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Fluorescence and Diffuse Reflectance Spectroscopy for early cancer
detection using a new strategy towardsthe development of a
miniaturized system

D. S. Ferreira, P. J. G. Coutinho, E. M. S. CastanhJ. H. Correia, and G. Minas

Abstract—T his paper describes the design of a miniature, cost-
effective spectroscopy system for assessing tissue biochemical
and morphological information using a few wavelengths. This
instrument will integrate thin-film optical filters and silicon
photodiodes, avoiding the use of a spectrograph and optical
fibers. The componentsin the set-up design are described. The
feasibility of using only 16 wavelengths to accurately extract
tissue properties is confirmed on physical tissue models. Also,
the suitable spectral performance of several optical filters for
the selection of these wavelengths is demonstrated. The small
size of this device will enable implementation in an endoscopic

capsule.

I. INTRODUCTION

scattering and absorption, and is obtained usieglifiusely
reflected light to remove spectral distortions. Thetative
contributions of endogenous tissue fluorophoresy.,e.
NADH and collagen) can be extracted from the isidn
fluorescence, being the method known as IFS. The
concentrations of these fluorophores are dependenthe
tissue disease state. Frequently, biochemical @&sang
precede morphological changes within the tissueichwh
opens the possibility for a very early detection of
dysplasia [5].

Clinical instruments designed to perform DRS aR§ |
usually employ optical fibers for light delivery d@n
collection. This can be a drawback since regulatcap

ANCERS of epithelial origin usually progress thrbug fibers only collect a small portion of the reeniittsignal,

increasing grades of dysplasia. Early detection

dysplasia is essential for managing cancer, sihee
chances of successful treatment increase significamen
the disease is diagnosed at an early, non-invasiage.
However, dysplastic lesions are not always enddsabyp
visible, thus requiring several random, unnecessasue
biopsies to be taken. Optical methods may overceame
limitations of current screening methods [1-3]. fOske
reflectance spectroscopy (DRS) and intrinsic flsoemce
spectroscopy (IFS) have shown great ability fordbtection
of dysplasia, by exhibiting different spectral fe®ts that can

dhus requiring high quantum efficiency detectonschs as
tcharge coupled device cameras (CCD's). Also, they
integrate costly and sophisticated illumination ipquent
(xenon arc lamps, UV lasers). For this reason, the
development of a simpler, miniature, cost-effective
spectroscopy system without the need for opticher§,
spectrograph or CCD cameras could potential inerehs
collection efficiency and improve throughput. A fgroups
have attempted to develop instruments with soméesge
features using LEDs for illumination and photodisder
detection [6-8].

be correlated with normal and diseased tissue. éThes AS a long-term goal we propose the development of a

modalities  provide quantitative information
biochemical and structural tissue attributes
parameters), from which objective diagnostic aldyonis are
developed [3].

aboutMiniaturized spectroscopy system to be integratedao
(gssuendoscopic capsule for the detection of dysplasiahe

gastrointestinal tract. This system uses thin-fitmtical
filters and low-cost silicon photodiodes for théeséion and

extract information about hemoglobin concentratiand
saturation, light scattering parameters, and ottiesue
characteristics, using a well-developed model basedhe
diffusion approximation of light propagation indige. This
method is known as DRS and provides informatioruabwe
morphology and biochemistry of bulk tissue [4].rinsic

diagnosis. Ultraviolet and white-light LEDs are dsss the
illumination sources for fluorescence and diffuslectance
measurements, respectively.

This report describes the simple design of theunsént.
As a first step towards the final goal, wavelengttuction
simulations are performed to evidence the feasjbidif

fluorescence is the fluorescence unaffected byudissfeplacing the spectrograph by several thin-film iczpt
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filters, and the use of just a few wavelengths ¢ouaately
quantify tissue parameters. Physical tissue moaigts well
defined optical properties were used for this feiligs
study. The design and performance of thin-film ogiti
filters is illustrated.
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Il.  INSTRUMENTATION

A miniaturized spectroscopy system will be desighed
be integrated in an endoscopic capsule. The ingntiris
based on white-light and UV LEDs,
microsensors (thin-film optical filters togethertiviow-cost
silicon photodiodes). The firsts will
illumination sources for diffuse reflectance anabfiescence
measurements, and the second to select and deptifics
light wavelengths. The use of these componentsatésithe
need for costly, bulky and sophisticated illumipatiand
detection equipment (high-power xenon arc lamp, |BRér,
CCD camera, spectrograph), and optical fibers fghtl
delivery and collection.

