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Excitation-and-collection geometry insensitive
fluorescence imaging of tissue-simulating turbid media

Jianan Y. Qu, Zhijian Huang, and Jianwen Hua

We present an imaging technique for the correction of geometrical effects in fluorescence measurement
of optically thick, turbid media such as human tissue. Specifically, we use the cross-polarization method
to reject specular reflection and enhance the diffusive backscattering of polarized fluorescence excitation
light from the turbid media. We correct the nonuniformity of the image field caused by the excitation-
and-collection geometry of a fluorescence imaging system by normalizing the fluorescence image to the
cross-polarized reflection image. The ratio image provides a map of relative fluorescence yield, defined
as the ratio of emerging fluorescence power to incident excitation, over the surface of an imaged homo-
geneous turbid medium when fluorescence excitation-and-collection geometries vary in a wide range.
We investigate the mechanism of ratio imaging by using Monte Carlo modeling. Our findings show that
this technique could have a potential use in the detection of early cancer, which usually starts from a
superficial layer of tissue, based on the contrast in the tissue fluorescence of an early lesion and of the
surrounding normal tissue. © 2000 Optical Society of America

OCIS codes: 170.0170, 110.7050, 170.3880, 170.4580, 170.6510.
1. Introduction

The light-induced fluorescence ~LIF! imaging tech-
nique has been extensively investigated as an effec-
tive and noninvasive method with which to diagnose
diseased tissue, especially early stage cancers.1–12

Tissue autofluorescence is emitted from endogenous
fluorophores excited by low-power, short-wavelength
light. The autofluorescence measured on the tissue
surface reveals some of the biochemical and biomor-
phological changes that are occurring in the tissue.
Careful in vivo studies of several organ sites by cal-
ibrated fluorescence spectroscopy has shown that the
tissue autofluorescence of early lesions is almost al-
ways less than that of the surrounding normal tis-
sues, although the spectral line shapes of early
lesions and normal tissues vary both from individual
to individual and within an individual.5,7,8 Tissue
utofluorescence is not only a function of endogenous
uorophores but is affected by the tissue’s optical
roperties as well, because tissue is a kind of turbid
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medium. Strong evidence indicates that a robust
algorithm for discriminating a lesion from surround-
ing normal tissue should include information on the
tissue’s autofluorescence.

The calibrated fluorescence spectroscopy for in vivo
study of tissue autofluorescence commonly utilizes a
multiple optical fiber sensor to deliver the excitation
light and collect the backscattered fluorescence sig-
nal.5,7,8,12 The distal tip of the sensor is gently
touched to the tissue surface to ensure constant flu-
orescence excitation-and-collection geometry for mea-
surements at different sites. This point-by-point
diagnosis method has been successfully used for de-
tection of early cancers at various organ sites.7,8

However, it is time consuming and not practical in
clinical practice to examine a large area of tissue. It
would be desirable to determine an imaging tech-
nique. For examination of a large area by an imag-
ing device the recorded fluorescence is strongly
affected by geometrical effects such as separation of
the source–sample–detector, incident–emission an-
gles, and irregularity of the sample surface. With-
out a mechanism to compensate for such geometrical
effects, it is impossible to map the fluorescence in the
imaged area, especially for in vivo measurements.

Several groups of researchers have studied geomet-
rical effects on measurement of tissue fluorescence and
explored various methods for determination of the rel-
ative fluorescence on tissue surfaces. Profio et al.2
and Lenz4 used a nonimaging approach to compensate
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for the inhomogeneity of fluorescence excitation and
collection in tissue. In their studies the fluorescence
signals were normalized to reflection signals of excita-
tion light collected from the exactly same sites. The
results showed that the geometrical effects could be
corrected but that the artifacts caused by specular re-
flection from the tissue surface created many false pos-
itives. Analytical relations between fluorescence and
diffuse reflectance have been developed,13,14 based on
photon migration and diffusion theories. It has been
proved that, with knowledge of the tissue’s optical
properties, the diffuse reflectance at the wavelengths
of fluorescence emission can be used to correct the
distortion of the autofluorescence caused by the scat-
tering and absorption of tissue. Further, Wu et al.
stated that the ratio of fluorescence to effective reflec-
tance at the same wavelength could correct the geo-
metrical effects in fluorescence measurement.13

Moreover, they pointed out that specular reflection
from a tissue surface must be carefully avoided or sub-
tracted in the clinical application of the ratio method.
Assuming that the scattering properties vary little in
different samples of the same tissue, they demon-
strated that the ratio technique can be directly used to
extract a tissue’s intrinsic fluorescence and correct the
geometrical effects. In the research reported in Ref. 9
the calibrated fluorescence spectral images were ob-
tained from the tissue surface in a special geometry by
use of a combined ultrasonic and fluorescence spectro-
scopic system. The technique may be invalid when
the angular distribution of the backscattered ultra-
sonic signal is different from that of the fluorescence
signal. Wang et al. reported an image-processing
method for measurement of relative fluorescence on
the tissue surface.10 In a fully digital approach the raw
fluorescence image of tissue is normalized to a refer-
ence image, which is a processed raw fluorescence im-
age by use of the moving-average algorithm, a type of
low-pass filter. To ensure that the lesions are filtered
out and the excitation and collection nonuniformities
are retained in the reference image, the algorithm re-
quires that the lesion width be much smaller than the
imaged area. The variation of fluorescence was as-
sumed to be a slowly varying function over the tissue
surface, because a low-pass spatial filter cannot distin-
guish a lesion from a geometrical artifact whose spatial
frequency is distributed in the same region as the le-
sion.

