Wistar rats (Rattus norvegicus)
weighing 200 to 250 g were anesthetized by an intraperitoneal
injection of thiopental (20 Un/100 g weight) before a median
longitudinal laparotomy to reach the left kidney. The 33 kidneys
first underwent FS detection (control group) of the cortex. The
laser tip was placed on the upper and lower poles and the middle
third of the kidney. Excitations were generated with laser beams of
408-, 442-, and 532-nm wavelengths. The renal vascular pedicles
were then dissected, isolated, and occluded with a vascular mini-
clamp. The animals were then divided randomly into groups
subjected to warm ischemia for 30, 60, or 120 minutes (groups 1, 2,
and 3), respectively. During the specific ischemic period the
kidneys underwent cortical readings in the upper and lower poles
and in the middle third using excitation laser beams of the same
wavelengths (408, 442, and 532 nm). New readings were obtained
after 5 minutes of complete reperfusion using the same excitation
lasers in the same renal regions. The animals were observed for the
presence of a renal artery pulse, patency of the renal vein and
complete, uniform reperfusion of the kidney with a return to the
initial color. The left kidneys then were processed for histologic
studies.

Four animals were selected at random for a contralateral
nephrectomy. The excised kidneys were used for histologic study;
their warm ischemia time was 0.

The study followed the norms of the Brazilian College of Animal
Experimentation and was approved by our Ethics Committee
(protocol no. 041–2010).

Histologic and Statistical Analysis

After staining with hematoxylin and eosin or Masson trichrome,
ischemic injuries of proximal tubular cells were classified according
to the grading proposed by Goujon et al.11,12 This method is based
on seven basic morphologic patterns typical of proximal tubular
lesions: vacuolization of the apical cytoplasm, tubular necrosis,

tubular dilatation, cell detachment, brush border integrity, intra-
cellular edema, and basement membrane denudation, using a
5-point scale: 1 (no abnormality), 2 (mild injuries to 10%), 3 (10%
to 25% tissue), 4 (25% to 50%), 5 (more than 50%).

Light-View-Med (LVM.exe) software was used to acquire spec-
troscopy data, together with the Origin-Lab (8.lnk) software to
produce and store the graphs.

The statistical analysis was performed using the GraphPad
PRISM software, version 4.0 (GraphPad Software Inc, San Diego,
Calif, USA). Continuous variables were compared by the nonpara-
metric Kruskal-Wallis test followed by the Dunn multiple compar-
isons post-test, associations between parameters were analyzed by
linear regression. One-way analysis of variance was used to evalu-
ate renal damage, examining correlation coefficients with multiple
comparisons analyzed after Bonferroni post-tests. The level of
significance was set at P � 0.05.

RESULTS

To validate the fluorescence spectroscopy method, we first
analyzed the mean graphic readings obtained during autofluo-
rescence, ischemia, and renal reperfusion (Fig 1). The post
hoc Bonferroni test revealed a significantly higher mean result
of autofluorescence (P � .001) than ischemia or reperfusion.
The reperfusion phase, in turn, showed a significantly higher
mean result compared with the ischemic phase.

Next, we calculated the correlation between ischemia
time and fluorescence data. With increasing ischemic time
(for example, from 30 to 60 minutes), there was a significant
fall in the peaks of the curves during reperfusion. The fall
was more significant the longer the ischemia (Fig 2).

A correlation coefficient calculated to assess the relation
between histologic grading and ischemia time was positive
of high magnitude (r � 0.81), that is, the longer the
ischemia time, the greater the ischemic injury by histologic
grading (Table 1).

The fluorescence laser reading obtained using spectros-
copy of three renal regions (upper and lower poles and

Fig 1. Mean renal fluorescence values obtained—autofluorescence
(AUTO). ischemia (ISCH), and reperfusion (REP)—regardless of the

laser excitation wavelength. (*a.u., arbitrary unity).
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middle third) were analyzed to determine the most reliable
sector (Table 2). The post hoc Bonferroni test revealed a
significant difference: the renal middle third showed a

Fig 2. Reperfusion curve showing a significant decrease with an
increased of the ischemia time from 30 to 60 minutes, compared
with the control curve (autofluorescence). a.u., arbitrary unity.

