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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 v,
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 Source
The optical properties of a biological tissue depend on its Halogen || Source :
: . o . Optical P
biochemical composition and its cellular and subcellular source Selector puzal fxbe
. Ref
structure. Therefore optical measurements have a strong po- A
tential for the development of noninvasiwe vivo medical Monte Carlo | !
diagnostic tools, often called “optical biopsy.” Such tech- Simulations |
: S : e o I 10 fibres
niques should significantly improve the efficiency of biopsies T | B
or help in determining the tumor margins in a surgical field. | (*+ Ref)
Several types of optical properties can be measured, such as PC ___| }““er
fluorescencé? Raman scattering, and absorption and " (ke o
scattering?*~® each of them giving complementary informa- 17 L
. . —>|cco
tion on the tissué.

We focus in this paper on the absorption and scattering
properties of tissue. In the visible and near-infrared range, the
absorption spectrum is related to the concentration of chro-
mophores, such as oxyhemoglobin and deoxyhemoglobin, fat
and wateP. Such chromophores vary significantly with tissue
metabolism?® The scattering properties are related to the size
distribution of cells and organelles, which are parameters used
to differentiate normal from abnormal tissues in standard )
histopathology:® Previous studies showed that the absorption cOmMmodate more complex models that take into account

. . 9
and scattering of tumor tissues differ from their surrounding Muitilayer geometries’ 0
normal tissud:1112 As shown recently by Kienle et &° the accuracy of the

The absorption and scattering properties of a bulk tissue optical properties can be adversely affected if the effect of the

can be calculated from measurements of the diffuse reflec-zirg;sre tEienCtlr?gss’ ?uorfclt?gr?rp(;rgﬁitmg(tlhf m)(;((jfl; W;J con-
tance using an appropriate model of the light propagation in P P ¥ 92 9u),

. : . : whereg; andg, are the first two moments of the phase func-
tissue. Suph technlques have been extens.lvely desgrlbed Whelﬂon, respectively. This parameter is the most important pa-
interrogating a relatively large part of the tissue, typically cu-

. ; 0-12 ) . rameter of the phase function for reflectance measurements
bic centimeters®~*2In such cases, the light propagation can

. e . close to the sourct,and is related to the size distribution of
be modeled using diffusion theoty** Nevertheless, potential

. o . ) : __ scatterers inside the tissue.
medical applications, such as biopsy guidance, require the in- |, 4 previous paper we reported measurements performed

vestigation of a small volume of tissue, on the order of few . vivo on human braif. The measurements were performed
cubic millimeters. In such a case, only small source—detector only at few wavelengths and the data processing was not op-
separations must be used. _ _ _timized. We present here further experimental validation and

Promising results have been obtained using spectroscopicseyeral significant improvements of the method, which make
reflectance measurements at a short source—detectoft routinely applicable in clinical situations. In particular, we
separatiorf;*~"*>*® demonstrating that important diagnostic huyilt an instrument and an optical probe capable of measuring
information is contained in the reflectance spectrum. Never- spectrally and spatially resolved reflectance through the work-
theless, most groups base their analysis on the wavelengthing channel of an endoscope. We also developed an efficient
dependence of the raw reflectance, without separating the ab-and fast algorithm for the determination of broadband spectra
sorption and scattering properties. In such a case, the interpreof the absorption coefficient, reduced scattering coefficient,
tation of the reflectance spectrum in terms of tissue physiol- and phase function parametgrbased on cubic B-spline in-
ogy is difficult, owing to coupling between the tissue terpolation of Monte Carlo simulations.
absorption and scattering properties. Since absorption and We first describe the methodology, including the experi-
scattering are fundamentally linked with different aspects of mental setup and the fitting algorithm. Second, we report re-
tissue physiology, and chromophore content and structure, re-sults on the accuracy and precision of the method, based on
spectively, the determination of both properties individually is simulations and tissue phantoms of known optical properties.
expected to improve the discrimination among different tis- Third, we reportin vivo clinical measurements performed en-
sues types and/or alterations. doscopically on a human gastrointestinal tract.

