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Abstract. A fast spectroscopic system for superficial and local deter-
mination of the absorption and scattering properties of tissue (480 to
950 nm) is described. The probe can be used in the working channel
of an endoscope. The scattering properties include the reduced scat-
tering coefficient and a parameter of the phase function called g,
which depends on its first two moments. The inverse problem algo-
rithm is based on the fit of absolute reflectance measurements to cu-
bic B-spline functions derived from the interpolation of a set of Monte
Carlo simulations. The algorithm’s robustness was tested with simula-
tions altered with various amounts of noise. The method was also
assessed on tissue phantoms of known optical properties. Finally,
clinical measurements performed endoscopically in vivo in the stom-
ach of human subjects are presented. The absorption and scattering
properties were found to be significantly different in the antrum and in
the fundus and are correlated with histopathologic observations. The
method and the instrument show promise for noninvasive tissue diag-
nostics of various epithelia. © 2003 Society of Photo-Optical Instrumentation Engi-
neers. [DOI: 10.1117/1.1578494]
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1 Introduction
The optical properties of a biological tissue depend on its
biochemical composition and its cellular and subcellular
structure. Therefore optical measurements have a strong p
tential for the development of noninvasivein vivo medical
diagnostic tools, often called ‘‘optical biopsy.’’ Such tech-
niques should significantly improve the efficiency of biopsies
or help in determining the tumor margins in a surgical field.
Several types of optical properties can be measured, such
fluorescence,1,2 Raman scattering,3 and absorption and
scattering,2,4–8 each of them giving complementary informa-
tion on the tissue.4

We focus in this paper on the absorption and scattering
properties of tissue. In the visible and near-infrared range, th
absorption spectrum is related to the concentration of chro
mophores, such as oxyhemoglobin and deoxyhemoglobin, fa
and water.9 Such chromophores vary significantly with tissue
metabolism.10 The scattering properties are related to the size
distribution of cells and organelles, which are parameters use
to differentiate normal from abnormal tissues in standard
histopathology.5,6 Previous studies showed that the absorption
and scattering of tumor tissues differ from their surrounding
normal tissue.7,11,12

The absorption and scattering properties of a bulk tissu
can be calculated from measurements of the diffuse reflec
tance using an appropriate model of the light propagation in
tissue. Such techniques have been extensively described wh
interrogating a relatively large part of the tissue, typically cu-
bic centimeters.10–12 In such cases, the light propagation can
be modeled using diffusion theory.13,14Nevertheless, potential
medical applications, such as biopsy guidance, require the in
vestigation of a small volume of tissue, on the order of few
cubic millimeters. In such a case, only small source–detecto
separations must be used.

Promising results have been obtained using spectroscop
reflectance measurements at a short source–detect
separation,2,4–7,15,16 demonstrating that important diagnostic
information is contained in the reflectance spectrum. Never
theless, most groups base their analysis on the waveleng
dependence of the raw reflectance, without separating the a
sorption and scattering properties. In such a case, the interpr
tation of the reflectance spectrum in terms of tissue physiol
ogy is difficult, owing to coupling between the tissue
absorption and scattering properties. Since absorption an
scattering are fundamentally linked with different aspects o
tissue physiology, and chromophore content and structure, re
spectively, the determination of both properties individually is
expected to improve the discrimination among different tis-
sues types and/or alterations.

We showed recently,7,17 along with other groups,4,8,18 that
the local and superficial~average volume of 1 mm3! determi-
nation of the scattering and absorption properties of tissu
was possible noninvasively. Our method relies on the mea
surements of reflectance spectra at different small source
detector separations, and on a model based on Monte Car
simulations. The model takes into account the influence of th
phase function and does not require any assumption about th
optical properties of the medium, unlike other methods.4,8,18

Moreover, the use of spatially resolved reflectance could ac
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commodate more complex models that take into acco
multilayer geometries.19

As shown recently by Kienle et al.,20 the accuracy of the
optical properties can be adversely affected if the effect of
phase function is not incorporated into the model. We c
sider the phase function parameterg5(12g2)/(12g1),
whereg1 andg2 are the first two moments of the phase fun
tion, respectively. This parameter is the most important
rameter of the phase function for reflectance measurem
close to the source,17 and is related to the size distribution o
scatterers inside the tissue.