Table 1. Correlation Between Ischemia Time and
Histologic Graduation

Histological graduation Correlation coefficient 1.000
Significance (2-tailed)
n 37

Ischemia time Correlation coefficient .806a

Significance (2-tailed) .000
n 33
aSignificative correlation at level of 0.01 (r � .81).
ignificantly higher mean value than the upper or lower pole
region: F(1.60, 47.91) � 63.04; P � .001).

The histologic analysis (Fig 3) was unable to characterize
distinct patterns of ischemic tubular injuries at the various
ischemic times, when the renal poles were compared to
each other and to the middle third of the kidney. At a given
ischemic time the histologic changes were similar regardless
of the different evaluated renal region.

DISCUSSION

The use of spectroscopy to study ischemia is not new.
Spectroscopy for tissue analysis was introduced by Chance
and Williams in 1955.13 They evaluated alterations in tissue

uorophores, such as mitochondrial NADH, during the
rocess of cellular respiration leading to production of
denosine triphosphate. The principles used to obtain pulse
ximetry, for example, employ spectrophotometry as a
ethod that uses the difference in light absorption by

xyhemoglobin compared with carboxyhemoglobin. The
ulse oximeter determines the peripheral oxygen saturation
y the emission of red and infrared light by hemoglobin. It
easures the changes in light absorption during the pulsa-

ile cycle since hemoglobin in its oxygen-bound or unbound
orms is recognized as one of the major absorber chro-
ophores of biological tissues. For this purpose, the oxi-
eter has a sensor fitted with a light photoemitter on one

ide and a photoreceptor on the other.14

Table 2. Correlation Between Kidney Regions and Data From
Fluorescence Spectroscopy

Region (Kidney) Mean Standard Error

95% Confidence Interval

Lower Bound Upper Bound

SP 2.069 0.026 2.015 2.123
M 2.234 0.036 2.131 2.337
IP 2.070 0.026 2.017 2.124

SP, Superior pole; IP, inferior pole; M, middle area.

Fig 3. Acute tubular necrosis with cell desquamation into the
light of the proximal tubules and tubular dilatation (arrow) hema-

toxylin and eosin 400 �).
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A question always raised when laser-induced FS is ap-
plied is the depth of penetration of the excitation laser into
the renal tissue of the rat, and whether the molecules that
compose the renal capsule can somehow interfere to signif-
icantly compromise the readings. The excitation laser pen-
etrates the renal parenchyma in an extremely superficial
manner (100 �m), but it is in this region not the medullary
one that the targets of main interest are located, that is, the
glomeruli and the proximal convoluted tubules, which are
also the objectives of open or puncture biopsies.15 Laser

ropagation in tissue is known to depend on light intensity,
n the type of tissue studied, and on the wavelength used.
he ability of tissue penetration increases with higher
xcitation wavelengths.16–18

Several studies have shown minimal interference by the
renal capsule with FS measurements. The capsule is com-
posed of the collagen and elastin do not undergo early
changes during ischemia, in contrast to the renal paren-
chyma, which is formed by cells that are metabolically more
active and sensitive to changes in the levels of hemoglobin,
NADH, FAD, pH, and other fluorescent compounds.19

However, the renal capsule of humans is thicker than that
of rats. In terms of the clinical applicability of the method
described herein, it is important to confirm the depth of
excitation laser penetration into the human kidney. This
determination would assess the reliability of the informa-
tion by analyzing the interference of the renal capsule in the
results, and only later to validate the method in question.17

The present study showed that laser-induced FS could
evaluate the changes among the phases of normal perfusion
(autofluorescence), ischemia, and reperfusion of rats renal
tissue. A statisticall significant difference was detected
among the declines from the peaks of the curves during the
ischemic phase, followed by recovery during the reperfusion
phase, both of which depended on the ischemia time
(Fig 1). A fall in fluorescence was observed with increasing
ischemia time regardless of the excitation wavelength, as
also reported by Fitzgerald et al in 2004.17 This result
uggests that all biological fluorophores, regardless of the
avelengths evaluated, behave in a similar manner in

esponse to ischemia, possibly as a consequence of the
ntense changes in pH, which reduce the efficiency of
uorescence emission by fluorescent biological com-
ounds.20 In addition, the organ examined during ischemia
ecomes excessively rich in carboxyhemoglobin (cyanotic),

ncreasing even more the absorptive properties of hemoglo-
in compared to the same organ under normal perfusion.19