In this paper we present a ratio imaging method
that maps the relative fluorescence on the surface of a
homogeneous turbid medium with optical properties in
the range of human tissue. The technique utilizes the
ratio of fluorescence ~F! to diffuse reflectance ~R! of the
excitation light collected by a LIF imaging system to
correct the geometrical effects in the fluorescence mea-
surement. Our study was motivated by the well-
established ratio technique reported in Ref. 13 and the
research of Profio2 and Lenz.4 We analyze the tech-
nique by using the method of Monte Carlo modeling.
The technique is then evaluated experimentally with a
series of homogeneous and inhomogeneous tissue
phantoms in various excitation-and-collection geome-
tries. We demonstrate that the technique could im-
age an early lesion based on the contrast in
autofluorescence between the lesion and normal tis-
sue. Finally, qualitative discussions on modeling and
experimental results are presented.

2. Methods

For a conventional LIF imaging system the fluores-
cence and reflectance of excitation light are easily
measurable. The reflected light from the turbid me-
dium consists of three components: specular reflec-
tion, nearly diffusive backscattering ~scattered 1–2
times!, and diffusive backscattering ~specular reflec-
ion does not carry any information about nonunifor-
ity of illumination and collection!. Wu et al. have

proved that the analytical relationships between flu-
orescence and diffuse reflectance measured at the
same wavelength can be used to correct geometrical
effects in fluorescence measurement.13 The ques-
tion is whether one can use the diffuse reflectance of
excitation light, one of the easily measured constitu-
ents of a LIF imaging system to correct geometrical
effects in fluorescence measurement.

To find the answer to the question we first inves-
tigated the characteristics of fluorescence and diffuse
reflectance of excitation light on a tissue surface. In-
stead of taking the approaches based on diffusion or
photon migration theory, we chose the method of
Monte Carlo modeling with which to calculate the
tissue fluorescence and reflectance. Monte Carlo
modeling does not assume that fluorescence and re-
flectance are diffusive waves, as do diffusion and pho-
ton migration theories. However, the major
disadvantage of Monte Carlo modeling is that it is
time consuming to generate data with a reasonably
good signal-to-noise ratio ~SNR!. Briefly, one calcu-
ates the distribution of excitation light in tissue by
onvoluting that of an infinitely narrow beam and the
rofile of the illumination beam. One calculates the
scape function of the endogenous fluorophore at var-
ous depths by treating the emission of fluorophores
s an isotropic radiating point source inside the tis-
ue. The product of the distribution of excitation
nd the fluorescence excitation efficiency yields the
uorescence source distribution in tissue. Finally,
he fluorescence emerging from the tissue surface is
btained by convolution of the fluorescence source
istribution and the fluorescence escape function.
n general, the fluorescence collected from the tissue
urface can be calculated by

CF~r, lem! 5 *
0

`

FF~r9, z, lex, lem!

# Gescape~r9, z, lem!dz, (1)

FF~r, z, lex, lem! 5 FEx~r, z, lex!

3 b~r, z, lem!, (2)

Fex~r, z, lex! 5 FEx9~r9, z, lex!

# Iprofile~r9, lex!, (3)
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where FF~r, z, lex, lem! and Gescape~r, z, lem! are the
uorescence source distribution and fluorescence es-
ape functions in the tissue, respectively. FEx~r, z,

lex! and b~r, z, lem! in Eq. ~2! are the distribution of
xcitation light and the fluorescence excitation effi-
iency at the emission wavelength, respectively.
Ex9~r, z, lex! and Iprofile~r, lex! in Eq. ~3! are the
istribution of an infinitely narrow excitation beam
nd the true illumination beam profile, respectively.

refers to the convolution of two functions. A de-
ailed description and discussion of Monte Carlo mod-
ling for fluorescence and reflectance can be found in
efs. 8 and 15.
In the simulation, collimated uniform excitation

20 mm in diameter! and a semi-infinite tissuelike
urbid medium with a flat surface were assumed.
he illumination-and-collection geometry is shown in
ig. 1~a!, in which u and f are the collection and

llumination angles, respectively. We modified the
onte Carlo code of Wang and Jacques15 to enable it

to generate angularly and radially resolved fluores-
cence and reflectance at various illumination angles