In a previous paper we reported measurements perfor
in vivo on human brain.7 The measurements were performe
only at few wavelengths and the data processing was not
timized. We present here further experimental validation a
several significant improvements of the method, which ma
it routinely applicable in clinical situations. In particular, w
built an instrument and an optical probe capable of measu
spectrally and spatially resolved reflectance through the wo
ing channel of an endoscope. We also developed an effic
and fast algorithm for the determination of broadband spe
of the absorption coefficient, reduced scattering coefficie
and phase function parameterg, based on cubic B-spline in
terpolation of Monte Carlo simulations.

We first describe the methodology, including the expe
mental setup and the fitting algorithm. Second, we report
sults on the accuracy and precision of the method, based
simulations and tissue phantoms of known optical propert
Third, we reportin vivo clinical measurements performed e
doscopically on a human gastrointestinal tract.

2 Materials and Methods
2.1 Experimental Setup
The schematic of the experimental setup is shown in Fig
The light source is a halogen lamp~Ocean Optics LS-1! that
is stabilized~variations less than 1% after 40 min of warmin
up!. Other light sources can be selected by an optical swi
The optical switch has one output connected to the illumin
ing fiber of the optical probe and another one to a refere

Fig. 1 General scheme of the acquisition setup.
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In vivo endoscopic tissue diagnostics . . .
Fig. 2 Diagram of the algorithm for the automatic spectral determina-
tion of ma , ms8 , and g. (a) First, a set of reflectance curves simulated
by the Monte Carlo method is produced for a wide range of discrete
values for each optical coefficient (i.e., ma , ms8 , and g). (b) Second,
the simulated curves are interpolated by cubic B-splines to provide a
reflectance curve (c) for any value of ma , ms8 , and g. Finally, for each
wavelength of the spectrum, a fit (d) of the measured reflectance curve
(e) is performed onto the interpolated set of simulated curves, allow-
ing for the determination of ma , ms8 , and g. The fitting algorithm used
is Levenberg-Marquardt.
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channel that is connected directly to the spectrometer. Tempo
ral variations of the source spectrum are corrected by the me
surement made on the reference channel.

The optical probe is made of eleven optical fibers, one for
illumination and ten for detection@see Fig. 2~e!#. The fibers
usedare multimode silica fibers~FVP-200 PF from Thorlabs
Inc.! with a numerical aperture of 0.22 and a core diameter o
200mm. They are coated with a 20-mm polyimide sheath. The
ten detection fibers are placed at various distances~noted as
r i , i 51–10) from the illumination fiber, ranging approxi-
mately from 0.3 to 1.35 mm with a step of approximately 0.1
mm. They are held in place in the probe by two laser micro-
machined alignment pieces. This procedure leads to a hig
accuracy in fiber positioning~approximately 15mm!, which
allows the construction of several identical probes. All the
components have been chosen to with stand routine disinfe
tions and/or sterilization without damage.

The ten detecting fibers are connected to an imaging spe
trometer ~Jobin-Yvon CP 200! with a Peltier-cooled CCD
camera~Hamamatsu C7041 and S7031-1008!. A mechanical
shutter sets the integrating time of the CCD camera~usually
about 600 ms!. The image acquired on the camera is digitized
-
-

-

-

by a 12-bit analog/digital card~National Instrument PCI-
MIO-16E-4!. A single computer is used to control the instr
mentation and to process the data. A typical measurem
takes 4 s, including a first acquisition while the tissue is il
minated by the source fiber and a second acquisition m
with the source fiber switched off. This allows the subtracti
of the dark current noise and the background light.

