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Description
[0001] The present invention relates to a method of determining of a physical feature of a medium, comprising:

- producing radiation with a light source;

- placing a probe on a sample of said medium, the probe comprising a first optical fiber having a first diameter, and
at least a second optical fiber having a second diameter;

- sending light coming from the light source, through the first optical fiber;

- collecting first backscattered radiation through the first optical fiber and second backscattered radiation through the
second optical fiber;

- producing a first signal based on the first backscattered radiation, and a second signal based on the second back-
scattered radiation;

- determine a measured differential backscatter signal as a function of wavelength using the first and second signals.

[0002] Such a method is known from Amelink et al [1]. There, a special device is used to determine particle sizes in
superficial layers. The device is suitable for measuring particle sizes in for example an aqueous suspension with poly-
styrene spheres, but is not fitted to accurately measure particle sizes in living tissue. So, determining whether living
tissue is normal or precancerous, by way of measuring particle sizes in living tissue is not very promising.

[0003] In Doornbos et al [2] the optical properties of human tissue are determined in vivo using a spectroscopic
arrangement with ten optical fibers. One of the fibers is used to irradiate a sample, and nine other fibers collect the
reflected light. By using a multitude of fibers to collect the reflected light, it is possible to calculate scattering and absorption
coefficients of the sample. However, the method is not suitable for locally measuring the optical properties of the tissue.
In particular, only mean values of the absorption coefficient of a relatively large part of the sample can be determined.
[0004] It is an object of the present invention to locally measure a physical feature, such as a concentration, of a
substance in a medium.

[0005] The object is achieved by a method as described above, characterized by

- calculating the physical feature by curve fitting said measured differential backscatter signal to a backscatter function,
in which the backscatter function is a function of an average path-length travelled by detected scattered photons,
wherein the average path-length is independent from an absorption coefficient of the medium, and from a scattering
coefficient of the medium. Contrary to methods using diffusely scattered photons such as Doornbos et al [2], in the
method according to the invention, the local absorption coefficient of the sample is measured in an absolute way,
independent of the magnitude of the local scattering and absorption coefficients. This facilitates the measurement
of absolute concentrations of absorbing molecules in a sample without requiring prior knowledge of the magnitude
of the scattering and absorption coefficients of the medium.

[0006] In an embodiment, the average path-length is proportional to the first fiber diameter. This has as additional
advantage that the average path-length and thereby the average penetration depth into the sample of the photons that
contribute to the differential backscatter signal can be controlled by choosing the fiber diameter. As a result, the sampling
volume can be controlled by adjusting the fiber diameter. Hence, the fiberoptic probe can be engineered to match the
relevant dimensions of the medium under investigation.

[0007] In a particular embodiment, the physical feature is a concentration of at least one substance in the medium.
[0008] The invention also relates to a device for determining a physical feature of a medium, comprising:

- alight source for producing radiation;

- aprobe with at least a first and a second optical fiber, the first optical fiber having a first diameter and being arranged
to deliver the radiation on a sample of said medium and to collect first backscattered radiation from said sample,
the second optical fiber having a second diameter and being arranged to collect second backscattered radiation,
wherein the second optical fiber is positioned alongside the first optical fiber;

- a spectrometer for producing a first signal based on the first backscattered radiation, and for producing a second
signal based on the second backscattered radiation;

- aprocessor arranged to determine a measured differential backscatter signal as a function of wavelength using the
first and second signals,

characterized in that the processor is arranged to calculate the physical feature by curve fitting the measured differential
backscatter signal to a backscatter function, in which the backscatter function is a function of an average path-length
travelled by detected scattered photons, the average path-length being independent from an absorption coefficient of
the medium, and from a scattering coefficient of the medium.
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[0009] Furthermore, the invention relates to a computer program according to claim 8 and to a data carrier according
to claim 9.