Fig. 1. Monte Carlo modeling of fluorescence and diffuse reflec-
tance of excitation light. The optical properties of the tissue at the
excitation wavelength are ma 5 16.5 cm21, ms 5 184 cm21, and g 5
0.9 and at fluorescence wavelength are ma 5 8.0 cm21, ms 5 145
m21, and g 5 0.87. ~a! Illumination-and-collection geometry:
[~0°, 90°! and u[~290°, 90°!. ~b! Normalized angular distribu-

tion of fluorescence and diffuse reflectance emerging from the tis-
sue surface. Solid circles, illumination angle f 5 0°; long-dashed
circle, f 5 30°; dashed–dotted circles, f 5 75°, short-dashed cir-
cles, Lambertian source.
346 APPLIED OPTICS y Vol. 39, No. 19 y 1 July 2000
~f!. A coefficient ~ma!, a scattering coefficient ~ms!,
and an anisotropic factor ~g! of the homogeneous
sample were chosen to be in the range of typical
human tissue.16 20 3 106 photons were launched
for each simulation. We calculated the fluorescence
and reflectance at illumination angles of 0° to 75° at
intervals of 15°. The normalized distributions of cal-
culated fluorescence and reflectance at three repre-
sentative illumination angles are displayed in Fig.
1~b!. For clear illustration and discussion, only the
data in the incidence plane defined by the incidence
axis and the normal of the tissue surface are dis-
played. It is not a surprise that the fluorescence is
almost Lambertian, regardless of the illumination
angle, because the fluorescence source is isotropic.
The reflectance has a distribution that is nearly Lam-
bertian when the illumination is perpendicular to the
tissue surface ~f 5 0°!. However, the symmetry of
the reflectance is destroyed when the illumination
becomes oblique. The major cause of the asymmetry
is that tissue is the forward-scattering dominant tur-
bid medium ~g ; 0.9, ms .. ma!. Backscattering
with respect to the illumination axis is much less
likely than forward scattering, which indicates that
the diffusion and photon migration theories will pro-
duce errors in the calculation of angularly resolved
reflectance because both theories treat fluorescence
and reflectance as diffusive sources. Taking an ap-
proach similar to that of Profio2 and Lenz,4 we calcu-
lated the ratio ~FyR! of fluorescence to reflectance of
the excitation collected at the same angle ~u!. The
results are shown in Fig. 2. The dashed–dotted
semicircle with a radius FyR angle u 5 f 5 0° is
displayed as a reference. Comparing the FyR ratio
in the various illumination-and-collection geometries
with the reference, we can see clearly that, when
angle u is close to f, the ratio value varies little and
the FyR ratio effectively corrects the geometrical ef-
fect. In contrast, the fluorescence emission shown in
Fig. 1~b! is highly dependent on collection angle u as
a Lambertian source. Our results are consistent
with that stated by Wu et al.,13 though the reflectance
used in this FyR ratio method is at the wavelength of
the excitation light instead of at that of the fluores-
cence emission. It should be emphasized that the
correction by the FyR ratio method becomes invalid

Fig. 2. Angular distribution of FyR ratio at several illumination
angles f in the incidence plane. Solid curve, f 5 0°; long-dashed
urve, f 5 30°; short-dashed curve, f 5 75°; dashed–dotted curve,

reference.
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when F and R are collected at an angle far from the
illumination axis, as we discuss in Section 5 below.

In a practical imaging system the fluorescence and
reflectance signals are collected at a solid angle. We
calculated the FyR ratio of a system that collects the
signals within a cone of a 65° angle from the illumi-
nation axis. The collection geometry and results are
shown in Fig. 3. As can be seen, the FyR ratio
weakly depends on the illumination angle ~f!. The
correction of the geometrical effects is valid for a wide
range of illumination angles.

It should be noted that the illumination-and-
collection geometry in the model is not appropriate
for many applications, such as endoscopic imaging
systems. Also, the model was based on one set of
optical properties of tissue. Nevertheless, the mod-
eling results provide some insights into the relation-
ship between fluorescence and excitation reflectance,
and they seem encouraging. In principle, one can
use Monte Carlo modeling to study this FyR ratio
method in any fluorescence excitation-and-collection
geometry. However, the computation time and data
space will be significantly increased when a geometry
with noncollimated illumination and an irregular tis-
sue surface is modeled.15 The experimental investi-
gation is more efficient for studying the relation
between fluorescence and reflectance in a practical
geometry such as an endoscopic imaging system.