In order to obtain absolute reflectance spectra, a two-s
calibration procedure is performed. First, the effect of t
spectral responses of the source, fibers, grating, and det
is corrected by performing a measurement on a spectrally
reflectance standard. Typically, the probe is inserted inside
integrating sphere~made of Spectralon SRS-99, Labsphe
Inc.!. Second, the effective source intensity is obtained
performing a series of measurements on a solid turbid sil
ane phantom whose optical properties(ma , ms8 , andg! were
previously determined at 675 nm by combining frequenc
domain and spatially resolved measurements.7 The compari-
son of the phantom measurement with the expected abso
reflectance from a Monte Carlo simulation allows the calib
tion of the absolute intensity of the experimental reflectan
Note that this calibration factor is wavelength independe
since all the spectral features of the instrumentation have b
corrected in the first step. This calibration routine is p
formed every time the probe is reconnected to the setup,
fore or after the measurement session. Repeated mea
ments on the calibration phantom over a six-month per
showed a standard deviation of approximately 4%, which w
mostly due to the variability of the coupling between th
probe and the phantom. Once the absolute reflectance sp
are calculated, the optical coefficientsma(l), ms8(l) andg~l!
are determined by the algorithm presented in Sec. 2.4.

2.2 Optical Model at Short Source–Detector
Distances: The g Parameter
Consider a tissue illuminated by a fiber with a unit of incide
power. The spatially resolved reflectanceR(r) is defined as
the power of the backscattered light per unit of area detec
by a second fiber at the surface of the tissue at a distanr
from the source.R(r) depends on the optical properties of th
sample, i.e., the absorption coefficientma , the scattering co-
efficient ms , and the phase functionp(cosu) ~whereu is the
scattering angle!, the refractive indexn, and the numerical
aperture NA of the detecting fibers.

The phase function can be expanded into a series of L
endre polynomialsPn(cosu):

p~cosu!5(
n

~2n11!gnPn~cosu!. ~1!

In this expression,gn is the n’th order moment of the phase
function:

gn52pE
0

p

Pn~cosu!p~cosu!d~cosu!, ~2!

where g1 is the conventional anisotropy factor, genera
noted asg. In the diffusion approximation of the transpo
theory, g1 is the only parameter used to describe the ph
function. In this case, it is useful to define the reduced sc
tering coefficientms85ms(12g1).
Journal of Biomedical Optics d July 2003 d Vol. 8 No. 3 497
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Thueler et al.
The diffusion approximation generally holds forms8r.5
and ms8.100ma . For shorter source–detector separations
typically when 0.5,ms8r,5, we showed17 that the second
moment of the phase functiong2 must also be taken into
account. This case corresponds to the measurement perform
with the probe described in Sec. 2.1.

Using the similarity relations introduced by Wyman
et al.,21 it is easy to show that besides the refractive index,
only three parameters are needed to accurately describe t
light propagation at such short source–detection distances17:
ma , ms8 , andg where

g5
12g2

12g1
~3!

andg depends on the scatterer’s relative refractive index an
on the ratio between the scatterer size and the wavelength;g
varies between 0.9~Rayleigh-type scattering! and values
larger than 2~large scatterers compared with wavelength!. We
also showed that for a fractal distribution,g is related to the
fractal power of the size distribution of the scatterers.22 Note
also that for a Henyey-Greenstein phase function,g25g1

2 and,
therefore,

g5g15g21. ~4!

2.3 Monte Carlo Simulation
We used Monte Carlo simulations as our basis for the mode
of light propagation. As already mentioned, standard diffusion
theory is inadequate for the small source–detector separatio
we used in experiments17 The Monte Carlo simulations allow
us to generate reflectance curves noted asRsim(r i ,ma ,ms8 ,g)
@see Fig. 2~a!#. The code we used has been extensively teste
and allows the use of any phase function given in discretize
form,23,24 We used a modified form of the
Henyey-Greenstein25 phase functionpHG(u,gHG), noted as
pMHG(u,gHG,j) ~see Ref. 17!:

pMHG~u,gHG,j!5j3pHG~u,gHG!1~12j!
3

4p
cos2 u

j50–1, ~5!

wherej is a normalization factor. According to Eq.~1!, add-
ing thecos2 u term only affects the value ofg2 . Thus, choos-
ing g1 andg2 , i.e., settingg, uniquely determines the values
of gHG andj. The tissue was considered to be homogeneou
and its refractive index was fixed at 1.4. Our simulations took
into account the geometry of the probe. The fibers had a di
ameter of 200mm; the index mismatch between the probe
(n51.5) and the tissue was taken into account by the Fresne
law. We showed in a previous paper7 that for the type of probe
used in the experiment, the index mismatch outside the prob
does not play a significant role.