This microsystem will add essential diagnostic fiors
to the current endoscopic capsules, taking advantddhe
commercial available capsule platform (such ashitery,
wireless data transmission, antenna, etc.). Figudepicts
the several components of the miniaturized spexbms
system.

A. Wavelength Reduction Smulations on Physical Tissue
Models

The replacement of the spectrograph by a serieptafal
filters was investigated in the 350 to 750 nm spéctange.
The capability of a spectroscopy system to exttesue
information with accuracy using just a few waveldrsgwas
evaluated with a series of experiments on phydisalue
models (“phantoms”) with known scattering and apton
parameters. The phantoms consist of mixtures o#liptd
and hemoglobin (Sigma Aldrich Co.) at
concentrations, and water. The intralipid and tembglobin
are used for scattering and absorbing, respectively

and optica

be used ase th

are extractedA, the reduced scattering coefficient at the
reference wavelengtt, related to the average scatter size;
cHb, the concentration of hemoglobin; ang the oxygen
Isaturation of hemoglobin.

Several combinations of 16 wavelengths were siradlat
The combination that provided the best resultgeims of
tissue parameters extraction, comprises the foligwi
discrete data points: 350, 370, 380, 400, 420, 480, 510,
540, 560, 580, 600, 620, 650, 700, and 750 nm. &liés
wavelengths will be selectively detected using eteek of
TiO, and SiQ thin-films, placed on top of the photodiode, as
will be detailed on the next subsection. The reingin
spectral values will be obtained by interpolatioithim the
range of the discrete data set.

B. Thin-film Optical Filters

A thin-film optical filter array (composed by 16ltérs)
will be deposited by ion beam deposition on top of
photodiodes. The filtering system, based on FalenptP
thin-film optical resonators, should be designedyied a
narrow pass-band around the selected wavelengtitis this
optical filter array only a white light and a UV sae for
illumination will be needed, thus avoiding a full
spectrograph.

The filters consist of two flat parallel mirrorsroposed of
a stack of TiQ and SiQ thin-films, with a SiQ resonance
cavity in the middle. Ti@ and SiQ have been selected
because of the IC compatibility and the well chtgazation
of their deposition process. In addition, the refiree index
of Si0, is almost wavelength independent for the spectral

variousyang petween 350 nm and 750 nm.

Ill. RESULTS

Two groups of phantoms were measured by diffuse

with
fixed

the first
and a

reflectance  spectroscopy:
concentrations of absorber
concentration;

different A. Tissue phantoms study

i _ intralipid | order to experimental determine the accuracyaof
the second with a variable scattergheciroscopy system to extract tissue propertiesyusnly

concentration and a fixed hemoglobin amount. A dsoli;g wavelengths, several DRS measurements wererpedo

sample of BaS@was used as a reflectance standard. T

UV-3101PC spectrophotometer, from Shimadzu, wasl u
to measure the diffuse reflectance spectra.

DRS is used for the extraction of tissue quantieati
information. By fitting the reflectance spectrumtib@ model

described by Zonioat al. [4], four tissue optical parameters
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Fig. 1. Miniaturized spectroscopy system with LEBs light sources, optical filters and photodetedtmr wavelength selection and

respectively (not scaled).

s% tissue phantoms, in a range of absorbing antiesica

Boncentrations. The collected spectra were norewhlizy the
reflectance spectra measured from the standardpnect
for the wavelength dependent response of the system
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Figure 2 shows the diffuse reflectance spectrartdkom difference. The use of the full wavelength rangentasure
the same position on different phantoms using thé f diffuse reflectance or the use of only 16 wavelbagteems

wavelength range, and using only 16 selected waytis.
These 16 intensities are the signal that woulddael by the
photodiode array. DRS is then used to extract ibsué
optical parameters by fitting each measured reflem
spectrum (solid lines) to the model described byide et

al. (dashed lines).
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Fig. 2. Reflectance spectra measured from differésgue phantoms
(phantom 1: black line; phantom 2: grey line): gajng the full wavelength
range; (b) and only 16 wavelengths. The best fiicp according to the
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model of Zoniost al. are also plotted (dashed lines).