As we pointed out at the beginning of this section,
the reflection of excitation light from a tissue surface
includes three components. Although the diffuse re-
flectance may be used as the reference in the FyR
atio method to correct the geometrical effects, spec-
lar reflection will create artifacts.2,4,13 Measures

must be taken to remove specular reflection from the
reflection of the excitation light and retain the diffu-
sive components. Tissue is a kind of turbid medium.
Light is scattered and absorbed during propagation
inside the tissue. In the visible region the light in
tissue is highly scattered and the transport of light is
dominated by scattering events. It is well known
that the polarization of light will be changed when a
scattering event occurs. If the excitation light has a
certain state of polarization, multiple scattering in
the tissue, which yields diffusive reflectance,
will randomize the state of polarization. In contrast,

Fig. 3. FyR ratio collected by an imaging device such as an en-
oscope. Left, illumination-and-collection geometry; right, depen-
ence of FyR ratio on illumination-and-collection angle.
specular reflection maintains the original polariza-
tion state of the excitation light. Thus a
polarization-sensitive imaging system can separate
the specular and the diffusive reflectance compo-
nents. Recently Demos and Alfano,17 Demos et al.,18

and Perelman et al.19 used the polarization imaging
techniques to characterize tissue structures.

To reject the specular reflection and extract the
diffusive components from the total reflectance of ex-
citation light we utilize a cross-polarization imaging
method. Linearly polarized excitation was chosen for
this study because linearly polarized light is more
easily randomized than is circularly polarized light in
a turbid medium.20,21 Experimentally, we illumi-
nate a tissue-simulating sample ~turbid medium!

ith linearly polarized fluorescence excitation light
nd by the use of a polarization analyzer in front of
he imaging sensor record the cross-polarized image.
ecause forward scattering dominates light propaga-

ion in the human tissue, the cross-polarized compo-
ents in the reflection are produced mainly by
ultiple scattering and are highly diffusive. The

nformation carried in the cross-polarization image
omes predominantly from beneath the superficial
ayer.17–19 The specular reflection and superficial

information ~mainly as a result of single backscatter-
ing! that cause artifacts in the correction of geomet-
ical effects are almost completely removed in the
ross-polarized image. Taking the ratio of the fluo-
escence signal to the cross-polarized reflection re-
orded from the same position forms a normalized
uorescence image. The geometrical effects can be
orrected in the FyR ratio image by the approach

reported in Ref. 13.

3. System and Materials

A. Experiment

The experimental arrangement for recording the
cross-polarized and fluorescence images is shown in
Figure 4. The excitation source was a solid-state
frequency-doubled laser with output power of ;200
mW at a wavelength of 457 nm ~blue microlaser,
Laser Power Corporation!. The laser light was de-

Fig. 4. Schematic diagram of the experimental setup used to
collect the fluorescence and cross-polarized reflection images: F1,
long-pass filter; P1, P2, polarizers with polarization axes perpen-
dicular to each other; u9, angle between the optical axis of the
endoscope and the normal of the sample surface.
1 July 2000 y Vol. 39, No. 19 y APPLIED OPTICS 3347
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livered to the sample surface through an illumination
optics consisting of a multimode optical fiber of
200-mm diameter, a linear polarizer, and microlenses
f 1.6 mm-diameter. The fluorescence and reflection
ignals from the sample were collected by a standard
ommercial endoscope ~7200A, Karl Storz! and im-

aged to an 8-bit CCD camera ~WAT-502A, Watec,
Inc.!. The imaging channel of the endoscope was
;1.8 mm in diameter. The angle between the opti-
cal axes of the endoscope and the illumination optics
was ;15°. The distal tips of the endoscope and the
illumination optics were attached to each other and
were located ;10 mm away from the surface of the
sample. The imaged area on the sample surface,
which was smaller than the illuminated area, was
approximately 10 mm 3 10 mm at u 5 0°. To vary
the geometry of illumination and collection, the sam-
ple could be rotated along the axis across point A and
perpendicular to the plane of the page in Fig. 4. The
holder of a long-pass filter with a cutoff wavelength at
470 nm and a polarizer with its polarization axis
perpendicular to that of excitation light allows for
easily selecting the fluorescence or the cross-
polarized imaging channel. The system extinction
ratio of the cross-polarized imaging channel is
;100:1. The extinction ratio is defined as the ratio
of the maximal transmittance ~parallel! for a linearly
polarized light to the minimal transmittance ~cross!.
The fluorescence and cross-polarized images are
grabbed by a frame-grabber ~Genesis-LC, Matrox
Electronic Systems, Ltd.! at rate of 25 framesys. To
improve the signal-to-noise ratio we formed the flu-
orescence image by taking an average of 16 image
frames. The ratio image of fluorescence versus
cross-polarized reflection was then generated by a PC
computer.

The SNR of the ratio image is strongly dependent
on the quality of the fluorescence and the cross-
polarized images. We found that the speckle effect
did cause the quality of reflection image to deterio-
rate because the excitation was from a laser, a coher-
ent source. Many methods to reduce the speckle
effect and improve the image quality have been
proposed.22–24 Here we used a vibration mechanism
eported in Ref. 22 to modulate the fiber and random-
ze the phases of the propagating modes in the fiber.
n our experimental setup a small part of the fiber
;5 mm in length! was driven by a voice coil. When
odulation was applied, the speckle pattern became
time-varying function that depended on the vibra-

ion amplitude and frequency. We found that the
peckle noise in the reflection image can be effectively
veraged out when the modulation frequency is set to
600 Hz.