In order to decrease the Monte Carlo noise and limit the
number of photons~one million photons have been simulated
for each reflectance curve!, the numerical aperture was set at
a higher value than in the experiments~0.279 instead of
0.157!. This use of the higher numerical aperture was chose
as a tradeoff between simulation time, noise in the simulation
and accuracy degradation. Several tests showed that aft
498 Journal of Biomedical Optics d July 2003 d Vol. 8 No. 3
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renormalization of the intensity, this mismatch introduced
typical error smaller than 2% and a maximum error of 4
Note that in both the simulation and the experiments, the
merical aperture corresponds to a narrow solid angle~a half
angle of 16° instead of 9°! and the angular distribution is
close to a Lambertian distribution for such small-ang
ranges.

Approximately forty discrete values were chosen forma

and ms8 , ranging respectively from 0.003 to 10 mm21 and
from 0.5 to 10 mm21; twenty values were chosen forg, rang-
ing from 1.0 to 2.9. This resulted in a four-dimensional mat
of simulated reflectance curves, noted asRsim(r i ,ma ,ms8 ,g),
each coefficient taking only discrete values. Using these
rameters, 32,000 reflectance curves have been computed,
for a specific triplet of optical coefficients(ma ,ms8 ,g). Since
the path lengths and exit positions of each simulated pho
were stored, a full Monte Carlo simulation was required on
for each different value ofg ~thus twenty simulations only!.
Assuming the tissue is homogeneous, scaling relationshi17

allow us to derive any reflectance curveRsim(r i ,ma ,ms8 ,g)
from a single simulationRsim(r i ,ma50,ms851,g), g being
kept constant.

2.4 Algorithm for the Determination of ma , ms8 ,
and g

We denoter i , i 51–10,the distances between the ten dete
ing fibers and the illuminating fiber, andRmes(r i) as the mea-
sured reflectance at these distances for a given wavelen
The inverse problem corresponds to determining the opt
coefficient triplet(ma ,ms8 ,g) that is the closest to the reflec
tance curveRmes(r i).

The basic idea of the algorithm, as shown in Fig. 2, is to
the measured reflectance curveRmes(r i) onto a set of previ-
ously simulated reflectance curves, forming a matrix noted
Rsim(r i ,ma ,ms8 ,g). An algorithm based on a lookup tabl
can be performed as a first step. However, in such a case
number of simulations performed naturally limits the acc
racy of the result. Since the reflectance curves are continu
in all their parameters, this problem could be overcome
interpolating the basic set of simulations. The result of
interpolation is thus a functionR̄sim(r i ,ma ,ms8 ,g), which is a
numerical function defined for any value of the optical coe
ficient triplets(ma ,ms8 ,g) within their definition ranges and
for each discrete distancer i , i 51–10.

The matrixRsim(r i ,ma ,ms8 ,g) was interpolated with cu-
bic B-splines.26 Schönberg et al.27 have shown that any dis
crete functionR(x), (xPZ) may be interpolated by a uniqu
combinationc(k) of B-splinesbn(x):

R~x!5 (
kPZ

c~k!bn~x2k!, ~6!

where c(k) is the weighing coefficient of the B-spline
bn(x2k) centered onk.