We showed recentl}” along with other group$®8that
the local and superficidbverage volume of 1 m determi- .
nation of the scattering and absorption properties of tissue2 Materials and Methods
was possible noninvasively. Our method relies on the mea- 2.1 Experimental Setup
surements of reflectance spectra at different small source—The schematic of the experimental setup is shown in Fig. 1.
detector separations, and on a model based on Monte CarlaThe light source is a halogen lani@cean Optics LSthat
simulations. The model takes into account the influence of the is stabilized(variations less than 1% after 40 min of warming
phase function and does not require any assumption about thaup). Other light sources can be selected by an optical switch.
optical properties of the medium, unlike other methbg$ The optical switch has one output connected to the illuminat-
Moreover, the use of spatially resolved reflectance could ac- ing fiber of the optical probe and another one to a reference

Spectroscope

Waveleng ,

Fig. 1 General scheme of the acquisition setup.
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Simulation by a 12-bit analog/digital cardNational Instrument PCI-
MIO-16E-4). A single computer is used to control the instru-

o Source Hot 0..10 [mm™) mentation and to process the data. A typical measurement
8 K" 0.10 mm™] e () takes 4 s, including a first acquisition while the tissue is illu-
2 y:1.29 minated by the source fiber and a second acquisition made
_ with the source fiber switched off. This allows the subtraction
= Ry (P Moo 1Y) of the dark current noise and the background light.
In order to obtain absolute reflectance spectra, a two-step
ﬂ Spline interpolation  (b) calibration procedure is performed. First, the effect of the
2 spectral responses of the source, fibers, grating, and detector
§ l;§ . Reflectance curves is corrected by performing a measurement on a spectrally flat
2 g . for various (., .y ) reflectance standard. Typically, the probe is inserted inside an
&= 8 () integrating spherémade of Spectralon SRS-99, Labsphere
Q . . . . .
S & Inc.). Second, the effective source intensity is obtained by
& performing a series of measurements on a solid turbid silox-
Distance p ane phantom whose optical propert{gs,, u., andvy) were
= m—— previously determined at 675 nm by combining frequency-
Fitting R, (p) on R, (p) ) domain and spatially resolved measuremérifbe compari-
uniquely determines (p_,p ) son of the phantom measurement with the expected absolute
s — reflectance from a Monte Carlo simulation allows the calibra-
_ tion of the absolute intensity of the experimental reflectance.
< Calibration Note that this calibration factor is wavelength independent,
o X Integrating sphere since all the spectral features of the instrumentation have been
g™ (e) corrected in the first step. This calibration routine is per-
g1 % i i
g e <:| formed every time the probe is reconnected to the setup, be-
E Rentiepenne fore or after the measurement session. Repeated measure-
Distance=p Measure ments on the callbrathn_phantom over a 3|x-month_per|od
showed a standard deviation of approximately 4%, which was
Fig. 2 Diagram of the algorithm for the automatic spectral determina- mostly due to the variability of the coupling between the
tion of u,, u., and y. (a) First, a set of reflectance curves simulated probe and the phantom. Once the absolute reflectance spectra
by the Monte Carlo method is produced for a wide range of discrete are calculated, the optical coefficientg(\), ws(N) andy(\)
values for each optical coefficient (i.e., u,, u, and 7). (b) Second, are determined by the algorithm presented in Sec. 2.4.
the simulated curves are interpolated by cubic B-splines to provide a
reflectance curve (c) for any value of u,, u:, and y. Finally, for each 2.2 Optical Model at Short Source—Detector

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 u,, w., and y. The fitting algorithm used Consider a tissue illuminated by a fiber with a unit of incident
is Levenberg-Marquardt. power. The spatially resolved reflectanRép) is defined as
the power of the backscattered light per unit of area detected
by a second fiber at the surface of the tissue at a distance
channel that is connected directly to the spectrometer. Tempo-from the sourceR(p) depends on the optical properties of the
ral variations of the source spectrum are corrected by the mea-sample, i.e., the absorption coefficigns, the scattering co-
surement made on the reference channel. =~ efficient us, and the phase functiop(cosé) (where is the