B. Tissue Phantoms

Tissue-simulating phantoms were made of gelatin
that consisted of 20% solids dissolved in boiling
deionized water, polystyrene spheres of 0.55-mm di-
ameter ~Polysciences, Inc.!, a fluorescent dye mix-
ure, and blood, the dominant absorber. The
ethod for preparing the gel-based solid phantom
348 APPLIED OPTICS y Vol. 39, No. 19 y 1 July 2000
as been well documented.25,26 The scattering coef-
ficients of the tissue phantoms, which were controlled
by the concentration of polystyrene microspheres,
were determined by two independent methods:
measurements of the total attenuation coefficients
and calculation by Mie theory.27–31 In the first ap-
proach we measured the unscattered transmittance
of an optically thin scattering sample that was made
from the gel–microsphere mixture without adding
any absorbers. The total attenuation coefficient, the
scattering coefficient of a pure scattering sample,
then could be obtained from the unscattered trans-
mittance by the Beer–Lambert law. We used the
spectrophotometer shown in Fig. 5 to determine the
optical properties of the tissue phantoms. We used
an optical fiber of 200-mm diameter to conduct broad-
and illumination from a white-light source ~fiber
ptic illuminator 77501, Oriel!. The light from the
ber was collimated into a beam of 2-mm diameter by
he use of a lens and three apertures. The divergent
ngle of the beam was approximately 10 mrad. The
ransmission signal was collected by a lens–fiber sys-
em and analyzed by a spectrometer ~MCS 55 UV-
IR, Zeiss!. The thickness of the samples used in

he measurements varied from 0.3 to 0.45 mm. In our
alculation of scattering coefficient and anisotropic
actor ~g! by Mie theory we used the refractive indices
f gel and polystyrene microspheres reported in Refs.
1 and 32. Figure 6~a! displays the experimentally
easured and theoretically calculated scattering co-

fficients of the tissue phantoms used in this re-
earch. The experimental scattering coefficient of a
icrosphere concentration at 0.5% by weight ~wyw!

was extrapolated from the data at 0.25% and 0.35%
wyw because the spectrometer was not sensitive
enough to detect highly attenuated light. As can be
seen, the experimental results are well consistent
with the calculation of Mie theory. The calculated g
factor is shown in Fig. 6~b!. The scattering coeffi-
cients and anisotropic factor of the tissue phantoms
were in the range of typical human tissue.16

The amount of absorption of tissue phantoms is
determined by the concentration of blood, the domi-
nant absorber. In this study, fresh blood was drawn
from mice. Red cells were rinsed with phosphate-
buffered saline ~pH 7.4! and then lysed by addition of
deionized water. Fragments of cell membranes
were removed by centrifugation. The absorption co-

Fig. 5. Setup for measurement of the optical properties of the
samples.
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efficient of the hemolyzed blood was measured with
the spectrophotometer shown in Fig. 5. The concen-
tration of hemoglobin ~most cells were oxygenated!
could be determined by the ratio of measured absorp-
tion coefficient to that of pure oxyhemoglobin re-
ported in Refs. 33 and 34. By controlling precisely
the hemoglobin concentration in the gel, we set the
content of blood with a hematocrit of 0.51 for the
three groups of tissue phantoms that we used to 2.5%,
5%, and 7.5% by volume ~vyv!.

To simulate fluorophores in the tissue we used a
ixture of highly efficient green and red Stabilo Boss

ye fluorescent highlighters. A typical fluorescence
pectrum of a tissue phantom measured by a spec-
rometer is shown in Fig. 7. The fluorescence spec-
ral coverage of the dye mixture is also in the range of
n vivo measured autofluorescence of human
issues.1–12 The absorption of the fluorescence dyes

at the concentration used in the tissue phantoms is
much less than that of blood and can be negligible.

Fig. 6. Scattering coefficients and g factors of tissue-simulating
hantoms used in the study. ~a! Measured and calculated scat-
ering coefficients at concentrations of polystyrene microsphere in
he tissue phantom of 0.25%, 0.35%, and 0.5% wyw. ~b! Calcu-

lated g factors of 0.55-mm-diameter polystyrene microspheres in
he gel.
All samples used in this study were ;25 mm in di-
ameter and 4.5 mm thick.