[0010] In another aspect of the invention, the invention relates to a method of determining a physical feature of a
medium, comprising:

- producing radiation with a light source;

- placing a probe on a sample of the medium, the probe comprising a first optical fiber having a first diameter, and at
least a second optical fiber having a second diameter;

- sending light coming from the light source, through the first optical fiber;

- collecting first backscattered radiation through the first optical fiber and second backscattered radiation through the
second optical fiber;

- producing a first signal based on the first backscattered radiation; and a second signal based on the second back-
scattered radiation;

- determining a measured differential backscatter signal as a function of wavelength using the first and second signals,

characterized by

- calculating the physical feature by curve fitting the measured differential backscatter signal to a backscatter function,
in which the backscatter function is a function of a mean free path of photons. In this method, it is assumed that
only singly scattered photons contribute to the differential backscatter signal and as a result the backscatter function
can be easily derived analytically.

[0011] In an embodiment, the physical feature is a concentration of at least one substance in the medium.

[0012] The invention also relates to a device according to claim 13.

[0013] Furthermore, the invention relates to a computer program according to claim 14 and to a data carrier according
to claim 15.

[0014] Finally, the invention relates to a method according to claim 16.

[0015] The presentinvention will be described below with reference to exemplary embodiments and the accompanying
schematic drawings, in which:

Fig. 1 is a schematic diagram of a measuring device according to a preferred embodiment;

Fig. 2a and 2b show cross sections of a sample and two fiber tips in the situation wherein the mean free path of the
photons is much larger than the diameter of the fibers;

Fig. 3 shows the results of Monte Carlo simulations for a homogeneous medium;

Fig. 4 a differential backscatter signal normalized at zero absorption for several scattering coefficients;

Fig. 5 shows a differential backscatter signal of a dilute suspension of 0.2 um polystyrene spheres

Fig. 6 shows the total differential backscatter signal as a function of the reflection coefficient u4(A) in the range of
10-100 mm-";

Fig. 7 shows the measured and calculated average path length t as a function of the average scattering coefficient;
Fig. 8 is a graph of measurement results for three different absorption coefficients p., showing the dc-fiber signal /,
the c-fiber signal J and the differential backscatter signal R, as a function of wavelength;

Fig. 9 shows a typical spectrum of an absorption curve A along with the specific absorption coefficient of Evans
Blue dye;

Fig. 10 shows a measured A* as a function of the absorption coefficient ., at A = 600 nm;

Fig. 11 shows typical spectra measured in a suspension of 1.0 um polystyrene spheres with and without Evans
Blue dye;

Fig. 12 graphically shows a molar extinction coefficient as a function of wavelength;

Fig. 13 shows in vivo measurements and a fit of the differential backscatter signal R, in a human trachea realized
using a fiber diameter of 400 pm, and

Fig. 14 shows in vivo measurements and a fit of the differential backscatter signal R, in a human trachea showing
very low oxygenation indicative for lung tumor.

[0016] A schematic diagram of a preferred embodiment according to the invention is shown in figure 1. The setup
consists of a set of optical fibers for the delivery and collection of light to and from a sample 1 under investigation. Light
from a light source 2, for example a Tungsten Halogen lamp (Avantes HL-2000-FHSA), is led through a first arm 3 of a
bifurcated optical fiber. The bifurcated optical fiber is at a distal end 4 coupled to a first distal end of a delivery- and-
collection fiber 5 (in the following referred to as dc-fiber 5) which is small enough to be fit through a working channel of
a clinical endoscope, not shown. A second distal end of the delivery- and-collection fiber 5 contacts the sample 1.
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Alongside the dc-fiber 5, a collection fiber 6 is arranged to collect light reflected by the sample 1. The collection fiber 6
(referred to as c-fiber 6) is connected to a slave channel of a dual-channel spectrometer 7, for example an Avantes
SD2000. Preferably, the dc-fiber 5 is polished at a small angle to reduce specular reflections.

[0017] Light reflected back from the sample 1 into the c-fiber 6 is led directly into the slave channel of the dual-channel
spectrometer 7. A second arm 8 of the bifurcated fiber is connected to a master channel of the dual-channel spectrometer
7. Light reflected into the dc-fiber 5 is coupled back into the bifurcated fiber, and reaches the dual-channel spectrometer
7 via the second arm 8 of the bifurcated fiber. An output of the spectrometer 7 is connected to an input of a processor
9 which is arranged to analyze signals from the spectrometer 7.