Cubic B-splinesb3(x) are defined like pieces of polyno
mials of degree 3, smoothly connected:
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Fig. 3 Accuracy of the algorithm to determine ma , ms8 , and g from noisy reflectance curves. The relative amplitudes of uniformly distributed noise
added to the simulated reflectance curves were 2, 4, and 8%, and both the maximal (thin lines) and average (bold lines) inaccuracies are plotted.
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Interpolation of multivariable functions is generalized by re-
placing c(k) by c(k,l ,...,m) and by replacingbn(x2k) by
bn(x2k)3bn(y2 l )...bn(z2m) in Eq. ~6!, the number of
B-splines matching the number of variables. The derivative o
the functionR(x) may also easily be obtained by replacing
the B-spline function by a combination of B-splines of the
inferior degree but keeping the same coefficientsc(k).

If the function R(x) is known onx values that are not
integers—as is the case for the reflectance matrix
Rsim(r i ,ma ,ms8 ,g)—it must be made uniform. This step is
performed by interpolating the function with nonuniform
splines, resampling it on the integers, and finally interpolating
it again with uniform B-splines. This process, fully described
in Ref. 28, has been applied onRsim(r i ,ma ,ms8 ,g).

In terms of performance, this interpolation method is very
efficient because the initial matrixRsim(r i ,ma ,ms8 ,g) is eco-
nomically replaced by a matrix of coefficientsc(r i ,k,l ,m) of
the same dimension, and any value ofR̄sim(r i ,ma ,ms8 ,g) is
calculated by the summation of 334 B-splines weighted by
their coefficientsc(r i ,k,l ,m).* The interpolated function
R̄sim(r i ,ma ,ms8 ,g) could then be properly used to fit any
measured reflectance curve in order to determine its optica
coefficients. To perform the fit, the Levenberg-Marquardt al-
gorithm was chosen because of its efficiency and its robus
ness. Appropriately, this algorithm minimizes the quantity
noted asx2 and defined as

x25(
i 51

10 S Rmes~r i !2R̄sim~r i ,ma ,ms8 ,g!

s i
D 2

, ~8!

wheres i is the standard deviation of each data point.
As required by the algorithm, the Jacobean of the

R̄sim(r i ,ma ,ms8 ,g) function can be calculated economically,
as mentioned before, by the combination of square B-splines
For the lowest wavelength, a first set of parameters
(ma ,ms8 ,g) is determined using a lookup table based on the
discrete set of simulationsRsim(r i ,ma ,ms8 ,g). These values

*Since there are three variables,ma , ms8 and g, the expression of
Rsim(r i ,ma ,ms8 ,g) requires three B-splines. But then the infinite summa-
tion onkPZ may be reduced to four terms because the splines are all zer
outside the interval#22;2@.
l

.

are then used as initial guesses for the Levenberg-Marqu
algorithm. For the next wavelength, the initial values a
taken directly from the previous wavelengths~typically from
an average of the four closest wavelengths!. Nevertheless, we
found the converged values to be insensitive to the ini
guesses, which is related to the fact that only single mini
were found in thex2 function, as discussed in the next se
tion. The determination of the optical coefficients for a who
spectrum, composed of 510 wavelengths~480 to 950 nm!
takes about 50 s~on a 400-MHz Pentium personal compute!.