4. Results

A. Homogeneous Phantoms

We demonstrate that the geometrical effects on fluo-
rescence imaging of the homogeneous tissue phantom
can be corrected to a great extent by the FyR ratio
maging method. In the first experiment, all the
amples with different optical properties were homo-
eneous and had flat surfaces. The compositions of
he samples are listed in Table 1. We changed the
maging geometry by rotating the sample along the
xis across point A and perpendicular to the plane of
he page in Fig. 8. The fluorescence and cross-
olarized images were collected from all tissue phan-
oms at u9 5 0°–60° in increments of 15°. For the
easurements at large angles u, the illumination be-

ame highly nonuniform. We did not perform a
easurement for u9 . 60° because of the limited dy-
amic range and sensitivity of our 8-bit CCD camera.
lso, the image blurring caused by aberrations in the

maging system became the major source of error as
ngle u became greater than 60°.
For a fair comparison, the mean gray levels of all

he raw fluorescence images and ratio images of flu-
rescence against cross-polarized reflection were ad-
usted to 128, half of the full gray levels of an 8-bit
mage. The typical raw fluorescence and ratio im-
ges are shown in Fig. 9. The histogram for the gray
evel in the figure indicate the homogeneity of the

Fig. 7. Fluorescence spectrum of a tissue phantom excited by a
laser of 457-nm wavelength.

Table 1. Composition of Homogeneous Phantoms with Flat Surfaces

Sample
Number

Blood Content
~vyv, %!

Concentration of Polystyrene
Microsphere ~wyw, %!

1 2.5 0.25
2 5.0 0.25
3 7.5 0.25
4 2.5 0.5
5 5.0 0.5
6 7.5 0.5
1 July 2000 y Vol. 39, No. 19 y APPLIED OPTICS 3349
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image. As can be seen from Fig. 9, the raw fluores-
cence image is highly nonuniform and the gray levels
vary across a wide range. In contrast, the ratio im-
age is uniform and its gray level has a narrow distri-
bution about 128, the mean gray level. We found
that the standard deviations of gray levels for the raw
fluorescence images recorded from all six phantoms
varied from 24 to 41 at u9 5 0°–60°, whereas the
standard deviations of the ratio images fell into a
range from 1.8 to 4.5, much smaller than that for the
raw fluorescence images.

In the second experiment we examined the perfor-
mance of the ratio technique for imaging of a homo-
geneous sample with an irregular surface. The
profile of the phantom surface was constructed as
shown in Fig. 8. The width and the depth of the
grooves were ;8 mm and ;5 mm, respectively. The
lood content and the concentration of polystyrene
icrosphere of the phantom used in the experiment
ere 5% vyv and 0.35% wyw, respectively. The flu-

orescence and cross-polarization images were taken
in the same fashion as for the first experiment at u9 5

od content of 2.5% ~vyv! and a microsphere concentration of 0.5%
ray level, ~b! FyR ratio image and its histogram.
Fig. 8. Simplified geometry of the experimental imaging system.
Left, Imaging of a flat surface phantom at u9 Þ 0; right, imaging of
a phantom with an irregular surface at u9 5 0°. f is the
excitation-and-collection angle.
Fig. 9. Images collected from a tissue-simulating phantom with a blo
~wyw! at u9 5 30°. ~a! Raw fluorescence image and histogram of its g
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0°. The raw fluorescence and ratio images are
shown in Fig. 10. As can be seen, the inhomogeneity
in the raw fluorescence has been significantly com-
pensated for by the FyR ratio imaging technique.

B. Inhomogeneous Phantoms

In this study we evaluated the performance of the
FyR ratio imaging on inhomogeneous tissue phan-
toms. We classified the phantoms based on the
amount of inhomogeneity in the concentration of flu-
orophores and optical properties. To construct an
inhomogeneous tissue phantom we replaced parts of
the homogeneous sample with samples of different
fluorophore concentrations or optical properties.
For the fluorescence contrast phantom shown in Fig.
11~a! the parts of the homogeneous sample in the
shaded areas were replaced with simulated lesions of
slightly lower fluorescent dye concentration and the
same optical properties. The blood content and the
microsphere concentration of the phantom were set to
5% and 0.35%, respectively. Two shallow holes were
made to make the surface irregular and to create
geometrical interference for identifying the simu-
lated lesions. The structure of the absorption and
scattering contrast phantoms is shown in Fig. 11~b!.
For the absorption contrast phantom the parts of the
sample in areas A and B were replaced with samples
of 10% and 2.5% blood content, respectively. The
blood content of the surrounding sample was 5%.
The concentration of polystyrene microspheres in all
samples that we used to construct the absorption
contrast phantom was set to 0.35%. For the scatter-
ing contrast phantom, samples in areas A and B were

Fig. 10. Raw fluorescence image and ratio image recorded from
the homogeneous phantom of an irregular surface. ~a! Raw fluo-
escence and the profile across A–A9, ~b! ratio image of fluorescence
ersus cross-polarized reflection and profile across A–A9. The

standard deviations of the gray levels of the raw fluorescence and
ratio images are 32 and 5, respectively.
replaced with samples of microsphere concentrations
0.5% and 0.35%, respectively. The microsphere con-
centration of the surrounding sample was 0.25%.
The blood content in all samples for the construction
of the scattering contrast phantom was set to 5%.
The concentrations of fluorescent dyes in all the ab-
sorption and scattering contrast phantoms were con-
stant.