The optical probe is made of eleven optical fibers, one for gcattering angle the refractive indexn, and the numerical
illumination and ten for detectiofsee Fig. 2)]. The fibers  g5eriure NA of the detecting fibers.
usedare multimode silica fibef&VP-200 PF from Thorlabs The phase function can be expanded into a series of Leg-
Inc.) with a numerical aperture of 0.22 and a core diameter of gngre polynomial®,(cosé):

200 um. They are coated with a 20m polyimide sheath. The

ten detection fibers are placed at various distarineted as

pi, i=1-10) from the illumination fiber, ranging approxi- p(cos&)zZ (2n+1)g,Pn,(cosb). (D)
mately from 0.3 to 1.35 mm with a step of approximately 0.1 n

mm. They are held in place in the probe by two laser micro- In this expressiong, is then'th order moment of the phase
machined alignment pieces. This procedure leads to a highfunction:

accuracy in fiber positioningapproximately 15«m), which

allows the construction of several identical probes. All the ™

components have been chosen to with stand routine disinfec- gnZZWfo Pn(cosé)p(cose)d(cosh), 2
tions and/or sterilization without damage.

The ten detecting fibers are connected to an imaging spec-where g, is the conventional anisotropy factor, generally
trometer (Jobin-Yvon CP 200 with a Peltier-cooled CCD noted asg. In the diffusion approximation of the transport
camera(Hamamatsu C7041 and S7031-1008 mechanical theory, g, is the only parameter used to describe the phase
shutter sets the integrating time of the CCD camesually function. In this case, it is useful to define the reduced scat-
about 600 mps The image acquired on the camera is digitized tering coefficientu,= us(1—g,).

Distances: The y Parameter
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The diffusion approximation generally holds far,p>5 renormalization of the intensity, this mismatch introduced a
and u.>100u,. For shorter source—detector separations, typical error smaller than 2% and a maximum error of 4%.
typically when 0.5< u/p<5, we showed that the second ~ Note that in both the simulation and the experiments, the nu-
moment of the phase functiog, must also be taken into ~ Mmerical aperture corresponds to a narrow solid arglealf
account. This case corresponds to the measurement performe@ngle of 16° instead of 9°and the angular distribution is
with the probe described in Sec. 2.1. close to a Lambertian distribution for such small-angle

Using the similarity relations introduced by Wyman ranges.
et al.? it is easy to show that besides the refractive index, ~ Approximately forty discrete values were chosen foy
only three parameters are needed to accurately describe th&@nd ug, ranging respectively from 0.003 to 10 mrand
light propagation at such short source—detection distahces from 0.5 to 10 mm*; twenty values were chosen for rang-

ta, pb, andy where ing from 1.0 to 2.9. This resulted in a four-dimensional matrix
of simulated reflectance curves, notedRag,(pi , ha, 4s V),
1-9, each coefficient taking only discrete values. Using these pa-
Y1z 9 () rameters, 32,000 reflectance curves have been computed, each

for a specific triplet of optical coefficien{st,,xs,7y). Since
and y depends on the scatterer’s relative refractive index and the path lengths and exit positions of each simulated photon
on the ratio between the scatterer size and the wavelength; were stored, a full Monte Carlo simulation was required only
varies between 0.9Rayleigh-type scatteringand values  for each different value of (thus twenty simulations only
larger than 2large scatterers compared with wavelengthie Assuming the tissue is homogeneous, scaling relationShips

also showed that for a fractal distribution,is related to the  ajlow us to derive any reflectance curRgim(pi ,ta, L »7)
fractal power of the size distribution of the scatterérslote from a single simulatiorRg(p; ,4a=0,4.=1,7), v being
1 s 1 ’

also that for a Henyey-Greenstein phase functipss g% and, kept constant.
therefore,
9=9:=y—1. 4
2.4 Algorithm for the Determination of w,, u.,
2.3  Monte Carlo Simulation and vy
We used Monte Carlo simulations as our basis for the model We denotep; , i = 1-10,the distances between the ten detect-