[0018] If only the dc-fiber 5 would be used to deliver and collect light to and from the sample 1, a large fraction of
collected light is due to single backscattering from small sample depths, see [1]. A single to multiple scattering ratio
depends on the scattering coefficient and phase function of the sample 1 and on a diameter of the dc-fiber 5. The
contribution of multiply scattered light to the signal of the dc-fiber 5 can be approximately determined by combining the
signal of the dc-fiber 5 with a signal coming from an additional fiber, i.e. the c-fiber 6 mentioned above.

[0019] In [4] a differential backscatter signal R,¢ as a function of the wavelength A is determined using a formula like

U(A)-1,(4) _ J(4)
white (1) -I black (’1)) J white (’1) -J black (/7')

Ros (W)= c- fi (M

where /(A) is the signal from the dc-fiber 5 in contact with the sample 1, /,,(A) is the signal from the dc-fiber 5 submersed
in a fluid with an appropriate refractive index (for tissue: water would be appropriate), /4 (A) is the signal from the dc-
fiber 5 with the probe-tip at a specific distance from a diffuse reflecting reference material with a large, preferably
wavelength-independent reflectance coefficient (white spectralon) and /I, (A) is the signal from the dc-fiber 5 with the
probe-tip at that same specific distance from a diffuse reflecting reference material with a small, preferably wavelength-
independent reflectance coefficient (black spectralon). Furthermore, J (A) is the signal from the c-fiber 6 in contact with
the sample 1 and J, pite/piack (M) is the signal from the c-fiber 6 with the probe-tip at the previously mentioned specific
distance from the white/black spectralon. Finally, cis a calibration constant that depends on the distance between the
probe-tip and the reference materials.

[0020] According to the invention, the processor 9 is arranged to calculate the physical feature using a predefined
mathematical model, the differential backscatter signal (Rys) and a curve fitting mechanism. In an embodiment, the
diameters of the fibers 5, 6 are selected depending on a mean free path (mfp) of photons sent into the sample 1. It is
noted that if the mean free path can not be estimated before selecting a fiber diameter, initially two arbitrary fiber diameters
may be selected. After curve fitting the measuring results using two different mathematical models, it will show which
model applies.

[0021] Figures 2a and 2b depict fiber tips of the dc-fiber 5 and the c-fiber 6 in the situation wherein the mean free path
(mfp) of photons coming out of the dc-fiber 5, is much larger than a diameter dg,., of the fibers 5, 6. In an embodiment,
the diameters of both fibers 5, 6 are of equal size, however it should be understood that other selections are possible.
In figure 2a, lines 21 and 22 show an example of a path traveled by a detectable singly scattered photon. In figure 2b,
lines 23, 24, 25 and lines 23, 24, 26 show two possible paths of detectable multiply scattered photons. All multiple
scattering events occur at such large distances from the fiber tip of the fibers 5, 6, that the probability of detection of
multiply scattered photons is roughly equal for the dc-fiber 5 and the c-fiber 6. The differential backscatter signal R,4(A)
will now purely be determined by singly scattered photons.

[0022] Inanembodiment, the diameter of the fibers 5, 6 are selected so that mfp>dj,.,. In the predefined mathematical
model of this embodiment, the differential backscatter signal R,¢(A) is an exponential function of two times the mean
free path. Below, an explanation for this model is given.

[0023] In the absence of absorbers, the differential backscatter signal R,¢(A) is proportional to the local, superficial
scattering coefficient ug(A)=Qg.,(\)p- As :

1
Ris()=Capp~ =+ [dQ-p(4,9)- 0 (1) -p-As )
Qu
where C_,, is an apparatus constant that depends amongst others on the distance between the probe tip and the

app
reference materials (black and white spectralon), p(A,Q) is a function called the phase function where Q is the scattering
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angle, Qq.,(A) the scattering efficiency, p the concentration of substances present in the sample 1, and As the area of
a scattering particle. For example, using a fused silica fiber with numerical aperture NA= 0.22, the differential backscatter
signal Ry¢(A) can be approximated by

1 2z 180 ) ,
Ris(1) Capy - - [do- [0-sin(6)- p(2.180) 4,(4) = Capp" PG 180y 1) (3)
0 170

where ¢ is the azimuthal angle and 6 is the polar angle.