3 Results and Discussion
3.1 Algorithm Robustness to Noise
Various assessments of the algorithm are reported in this
tion. First, in order for the algorithm to work properly, it
solution must be unique. This is guaranteed if only a sin
minimum is present in thex2 function. An inspection of the
x2 function over the whole range of values ofma , ms8 , andg
for which the algorithm is defined~i.e., ma from 0.003 to 10
mm21, ms8 from 0.5 to 10 mm21, and g from 1.0 to 2.9!
revealed only a single minimum for each set of paramet
Second, the robustness of the algorithm was studied by
sessing the impact of noise on the accuracy of the opt
coefficient determination. For this, noise~uniformly distrib-
uted! was added to simulated experimental reflectance cur
The relative errors between the result of the fit and the
pected optical properties were estimated and are shown in
3 for noise of 2, 4, and 8% of the reflectance curve. Su
noise figures are realistic for clinical tissue measureme
where tissue heterogeneity plays a significant role as nois
the reflectance curve. For each noise value, both the max
and average errors of determination are plotted. Typically,
mean error onms8 and g is lower than 3, 5, and 10% for a
noise of 2, 4, and 8%, respectively. The maximum error onma
is lower than 6, 15, and 30% for a noise of 2, 4, and 8
respectively. The determination ofma is the most sensitive to
noise because the sensitivity of the measurement to the
sorption is not optimal owing to the relatively short pa
length at a short source–detector separation. Also, the e
increases significantly at low absorption, especially for a
sorptions lower than 0.05 mm21. Specifically, ma values
smaller than 0.02 mm21 cannot be reasonably estimated a
curately with such a small source–detector separation. Th
fore this method is best adapted to wavelengths in the vis
~400 to 700 nm! or wavelengths higher than 900 nm, whe
ma is typically higher than 0.02 mm21 in tissues. Overall,
Journal of Biomedical Optics d July 2003 d Vol. 8 No. 3 499
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Fig. 4 Comparison of the predicted spectra of optical coefficients
(dashed curve) and those measured (solid curve) on the phantoms.
The bold line is the average and the thin solid ones are the standard
deviations.
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these results demonstrate thatma , ms8 , and g can be deter-
mined simultaneously from the reflectance curve at shor
source–detector separations, which is a remarkable result.

3.2 Experiments With Phantoms
In order to complete the validation of the method, we per-
formed a series of measurements on tissuelike phantoms ma
of suspended and dyed microspheres. Ge´lébart et al.29 have
suggested that tissue phase functions could be advantageou
simulated with a mixture of spheres with different diameters.
Following this approach, we mixed polystyrene microspheres
of five different diameters: 1, 0.5, 0.2, 0.1, and 0.05mm. An
identical concentration of 1.3@g/liter# was set for each diam-
eter, corresponding to a sphere density decreasing asd23,
whered is the sphere’s diameter. The scattering spectrams8(l)
500 Journal of Biomedical Optics d July 2003 d Vol. 8 No. 3
e
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andg~l! were calculated by Mie theory,30 assuming a refrac-
tive index of 1.60 for polystyrene and 1.33 for water.

The absorption properties of the solution were obtained
adding Nigrosin to the microsphere suspensions with a c
centration of 59.0961.65 mg/ml. The Nigrosin absorption
spectrumma(l) was determined by spectrophotometry. Fi
ure 4 shows a comparison of the predicted spectra of op
coefficientsma(l), ms8(l), and g~l! and the corresponding
spectra measured experimentally with the probe.

A preliminary analysis allowed us to make two adjus
ments in the experimental procedure that eliminated t
sources of systematic errors. First, we found that the use
the two closest fibers~r'0.3! did not fit well with the simu-
lations and was causing a systematic error. This effect
most likely due to a mismatch in higher moments of the ph
function between our theoretical and experimental mod
Our theoretical model assumes that only the first two m
ments of the phase function affect the reflectance. We sho
in Ref. 17 that such an assumption is valid for an opti
distancerms8.0.5. Shorter distances can be used only
higher moments are matched between the simulation and
periment. This is indeed generally not the case between
average phase function of microsphere mixtures made of o
five sizes of spheres and the modified Henyey-Greens
phase function used in the simulation. Thus, these two fib
were removed from the analysis of the phantom measu
ments. However, the first two fibers have been kept wh
analyzing tissue measurements, since in this case the h
order moments of the tissue phase function are expecte
match significantly better with the ones of the modifie
Henyey-Greenstein phase function. Moreover, adding th
two fibers improved the robustness of the fit. Second, a s
tematic difference of 5% was found in the reflectance int
sity between experiments and simulations, which was ma
due to the refractive index difference between the phan
(n51.33) and the refractive index assumed in the simulatio
(n51.40,corresponding to tissue!.

Figure 4 shows the comparison between the predicted
experimentalma(l), ms8(l), andg~l! values. The agreemen
on ms8(l) and g~l! is excellent, with an error typically les
than 5%. A good agreement is also found forma(l) with an
error less than 10%. These results confirmed the algori
test described in the previous section.