of light propagation. As already mentioned, standard diffusion ing fibers and the illuminating fiber, ari®l,{ p;) as the mea-
theory is inadequate for the small source—detector separationsured reflectance at these distances for a given wavelength.
we used in experimeritsThe Monte Carlo simulations allow  The inverse problem corresponds to determining the optical
us to generate reflectance curves note®as(pi, La, Me »7Y) coefficient triplet(u,,us ,y) that is the closest to the reflec-
[see Fig. 28)]. The code we used has been extensively tested tance curveRpedpi).
and allows the use of any phase function given in discretized  The basic idea of the algorithm, as shown in Fig. 2, is to fit
form??* We wused a modified form of the the measured reflectance cumRg.{p;) onto a set of previ-
Henyey-Greensteffi phase functionpyg(6,9uc), hoted as ously simulated reflectance curves, forming a matrix noted as
PmHc(0,9Hc,€) (see Ref. 1F. Rsim(Pi » a 44, Y). An algorithm based on a lookup table
can be performed as a first step. However, in such a case, the
number of simulations performed naturally limits the accu-

Pmic(0,9hG,6) = EXPpc(0,dhe) +(1— &) Eco§ 4 racy of the result. Since the reflectance curves are continuous
in all their parameters, this problem could be overcome by
§=0-1, ©) interpolating the basic set of simulations. The result of the
where ¢ is a normalization factor. According to E¢L), add- interpolation is thus a functioRg(pi , ta, (<, ¥), Which is a
ing thecog ¢ term only affects the value af,. Thus, choos- numerical function defined for any value of the optical coef-

ing g, andgs,, i.e., settingy, uniquely determines the values ficient triplets(u,, 14 ,7y) Within their definition ranges and
of gug and & The tissue was considered to be homogeneous for each discrete distangg, i =1-10.
and its refractive index was fixed at 1.4. Our simulations took ~ The matrix Rgin(pi , a1+ ,Y) Was interpolated with cu-
into account the geometry of the probe. The fibers had a di- bic B-splines?® Schberg et af’ have shown that any dis-
ameter of 200um; the index mismatch between the probe crete functionR(x), (xe Z) may be interpolated by a unique
(n=1.5) and the tissue was taken into account by the Fresnel combinationc(k) of B-splinesB"(x):
law. We showed in a previous papéhnat for the type of probe
used in the experiment, the index mismatch outside the probe
does not play a significant role.

In order to decrease the Monte Carlo noise and limit the R(X)=k22 c(k) B"(x—k), (6)
number of photongone million photons have been simulated °
for each reflectance curyehe numerical aperture was set at
a higher value than in the experimen(®.279 instead of = where c(k) is the weighing coefficient of the B-spline
0.157. This use of the higher numerical aperture was chosen 8"(x—Kk) centered ork.
as a tradeoff between simulation time, noise in the simulation, ~ Cubic B-splinesg3(x) are defined like pieces of polyno-
and accuracy degradation. Several tests showed that aftemials of degree 3, smoothly connected:
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Fig. 3 Accuracy of the algorithm to determine u,, ., and y 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

2o x)2+|x|2 |x|=1
(2—|x|)%6
0

Interpolation of multivariable functions is generalized by re-
placingc(k) by c(k,l,...,m) and by replacing3"(x—k) by

B "(x=k)xB"(y—1)...8"(z—m) in Eqg. (6), the number of
B-splines matching the number of variables. The derivative of
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 coefficies(ts).

If the function R(x) is known onx values that are not
integers—as is the case for the reflectance matrix
Rsim(Pi s Mast4 , ¥)—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 &ym(pi,ta,tie,y)-

In terms of performance, this interpolation method is very
efficient because the initial matrRgm(pi , ta,tts ,y) iS eco-
nomically replaced by a matrix of coefficieraép; ,k,I,m) of
the same dimension, and any valueRy.(pi , a, e ,y) IS
calculated by the summation o3l B-splines weighted by
their coefficientsc(p; ,k,I,m).* The interpolated function
Rsim(pi »aste,7y) could then be properly used to fit any
measured reflectance curve in order to determine its optical
coefficients. To perform the fit, the Levenberg-Marquardt al-
gorithm was chosen because of its efficiency and its robust-
ness. Appropriately, this algorithm minimizes the quantity
noted asy? and defined as

B3(x)= 1<|x|<2

[x|>2

()

Xzzgl Rmed pi) = Rsim(pi  Ma s 1Y) 2, ®

a;j

whereo; is the standard deviation of each data point.