[0024] Figure 3 shows the differential backscatter signal R,¢(A) of measurements (see dots) of a dilute suspension of
0.2 wm polystyrene spheres along with a calculation (see curve 32) according to Eq. (3). In figure 3 Ryg4(A) is shown
using arbitrary units (a.u.). Also a value of Q4. Where Q. ., = 41 p(X,180)-Q,.,4(A), is indicated in the figure. Figure
3 shows excellent agreement between the measurement (i.e. the dots) and the calculation, which indicates that if
mfp>dy,., the single scattering is indeed the dominant contributor to the differential backscatter signal R, 4(A) as defined
in Eq. (1).

[0025] A singly scattered photon first travels from the tip of the dc-fiber 5 to a particle, and then (the same distance)
back from the particle to the tip of the de-fiber 5 (or tip of c-fiber 6), see also figure 2a. So an average path length t(A)
traveled by the measured single scattered photons is equal to two times the mean free path mfp(}), i.e.

7(A) =2 mfp(d) 4

In the presence of n absorbing species with specific absorption coefficients x,sPeci().), the differential backscatter signal
becomes

R =Cap’ - P(180) - sld) exp(- o) - 3 pi- 17 (8)

i=l

= Ca’ - P 180) - f5(A) - exp(-2 - mfo(®) - 3 pi- LPD)  (5)

i=l

where C,," is an apparatus constant, p(A,180) is the phase function, (1) is the scattering coefficient of the medium,
A is the wavelength of the first and second backscattered radiation, mfp()) is the mean free path as a function of the
wavelength, n is the number of substances in the sample 1, p; is the concentration of absorber i present in a detection
volume of the sample 1, and p;PeCi(}) is the absorption coefficient of absorber i as a function of the wavelength.
[0026] It is noted that in Eq. (5) the assumption is made that absorbers are homogeneously distributed and do not
influence each other. The Eq. (5) may be corrected for non-linear phenomena such as an inhomogeneous distribution
of absorbers, see e.g. [8].

[0027] According to an embodiment, the specific absorption coefficients of the absorbers, the wavelength dependency
of the scattering coefficient u¢ and the phase function p, together with Eq. (5) are used in order to calculate the concen-
trations of all the absorbing substances present in the detection volume of the sample 1. Since the detection volume is
typically very small in the presentinvention, the extracted concentrations are highly spatially resolved. This is not possible
with the known methods that are based on diffuse reflectance, and wherein the obtained concentrations are averages
over large sample volumes, see e.g. [2].

[0028] The apparatus constant Capp’ (Eq. 3) can be determined for a specific distance between the tip of the dc-fiber
5 and the reference materials (black and white spectralon). For a suspension of monodisperse polystyrene spheres of
known size and concentration, the scattering coefficient u4 and the phase function p(180) can be calculated using Mie
theory [4]. The apparatus constant Capp’ simply follows from Eq. (3). In terms of the volume fraction fof the suspension,
the radius of the spheres a and the radar efficiency coefficient Q,,,,{(A)= 4n-p(A, 180) Qs.,(A) the apparatus constant
is determined by
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Res(A) = Capp* P(A,180)-125(A) = Capp - 0.05968 - § * Oradar(N) (6)

[0029] According to another embodiment, the selected diameter dg,,, is chosen so that the mean free path is smaller
than dge, In this embodiment, the differential backscatter signal Ry is a function of the fiber diameter dg,.. This will
be discussed in more detail below.