The results shown in Fig. 12 are the raw fluores-
cence and ratio images of three inhomogeneous phan-
toms. The back-to-back comparison of the raw
fluorescence and ratio images demonstrates again
that the geometrical effects have been well corrected
in the FyR ratio method. The image of the fluores-
cence yield contrast phantom demonstrates that the
ratio technique can clearly identify the simulated le-
sions that yield slightly lower fluorescence. In the
raw fluorescence image, one cannot separate the ar-
tifacts created by two holes from the simulated le-
sions. However, only the simulated lesions that
yield low fluorescence appear clearly in the ratio im-
age, and the geometrical artifacts caused by the holes
were almost completely eliminated. Furthermore,
the ratio image of the absorption contrast phantom
shows that the variation of fluorescence signal caused
by the uneven distribution of blood has been compen-
sated for effectively. The results from the measure-
ment of the scattering contrast phantom suggest that
the variation of scattering property across the tissue
surface can be detected in the FyR ratio image.

5. Discussion

We found that specular reflection in the cross-
polarized image was significantly reduced by a cross-
polarization imaging system with an extinction ratio

Fig. 11. Structures of inhomogeneous tissue-simulating phan-
toms: ~a! fluorescence yield contrast phantom, ~b! absorption and
cattering contrast phantoms.
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of 100:1. The image shown in Fig. 13~a! is a reflec-
tion image taken from the fluorescence yield contrast
phantom at u9 5 0° with the polarizer in the cross-
polarization imaging channel removed. The specu-
lar reflection signal in the image is much higher than
that of diffusive reflection and a saturated large area
of CCD sensor. Comparing the FyR images in Fig.
13 with that in Fig. 12~b! makes clear that specular
reflection causes major artifacts if the direct reflec-
tion signal is used as the reference to compensate for
the geometrical effects in the FyR ratio technique.
We could further improve the performance of the sys-
tem used in this study by optimizing the optical de-
sign and increasing the extinction ratio.

In the measurements of the homogeneous phantom
with a flat surface, the homogeneity of the ratio im-
age decreased slightly as angle u9 increased but was
not sensitive to the polarization plane of the excita-
tion light and to the optical properties of samples.
In the measurements of the homogeneous phantom
with an irregular surface, the line profile analyses in
Fig. 10 show that a small variation of the pixel value
in the ratio image does have a weak correlation with

Fig. 12. Results of imaging of inhomogeneous phantoms. ~a! and
contrast phantom. Figure 12 continues on the next page.
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the profile of the sample surface. These results in-
dicate that the excitation incident angle and the flu-
orescence collection angle play roles, though
insignificant ones, in determining the FyR ratio value
obtained. The simplified geometry of our imaging
system is shown in Fig. 8. The excitation incident
angle and the fluorescence collection angle are as-
sumed to be the same because the sizes of the illu-
mination microlens and the endoscope lens are much
smaller than the distance from the sample to the
distal tips of the endoscope and the illumination op-
tics. The range of excitation-and-collection angle f
for a phantom with a flat or irregular surface is then
determined by the degree of irregularity in the sur-
face and by angle u9. In Fig. 14 we display the pixel
value of ratio images as a function of angle f based on
measurements of all homogeneous tissue phantoms.
The value of the ratio increases slightly as f in-
creases in the range 0–70°. This result seems con-
sistent with the results of Monte Carlo modeling
shown in Fig. 3, although the experimental and mod-
eling geometries for endoscopic imaging are different.
The ratios at angle f . 70° were not measured for the

aw fluorescence and ratio images taken from a fluorescence yield
~b! R
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reasons discussed in Section 3. We found that the
maximal variation of ratio in the range of angle f
from 0 to 70° is less than 7%. This sets the accuracy
or sensitivity in relative fluorescence mapping of tis-
suelike turbid media.

The results of Monte Carlo modeling in Fig. 2 show
that the FyR ratio remains constant and that the
geometrical correction is valid for F and R collected in
a specific range of backscattering angle ~calculated as
uf 2 uu! from the illumination axis. Angles u and f
re defined in Fig. 1~a!. However, the ratio value
rops quickly when backscattering angle uf 2 uu be-
omes large. This shows that the reflectance has a
imilar angular distribution to the fluorescence for a
mall backscattering angle from the illumination axis
ut not for a large angle. The difference is caused
ainly by the contribution of the nearly diffusive

omponent that is the result of photons scattered
nce or twice in the tissue35 to the total diffuse re-
ectance, which consists of both a nearly diffusive