__As required by the algorithm, the Jacobean of the
Rsim(pi »4as 14 ,7y) 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,me,y) is determined using a lookup table based on the
discrete set of simulationRg(p; , a4 ,7Y). These values

*Since there are three variableg,, u: and y, the expression of
Raim(pi s Ma s 14 ,¥) Tequires three B-splines. But then the infinite summa-
tion onk e Z may be reduced to four terms because the splines are all zero
outside the intervdt-2;7.

maximal (thin lines) and average (bold lines) inaccuracies are plotted.

are then used as initial guesses for the Levenberg-Marquardt
algorithm. For the next wavelength, the initial values are
taken directly from the previous wavelengtftgpically from

an average of the four closest wavelengtiNevertheless, we
found the converged values to be insensitive to the initial
guesses, which is related to the fact that only single minima
were found in they? function, as discussed in the next sec-
tion. The determination of the optical coefficients for a whole
spectrum, composed of 510 wavelengtd80 to 950 nm
takes about 50 ®@n a 400-MHz Pentium personal computer

3 Results and Discussion
3.1

Various assessments of the algorithm are reported in this sec-
tion. First, in order for the algorithm to work properly, its
solution must be unique. This is guaranteed if only a single
minimum is present in thg? function. An inspection of the

x? function over the whole range of values @f , u., andy

for which the algorithm is defined.e., u, from 0.003 to 10
mm %, u. from 0.5 to 10 mm?, and y from 1.0 to 2.9
revealed only a single minimum for each set of parameters.
Second, the robustness of the algorithm was studied by as-
sessing the impact of noise on the accuracy of the optical
coefficient determination. For this, noigeniformly distrib-
uted was added to simulated experimental reflectance curves.
The relative errors between the result of the fit and the ex-
pected optical properties were estimated and are shown in Fig.
3 for noise of 2, 4, and 8% of the reflectance curve. Such
noise figures are realistic for clinical tissue measurements,
where tissue heterogeneity plays a significant role as noise in
the reflectance curve. For each noise value, both the maximal
and average errors of determination are plotted. Typically, the
mean error onu, and y is lower than 3, 5, and 10% for a
noise of 2, 4, and 8%, respectively. The maximum erropgn

is lower than 6, 15, and 30% for a noise of 2, 4, and 8%,
respectively. The determination pf, is the most sensitive to
noise because the sensitivity of the measurement to the ab-
sorption is not optimal owing to the relatively short path
length at a short source—detector separation. Also, the error
increases significantly at low absorption, especially for ab-
sorptions lower than 0.05 mim. Specifically, u, values
smaller than 0.02 mit cannot be reasonably estimated ac-
curately with such a small source—detector separation. There-
fore this method is best adapted to wavelengths in the visible
(400 to 700 nm or wavelengths higher than 900 nm, where
W, IS typically higher than 0.02 mnt in tissues. Overall,

Algorithm Robustness to Noise
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0.4 T T | T and y(\) were calculated by Mie theof},assuming a refrac-
Measured tive index of 1.60 for polystyrene and 1.33 for water.
03 FA2Z7 N = - Predicted The absorption properties of the solution were obtained by
: adding Nigrosin to the microsphere suspensions with a con-
centration of 59.021.65 ug/ml. The Nigrosin absorption
spectrumu,(\) was determined by spectrophotometry. Fig-
ure 4 shows a comparison of the predicted spectra of optical
coefficientsu,(N\), me(N), and y(\) and the corresponding
spectra measured experimentally with the probe.
0 A preliminary analysis allowed us to make two adjust-
500 600 700 800 900 ments in the experimental procedure that eliminated two
Wavelength [nm] sources of systematic errors. First, we found that the use of
the two closest fiberp~0.3) did not fit well with the simu-
lations and was causing a systematic error. This effect was
25 . . , . most likely due to a mismatch in higher moments of the phase
Measured function between our theoretical and experimental models.
N Predicted Our theoretical model assumes that only the first two mo-
ments of the phase function affect the reflectance. We showed
in Ref. 17 that such an assumption is valid for an optical
distancepu:>0.5. Shorter distances can be used only if
higher moments are matched between the simulation and ex-
periment. This is indeed generally not the case between the
average phase function of microsphere mixtures made of only
five sizes of spheres and the modified Henyey-Greenstein
500 600 700 800 900 phase function used in the simulation. Thus, these two fibers
Wavelength [nm] were removed from the analysis of the phantom measure-
ments. However, the first two fibers have been kept when

0.2

0.1

Absorption [1/mm]

’
.