3.3 In Vivo Measurements of Human Gastrointestinal
Tracts
In this section we present measurements performedin vivo on
the human stomach, in the antrum~lower part of the stomach!
and fundus~upper part! during gastroscopic examination
These results represent an example of the clinical feasib
of the method. Other studies are currently being performed
the colon and the uterus. One of the medical interests of
method lies in the possibility of instantly discriminating ga
tritis from normal casesin vivo during gastroscopy. This ne
cessitates the determination of normal values for the muc
in the antrum and in the fundus, which are presented here
a companion paper,31 we will report further studies on the
stomach, showing that this technique is sensitive to differ
stages of gastritis and to subtypes as well.32
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Fig. 5 Average (bold lines) and standard deviations (thin lines) of op-
tical coefficients measured for normal antrum (solid curve) and nor-
mal fundus (dashed curve).
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A set of 35 patients, 21 females and 14 males, aged from
23 to 87 with an average age of 50 were examined. For eac
patient, four sites were usually selected to be measured, tw
in the antrum and two in the fundus. The optical probe was
inserted into the working channel of the gastroscope at th
end of the examination and gently applied on the tissue. Th
pressure could not be monitored during acquisition, but othe
controlled measurements on mouse skin showed that pressu
variations did not significantly alter the results.

The endoscope illumination was turned off after the probe
placement because of its high intensity. During this time, four
to six measurements were taken in approximately 20 s. At th
end, the endoscope illumination was turned on again and me
surements were accepted and averaged if the probe stayed
the same location. The accept rate was approximately 80%
Immediately after that, a biopsy was taken on the measure
ment site, which could be precisely located by a light mark on
re

-
at
.
-

the epithelium. The data were analyzed after the clinical s
sion.

Figure 5 shows the average optical properties,ma(l),
ms8(l), andg~l!, of twenty-two measurements performed
the antrum and sixty measurements performed in the fun
All sites were found normal after biopsy. First, as expect
ma(l) clearly shows the presence of hemoglobin, charac
ized by absorption peaks at 541 and 576 nm. The absorp
decreases significantly in the near-infrared range. The sl
increase for wavelengths larger than 850 nm is due to w
and hemoglobin. The concentration of total oxyhemoglo
(HbO2) and deoxyhemoglobin~Hb! were obtained by a least
square fit ofma(l). The total hemoglobin concentration~i.e.,
@HbO2#1@Hb#) was 20.062.6 mM in the antrum, with a
saturation(sO2) around 48%. In the fundus, a similar tota
hemoglobin concentration was found, 21.062.6 mM, whereas
the saturation drops to 21%. This surprising very low satu
tion could nevertheless be explained by a high concentra
of CO2 in the mucosa. Further investigations are needed
validate such results, since no other data on the oxygena
and saturation of hemoglobin in the fundus mucosa have b
published yet. Thems8(l) spectra measured in both the fund
and antrum are monotonically decreasing, corresponding
proximately to a power function, as expected for tissue.9,29,33

The scattering spectrumms8(l) is found to be significantly
lower in the antrum than in the fundus over nearly the en
spectrum.

The g~l! spectra are approximately constant. This is co
sistent in the case of a large distribution of scatterer sizes
found in tissue. As a matter of fact, similar findings we
displayed in the experiment and simulation using the mic
sphere suspensions. Computations with Mie scatterers sho
that the g~l! value is related to the scatterer siz
distribution.22,32 Therefore the absoluteg value might be im-
portant in differentiating tissue types.