The origin of the changes in signal intensity during the
ischemic and reperfusion phases has not been fully identi-
fied; it may require monitoring of additional parameters
such as dispersal of excitation and emission or even intra-
cellular pH.21

An important result also obtained in the present study
was that, with increasing time of ischemia (for example,
from 30 to 60 minutes), there was a significant fall in the
peaks of the fluorescence curves during reperfusion, with a

more significant fall being observed with longer ischemia
imes (Fig 2). This observation shows continuous and
rogressive molecular changes in ischemic tissue. A pro-
ressive increase in absorber chromophores such as car-
oxyhemoglobin occurs with time, as well as worsening of
etabolic acidosis, which reduce fluorescence at the ex-

ense of the tissue fluorophores (fluorescent structures).
We cannot completely exclude an influence on laser

ropagation caused by morphologic and structural tissue
hanges secondary to the ischemia time. Fitzgerald et al22

investigated fluorescence induced by a 335-nm laser in the
kidneys of rats subjected to 18 or 85 minutes of warm
ischemia followed by reperfusion. They detected a reduc-
tion of fluorescence to 78% and 65% of the initial values,
respectively. After 18 to 50 minutes of reperfusion, there
was a return of fluorescence to baseline preischemia values.
No eventual change in fluorescence was detected among
the group of rats subjected to 85 minutes of ischemia.

Due to the heterogeneity of ischemia throughout the
kidney, the FS data obtained from a small site may not
represent the totality of the surface. Multiple measure-
ments are necessary to considered their mean value. For
this reason, in the present study we opted to make mea-
surements in three renal regions (ie, the upper and lower
poles and the middle third). When these regions were
compared, a post hoc Bonferroni test showed a significant
difference. The middle third of the kidney presenting
significantly higher mean values than the upper and lower
poles (Table 3). This fact was not analyzed by Tirapelli et
al18 in a similar study, which, however, did not use the
408-nm laser.

Our results suggested that, to reach the conclusions as
the present study, it would be sufficient to determine
fluorescence only in the middle third of the kidney, with no
need for an analysis of the upper and lower poles.

These observations lead us to some questions: could
the renal circulation, with vessels of greater caliber in the
central region of the hilus, have affected the findings of
FS, causing the middle third of the kidney to be more
sensitive to the effects of ischemia? Why do we obtain
routine biopsies preferentially from the renal poles when
the more sensitive changes may be located in the middle
third of the organ?

In general, practical, and accepted terms, puncture or
open biopsies are routinely directed at the poles because of
the lower risk of hemorrhage and complications. The renal
poles are believed to be a little less vascularized, to present
a lower risk of bleeding, and for this reason to be even more
sensitive to ischemic injuries. A practical thought is that if
there is no ATN injury in the poles, there will also be no
injuries in the middle third of the kidney. This was not the
result obtained in the present study: the middle third of rat
kidneys was more sensitive to ischemic and reperfusion
changes as determined by FS. Although the hypothesis
should be raised that the histologic changes provoked by
ischemia are relevant but many of them are transitory,
showing full recovery. Early metabolic changes, much more

sensitive to FS light, should be investigated. These changes
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appear to occur more intensely in the middle third of the
kidney and may activate a series of humoral immunologic
mechanisms invisible by standard light microscopy, culmi-
nating in severe long-term consequences such as chronic
graft nephropathy.

The circulation is not believed to be the only factor
responsible, since the excitation laser penetrates the renal
parenchyma in a superficial manner at the extreme periph-
ery of the cortex and analyzes a region in the middle third
as with vessels as fine those at the renal poles in the same
peripheral position. It should be remembered that FS is
also affected by metabolic cell changes such as acidosis that
modify the absorptive and fluorescent properties of the
molecules.

In conclusion, the most appropriate site for a renal biopsy
from the metabolic point of view is the middle third.
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