Scattering [1/mm]
o

24 | , ; . analyzing tissue measurements, since in this case the high-
23 | Measured | order moments of the tissue phase function are expected to
oo b e Predicted | match significantly better with the ones of the modified

Henyey-Greenstein phase function. Moreover, adding these
two fibers improved the robustness of the fit. Second, a sys-
tematic difference of 5% was found in the reflectance inten-
sity between experiments and simulations, which was mainly
due to the refractive index difference between the phantom
(n=1.33 and the refractive index assumed in the simulations
(n=1.40, corresponding to tissiie

Figure 4 shows the comparison between the predicted and
experimentaju,(N), ms(N), and y(\) values. The agreement
on ui(N) and ¥(\) is excellent, with an error typically less

Gamma [#]

500 600 700 800 900
Wavelength [nm]

Fig. 4 Comparison of the predicted spectra of optical coefficients than 5%. A good agreement is also found foy(\) with an
(dashed curve) and those measured (solid curve) on the phantoms. error less than 10%. These results confirmed the algorithm
The bold line is the average and the thin solid ones are the standard test described in the previous section.

deviations.

these results demonstrate thag, ws, and y can be deter- 3.3 In Vivo Measurements of Human Gastrointestinal
mined simultaneously from the reflectance curve at short Tracts

source—detector separations, which is a remarkable result. | this section we present measurements perforimeti/o on

. . the human stomach, in the antrftfower part of the stomagh
3.2 Experiments With Phantoms and fundus(upper part during gastroscopic examination.
In order to complete the validation of the method, we per- These results represent an example of the clinical feasibility
formed a series of measurements on tissuelike phantoms madef the method. Other studies are currently being performed on
of suspended and dyed microspheresléGart et al® have the colon and the uterus. One of the medical interests of the
suggested that tissue phase functions could be advantageouslghethod lies in the possibility of instantly discriminating gas-
simulated with a mixture of spheres with different diameters. tritis from normal case# vivo during gastroscopy. This ne-
Following this approach, we mixed polystyrene microspheres cessitates the determination of normal values for the mucosa

of five different diameters: 1, 0.5, 0.2, 0.1, and 0@0%. An in the antrum and in the fundus, which are presented here. In
identical concentration of 1.8y/liter] was set for each diam- a companion papéf, we will report further studies on the
eter, corresponding to a sphere density decreasing ds stomach, showing that this technique is sensitive to different

whered is the sphere’s diameter. The scattering speefr@.) stages of gastritis and to subtypes as Well.

500 Journal of Biomedical Optics ¢ July 2003 * Vol. 8 No. 3
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Absorption [1/mm)]

500 600 700 800 900
Wavelength [nm]

3 T T T T T

Antrum
25 M e Fundus |7

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.

Scattering [1/mm)]

500 600 700 800 900
Wavelength [nm]

the epithelium. The data were analyzed after the clinical ses-

2.5 T T T T sion.
24 S f:\ntrcl;m ] Figure 5 shows the average optical propertigg(\),
231 oo Fundus wi(N), and y(\), of twenty-two measurements performed in

the antrum and sixty measurements performed in the fundus.
All sites were found normal after biopsy. First, as expected,

ma(N) clearly shows the presence of hemoglobin, character-
ized by absorption peaks at 541 and 576 nm. The absorption
decreases significantly in the near-infrared range. The slight
increase for wavelengths larger than 850 nm is due to water
and hemoglobin. The concentration of total oxyhemoglobin

(HbGO,) and deoxyhemoglobifHb) were obtained by a least-

Gamma [#]