Fig. 6 Histological slices of antrum (a) and fundus (b). Whereas the
layered structure is clearly visible in the fundus with the glandular
region (G) clearly distinct from the foveolar (F), the structure of the
epithelium is thinner and less contrasted in the antrum. Moreover, the
mucosa is two times thicker in the fundus than in the antrum.
Journal of Biomedical Optics d July 2003 d Vol. 8 No. 3 501
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Thueler et al.
For the antrum and the fundus, theg values are 1.960.1
and 2.060.1, respectively. Assuming a Henyey-Greenstein
phase function, these values would correspond to ag of 0.9
and higher. Such values are basically in agreement withg
values commonly accepted for tissue. However, theg values
are found in some cases to be larger than 2, which could no
be produced by a simple Henyey-Greenstein phase function
This seems to confirm previous results showing that a
Henyey-Greenstein function alone does not approximate th
tissue phase function adequately at large angles, but needs
be completed by either a second Henyey-Greenstein functio
with a negativeg value or acos2 u function.17,20

The differences between the fundus and antrum found in
the scattering propertiesms8(l) and g~l! can be correlated
with the histological analysis of the biopsy samples. Figure 6
shows typical histological images of tissue resected after mea
surements. These images clearly show a difference in th
thickness of the foveolar and glandular regions between th
antrum and the fundus. These differences are likely to be th
source of the differences observed in thems8(l) and g~l!
coefficients. We recently showed34 correlations between spec-
tra of optical coefficients measured with this setup and histo
logical analysis of a mouse skin alteration model.

Globally, these results demonstrate that the scattering
ms8(l) and g~l!, and absorption,ma(l), properties of the
tissue can be separated quantitatively. Only a fairly small cou
pling effect with thema(l) spectrum can be observed in both
ms8(l) andg~l! spectra. Such a coupling is unavoidable con-
sidering that actual tissue is not homogeneous, which is th
opposite of the theoretical model. As already mentioned, th
layer structure is obvious in Fig. 6.

Two approaches are possible to further diminish such a
coupling and improve accuracy. First, thema(l), ms8(l), and
g~l! spectral shapes could be constrained. Thema(l) spec-
trum can be assumed to result from known chromophore
such as Hb,HbO2 , water and fat. As discussed earlier, in
tissue,ms8(l) approximately follows a power law andg~l! is
approximately a linear function. Incorporating such condi-
tions in the inverse problem would significantly decrease cou
pling effects. Second, a layer model could be used to mor
closely model the tissue structure. Spatially resolved measure
ments seem appropriate to determine some of the propertie
of a two-layer geometry.19

4 Conclusions
We have presented a method to determine the scattering a
absorption spectra of small volumes of tissuein vivo. This
method is based on the measurement of the spatially and spe
trally resolved reflectance with a small optical probe~2.3-mm
diameter!, that can be used in the working channel of endo-
scopes. Three coefficients are determined simultaneous
from the measurements,ma(l), ms8(l), and the phase func-
tion parameterg~l!. The computation of these parameters was
obtained from a Levenberg-Marquardt fit of the measured re
flectance to cubic B-spline interpolation of Monte Carlo simu-
lations.

The robustness of the algorithm has been assessed usi
simulated reflectance curves, adding various degrees of nois
These results showed thatma(l) is the coefficient most sen-
sitive to noise, especially for low absorption. The accuracy o
502 Journal of Biomedical Optics d July 2003 d Vol. 8 No. 3
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the method was also tested on tissue phantoms with kn
optical properties. A good agreement between the meas
ment and prediction was found. Typically,ma(l), ms8(l), and
g~l! can be determined with an error smaller than 10%.

The ability to perform clinical measurements was demo
strated. Measurements on 35 patients were performed on
stomach epithelium through the working channel of a gas
scope. The average was found to be significantly differen
the antrum and in the fundus. To our knowledge, these m
surements are the first report of the simultaneousin vivo de-
termination of broadband spectra of the absorption coeffic
ma(l), reduced scattering coefficientms8(l), and phase func-
tion parameterg~l!. We believe that this method has promi
for providing important clinical information to guide biopsie
efficiently.
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28. A. Muñoz Barrutia, T. Blu, and M. Unser, ‘‘Non-uniform to uniform
grid conversion using least-squares splines,’’Proceedings of the
Tenth European Signal Processing Conference (EUSIPCO’00), Tam-
pere, Finland, September 4–8, 2000, Vol. IV, pp. 1997–2000.
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