[0030] When the mean free path of the photons is smaller than the selected fiber diameter (i.e. mfp(A)<dp,,), the
contribution of multiply scattered light to the differential backscatter signal R,¢(A) of the single dc-fiber 5 cannot completely
be removed using Eq. (1). In this case, it appears that the average path length of the photons contributing to the signal
Rps(h) becomes nearly independent of the optical properties of the sample 1. In this situation, multiple scattering events
already occur at small distances from the tip of the dc-fiber 5. An analytical expression for the backscatter signal R,4(A)
is not available for this situation and Monte Carlo simulations were used to model the behaviour of R, 4(A) as a function
of the diameter of the fibers 5, 6 and of the optical properties of the sample 1. Figure 4 shows the results of Monte Carlo
simulations using the MCML-code (Monte Carlo for Multi-Layered media) of Wang et al [6,7] for a homogeneous medium
with an anisotropy value g=0.9. A flat circular incident beam with diameter dp,,,, is directed onto the sample 1, and the
differential backscatter signal R is calculated by subtracting the total reflectance in the c-fiber 6 (with diameter dg,,
and center located at a distance dg,., from the center of the incident beam) from the total reflectance in the dc-fiber 5
(with diameter dg,,, overlapping the incident beam). Simulations were performed for sets of four different scattering
coefficients (p.g=15, 25, 50 and 80 mm"), four different fiber diameters (dg,.,=200, 400, 600 and 800 wm) and five
different absorption coefficients (n,=0, 0.2, 0.4, 0.6 and 0.8 mm-1).

[0031] Figure 4 shows R, as a function of absorption coefficient ., where the open circles/dashed lines correspond
to dgpe,~200 pum, the filled circles/dotted lines correspond to dg,,, =400 um, the open squares/solid lines correspond to
dsipe=600 um and the filled squares/dash-dotted lines correspond to dg,,, =800 um. The differential backscatter signal
Ry for each scattering coefficient ug was normalized to the (dgp,, =200 pm, p.,=0 mm-') case. Figure 4 shows that in
the absence of absorption, i.e. n, = 0, the differential backscatter signal R,; depends linearly on the scattering coefficient
ws. Furthermore, the slope of the straight lines (signifying the relation between R, and ;) depends only on the fiber
diameter and is independent of the scattering coefficient pg. The latter is more clearly demonstrated in figure 5, where
the differential backscatter signal R, is normalized to unity at zero absorption for all scattering coefficients p.s. The open
circles correspond to dp;,,,=200 um and the filled squares correspond to dp;,,=800 um. These Monte Carlo simulations
therefore suggest that in the situation where mfp<dg,.,, the diameter of the fibers 5, 6 determines the average path
length t of the measured photons. The backscatter signal R, for this range of parameters can thus be written as

Rys(A) = C1* s - exp(-T * Ha) = C1* ps - €xp(-C2 * dfiper * Ha) (7)

where C, and C, are constants, tis the average path length, ., is the absorption coefficient, . is the scattering coefficient
and dge, is the fiber diameter of the fibers 5, 6.

[0032] An exact analytical expression for Rp4(A) is not available due to the large contribution of multiple scattering
events to the signal. Measurements were done for determining a total integrated backscatter signal R, for a range of
A between 400-900 nm, using the formula

900nm
Ro(p)= [  dARs(h ) ®)

400nm

Figure 6 shows that the integrated total backscatter signal R;,(j.¢) is proportional to pg(A) in the relevant range of p.g
between 10-100 mm-". Therefore, in the absence of absorbers, it follows that

Rbs('l) = Capp'ﬂsa) ®

which is in agreement with the Monte Carlo simulations.
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[0033] In the presence of n absorbing substances in a suspension, with specific absorption coefficients Ihwec’i(/l),

the differential backscatter signal becomes

Resh) = Coppis)exp- Y. i ) (10)

i=1

where 1 is the average path length of the detected backscattered photons and p; is the concentration of the substance i.
[0034] Non-linear phenomena such as an inhomogeneous distribution of absorbers are not incorporated in Eq. (10),
but can be added by the skilled person, see e.g. [8].