Table 1 presents the extracted values for parastds,

I |
700 750

to provide very comparable results in terms of aagiti
properties in tissue physical models. These regalist out
that it is not necessary to use the full 350-750sp@actrum
to extract optical properties with sufficient acacy.

The phantoms presented in this study are simglifie
compared to the composition of human tissue. Howeve
hemoglobin, which is a very important parameter to
differentiate normal from malignant tissues, is sidered
the most important absorber in the visible regidnthe
spectra for human tissue, and its concentration lgan
extracted with good accuracy using just a few wevgths.

In the same way, other physiological parametersh sas
NADH and collagen, may also be quantified using gutew
wavelengths.

B. Optical Filtering System

The results of the previous section have shown the
possibility of using only 16 wavelengths to extraisisue
optical properties. The selection of these wavelengan be
achieved using an optical filter array. This arimgomposed
by four groups of four optical filters to cover fifent
spectral ranges: 350-400 nm; 420-510 nm; 540-600amu
620-750 nm.

Thin-film optics software TFCalt! 3.5 was used for the
structural optimization of the optical filters. Sikation
results show that a multilayer stack of }iénd SiQ thin-
films for the dielectric mirrors with a Sgesonance cavity
is the best option in terms of optical charactesstand
fabrication process. For each of the mentioned ggpthe
optical filters are composed by 11 layers of J@hd SiQ,
and can be easily tuned to a different wavelenggh b
adjusting only the thickness of the 6th layer (tB&,
resonance cavity). This SjOthickness, in each group,
increases 9 nm to move the wavelength peak 10 nm.

In Figure 3 the simulated transmittances of 8 jr&terot
optical filters are presented, with the layer stadkescribed

a, andcHb, from different phantoms. As expected, the valul Table 2.

of A increases with intralipid concentration. The vahfe
cHb is very similar to the expected value with lessith@%

TABLE 1
REFLECTANCE PARAMETERS MEASURED FROM TISSUE PHANTOMSITH DIFFERENT HEMOGLOBIN(HB) AND INTRALIPID CONCENTRATIONS
Full Spectrum 16 Wavelengths
Intralipid
Phantoms masl,os Hb ) cHib A B o chb A B o
. concentration  (mg/mL) (mg/mL)
concentration

1 0.5% 0.5 0.498 0.914 0.673 1.0 0.519 0.903 07710 1.

2 0.5% 1.0 0.944 0.887 0.538 1.0 1.013 0.873 0.7040 1.

3 1% 0.5 0.480 1.787 0.546 1.0 0.499 1.759 0.648 1.0

4 1% 1.0 0.988 1.782 0.559 1.0 1.075 1752 0.742 1.0




TABLE 2

MAXIMUM TRANSMISSION PEAK AND LAYER THICKNESS OF8 FABRY-PEROT OPTICAL FILTERS

Wavelength transmission peak (nm)

42C 45C 48C 51C 54C 56( 58C 60C
Layer thickness (nm)
TiO, 42 42 42 42 58 58 58 58
Sio, 74 74 74 74 92 92 92 92
Mirror TiO, 42 42 42 42 58 58 58 58
Sio, 74 74 74 74 92 92 92 92
TiO, 42 42 42 42 58 58 58 58
Cavity Sio, 127 154 181 199 166 184 202 220
TiO: 42 42 42 42 58 58 58 58
Sio, 74 74 74 74 92 92 92 92
Mirror TiO, 42 42 42 42 58 58 58 58
Sio, 74 74 74 74 92 92 92 92
TiO, 42 42 42 42 58 58 58 58
100 1 100 ~
90 - 90
80 - 80 -
% 70 % 70 -
60 - 60
50 - 50
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400 413 425 438 450 463 475 488 500 513 525 538 55

J
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Wavelength (nm)

Fig. 3. Simulated transmittance spectra for 8 Fategot optical filters.
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This study demonstrated that it is possible toaexttissue
information accurately using a small number of Wwewngths.
These results are a very important step towards thd
development of a much smaller, high throughput esyst
compared with the conventional clinical spectrogcop
instruments. [4]

Overall, the results showed the feasibility oflagpg the
spectrograph by a series of thin-film optical fite Also,
with UV and white-light LEDs as illumination souscend
photodiodes as the detector, the device would Heetruly
miniaturized, while still achieving comparable merhance
in the extraction of tissue optical properties. Talarication
of the entire system and its preliminary resultdl e
discussed elsewhere.

CONCLUSION

(5]

(6]

(71
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