500 600 700 800 900

Wavelength [nm] square fit ofu,(\). The total hemoglobin concentratidhe.,
Fig. 5 Average (bold lines) and standard deviations (thin lines) of op- [HbOZ].+[Hb]) was 20'&5'6 #M in the antr”m' \.Nlth a
tical coefficients measured for normal antrum (solid curve) and nor- Saturatlon_(SOZ) around_ 48%. In the fundus, a similar total
mal fundus (dashed curve). hemoglobin concentration was found, 226 uM, whereas

the saturation drops to 21%. This surprising very low satura-
tion could nevertheless be explained by a high concentration

A set of 35 patients, 21 females and 14 males, aged from of CO, in the mucosa. Further investigations are needed to
23 to 87 with an average age of 50 were examined. For eachvalidate such results, since no other data on the oxygenation
patient, four sites were usually selected to be measured, twoand saturation of hemoglobin in the fundus mucosa have been
in the antrum and two in the fundus. The optical probe was published yet. The.;(\) spectra measured in both the fundus
inserted into the working channel of the gastroscope at the and antrum are monotonically decreasing, corresponding ap-
end of the examination and gently applied on the tissue. The proximately to a power function, as expected for tis3te’
pressure could not be monitored during acquisition, but other The scattering spectrum(\) is found to be significantly
controlled measurements on mouse skin showed that pressuréower in the antrum than in the fundus over nearly the entire
variations did not significantly alter the results. spectrum.

The endoscope illumination was turned off after the probe  The ¥(\) spectra are approximately constant. This is con-
placement because of its high intensity. During this time, four sistent in the case of a large distribution of scatterer sizes, as
to six measurements were taken in approximately 20 s. At thefound in tissue. As a matter of fact, similar findings were
end, the endoscope illumination was turned on again and mea-displayed in the experiment and simulation using the micro-
surements were accepted and averaged if the probe stayed aphere suspensions. Computations with Mie scatterers showed
the same location. The accept rate was approximately 80%.that the y(\) value is related to the scatterer size
Immediately after that, a biopsy was taken on the measure- distribution?>32 Therefore the absolute value might be im-
ment site, which could be precisely located by a light mark on portant in differentiating tissue types.
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For the antrum and the fundus, thevalues are 1.80.1 the method was also tested on tissue phantoms with known
and 2.0:0.1, respectively. Assuming a Henyey-Greenstein optical properties. A good agreement between the measure-
phase function, these values would correspond tpod 0.9 ment and prediction was found. Typically,(\), xs()\), and
and higher. Such values are basically in agreement gith  y(\) can be determined with an error smaller than 10%.
values commonly accepted for tissue. However, thealues The ability to perform clinical measurements was demon-

are found in some cases to be larger than 2, which could notstrated. Measurements on 35 patients were performed on the
be produced by a simple Henyey-Greenstein phase function.stomach epithelium through the working channel of a gastro-

This seems to confirm previous results showing that a scope. The average was found to be significantly different in

Henyey-Greenstein function alone does not approximate thethe antrum and in the fundus. To our knowledge, these mea-
tissue phase function adequately at large angles, but needs tgurements are the first report of the simultaneiousivo de-

be completed by either a second Henyey-Greenstein functiontermination of broadband spectra of the absorption coefficient

with a negativeg value or acos’ 4 function:"*° wa(\), reduced scattering coefficiept,(\), and phase func-

The differences between the fundus and antrum found in tion parameter/(\). We believe that this method has promise
the scattering propertieg (\) and 4(\) can be correlated  for providing important clinical information to guide biopsies
with the histological analysis of the biopsy samples. Figure 6 efficiently.
shows typical histological images of tissue resected after mea-
surements. These images clearly show a difference in theACknowledgments
thickness of the foveolar and glandular regions between the
antrum and the fundus. These differences are likely to be the
source of the differences observed in th¢(\) and y(\)
coefficients. We recently show#ctorrelations 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,
ms(N) and y(\), and absorptionu,(\), properties of the
tissue can be separated quantitatively. Only a fairly small cou-
pling effect with theu,(\) spectrum can be observed in both
ws(N) and y(\) spectra. Such a coupling is unavoidable con-
sidering that actual tissue is not homogeneous, which is the
opposite of the theoretical model. As already mentioned, the References
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