Fig. 12. ~c! and ~d!. Raw fluorescence and ratio images of the a
omponent and a diffusive component. The diffu-
ive component is produced by multiple scattering
nd has characteristics similar to those of Lamber-
ian fluorescence. As light propagation in tissuelike
urbid media is dominated by forward scattering ~g ;
.9!, the probability of a single-scattering event in a
mall backscattering angle is much smaller than for
large backscattering angle and forward scattering.
hus the nearly diffusive reflectance must be domi-
ated by photons backscattered in a large angle ~uf 2
u! from the illumination axis. In contrast, small-
ngle backscattering from tissue is dominant in dif-
usive reflectance, which has an angular distribution
imilar to that of Lambertian fluorescence. The con-
ribution of the nearly diffusive component to the
otal diffuse reflectance becomes significant with in-
reasing backscattering angle uf 2 uu. Therefore the
early diffusive photons in the total reflectance cause
decrease in the FyR ratio and invalidate the geo-
etrical correction in a large backscattering angle

tion contrast phantom. Figure 12 continues on the next page.
bsorp
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uf 2 uu. For good correction of the geometrical effect
the fluorescence and the diffuse reflectance must be
collected in a small backscattering angle in which the
contribution of the diffusive component to the total
diffuse reflectance is dominant. Apparently, the en-
doscopic imaging system used in the experimental
study satisfies that condition.

The measurement of the fluorescence contrast
phantom demonstrates that the ratio imaging
method can identify simulated lesions that have a
fluorescence that is slightly lower than that of the
surrounding sample and can eliminate geometrical
artifacts. Quantitatively, the fluorescence of the
simulated lesions used in the experiment was set to
;80% of that of the surrounding samples. In raw
fluorescence it was not possible to distinguish the
lesions from the artifacts created by two shallow
holes on the surface of the sample. In the ratio im-
age the difference in fluorescence between simulated

Fig. 12. ~e! and ~f ! Raw fluorescence and r
354 APPLIED OPTICS y Vol. 39, No. 19 y 1 July 2000
lesions and simulated normal tissue was obvious.
Line profile analysis has shown that the border be-
tween the simulated lesions and the simulated nor-
mal tissue is smooth because of the migration of
fluorescence photons from the surrounding samples

Fig. 13. Left, reflection image recorded without the cross polar-
izer; right, FyR ratio image without the cross polarizer.

images of the scattering contrast phantom.
atio
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to the simulated lesion areas. A clinical study
showed that the contrasts in fluorescence between
early lesions and normal tissue in many organ sites
are greater than in our phantom.5–8,10 Our results
hold the promise for potential application to identi-
fying early lesions clinically by the use of the ratio
imaging technique.

It is an important finding that the ratio method can
effectively correct the artifacts caused by variation of
blood content in the sample. The blood in tissue is
usually not evenly distributed, depending on local vas-
cularization. As a dominant absorber, blood strongly
affects the distribution of excitation light in tissue.
The fluorescence intensity of tissue is correlated to
local blood content, as shown in the raw fluorescence
image recorded from the absorption contrast phantom.
A variation of blood content also appears in the cross-
polarized reflection image. However, the FyR ratio
mage indicates that the effects of absorption on fluo-
escence and diffuse reflectance signals can cancel
ach other. In the measurement of the scattering
ontrast phantom we found that the reflectance is af-
ected by variation of the scattering coefficient,
hereas the fluorescence signal is less sensitive to

hanges in scattering. It appears that the uneven
istribution of scatterers does not significantly contrib-
te to the inhomogeneity of a raw fluorescence image.
he geometrical effects are corrected in the ratio im-
ge, but the high and low scattering areas appear
learly and create artifacts in maps of fluorescence
ield. Fortunately, the structure of real tissue, which
etermines the scattering coefficients, is not likely to
ary so suddenly as in the scattering contrast phan-
om. The artifacts of scattering may not play an im-
ortant role in clinical applications.

6. Conclusions

A combination of cross-polarized and fluorescence im-
aging techniques has been successfully used to cor-
rect geometrical effects in fluorescence measurement
of tissuelike turbid media. This technique permits

Fig. 14. Relative change of FyR ratio as a function of excitation
and collection angle u. The vertical axis is the difference between
the ratio at angle u and at 0° divided by the ratio at 0°.
mapping of fluorescence yield over a homogeneous
tissue surface. The sensitivity and accuracy of the
detection of variations in fluorescence depend weakly
on the excitation incident and fluorescence collection
angles. Based on the experimental results, the ratio
imaging technique can identify a variation of fluores-
cence in tissue of greater than 7% when excitation
incident and fluorescence collection angles are in the
range 0–70°. It should be emphasized that the the-
oretical analysis and the experimental study were
done with single-layered tissuelike samples. As was
discussed in Ref. 13, real tissues are usually multiply
layered; their fluorophores are distributed as a func-
tion of depth. Extensive in vivo investigation will be
needed to evaluate the performance of this ratio tech-
nique for clinical practice. Our future research will
focus on understanding the relation between polar-
ized light and fluorescence in tissue and on construct-
ing an endoscopic imaging system based on the ratio
method for in vivo study of autofluorescence of hu-
man tissue.

This research was funded by Hong Kong Re-
search Grants Council grants CA97y98.EG01 and
HKUST6207y98P and by the Hong Kong University
of Science and Technology.
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