[0035] Figure 7 shows the measured and calculated average path length 1 as a function of the average scattering
coefficient <pg(A)> (with 500 nm < A < 700 nm) for dg,. = 0.4 mm and for absorption coefficient p.,() = 2.0 mm! at
A=600 nm. In figure 7 measurement are indicated by dots, the 1 = 2-mfp curve is indicated by a line 71 and Monte Carlo
simulations are depicted by dashed lines. Identical results were obtained for suspensions with an absorption coefficient
of u, = 1.0 mm ' at 600 nm. The average path length t was determined using suspensions of polystyrene spheres with
different sizes and concentrations to vary the scattering coefficient pg(A). The anisotropy g of these suspensions was
in the range of 0.8-0.9. Evans Blue dye was added as an absorber, and the average path length t was calculated from
Egs. (9) and (10) and knowledge of the concentrations and specific absorption coefficient of Evans Blue, as will be
known to the skilled person.

[0036] Looking at the measured average path lengths of figure 7, it clearly shows that for large scattering coefficients
(ng =10-100 mm-1, the range relevant for tissue) the average path length 1 is independent of the scattering coefficient
s to within 10% and approximately equal to half the fiber diameter (1= 0.24 mm while dj,,, = 0.40 mm), in agreement
with the Monte Carlo simulations (the dashed lines correspond to Monte Carlo calculations for dg,.. = 0.2, 0.4, 0.6 and
0.8 mm). For small scattering coefficients (e.g. pg <5 mm-1) the average path length 1 is well described by 1= 2-mfp,
according to Eq.(4), see line 71. Figure 7 also clearly demonstrates that the transition from the ’single scattering regime’
to the 'constant path length regime’ occurs for mean free paths of the order of the fiber diameter. It is therefore expected
that single scattering will prevail over a larger range of scattering coefficients for fiber diameters smaller than 400 pm.
[0037] In the following, the effect of absorption on the average path length t will been examined in more detail. Various
concentrations of Evans Blue dye were added to a suspension of polystyrene spheres with scattering coefficients . of
35 mm-". The concentrations of Evans Blue (EB) dye were varied such that the absorption coefficient p, at 600 nm was
inthe range of 0to 2mm-". Typical results of the differential backscatter signal R, ¢ for three different absorption coefficients
4 are shown in figure 8. Note that the signal / of the dc-fiber 5 is plotted on a different vertical scale than the signal J
of the c-fiber 6 and the differential backscatter signal Ry;.

The spectra with Evans Blue REB present in the suspension were divided by the spectrum with no Evans Blue present
R° and the negative natural logarithm of the ratio REB/RC was determined:

A=- ]Il(REB/RO) =1-p- /la.spec,EB (1 1)

where p is the concentration of Evans Blue, and ﬂasPec’EB is the specific absorption coefficient of Evans Blue.

[0038] Figure 9 shows a typical spectrum of an absorption curve 92, along with the specific absorption coefficient

ﬂaspec,EB of Evans Blue dye, see curve 94.

[0039] For all concentrations, an area A* under the absorption curve 92 was determined in the wavelength range A
between 500 and 650 nm. From Eq. (11) it follows that if the average path length t is independent of the absorption

coefficient ,uas”ec, area A* should depend linearly on the concentration p of the species in the suspension.

[0040] Figure 10 shows a measured A* as a function of the absorption coefficient u., at 600 nm. A curve fitting is done,
resulting in a line for pg(A)=35 mm-1. Figure 10 shows that the average path length t is indeed independent of the
absorption coefficient p., in the range 0-2 mm-".

[0041] From the previous results of figure 4 to 10, it shows that for mfp < d,,,, the differential backscatter signal Ry
is described by Eq. (7) with C, = 0.6. Figure 11 shows typical spectra measured in a suspension of 1.0 um polystyrene
spheres with and without Evans Blue dye (u,= 2 and 0 mm-! at 600 nm, respectively). From Eg. (7) and figure 7, the
relation between the differential backscatter signals with and without absorber is given by
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Res(A,14) = Rps(2,0)exp(-0.2411g) (12)

[0042] The calculated spectrum according to Eq. (12) is plotted as a dashed line 110 in figure 11 and shows excellent
agreement with the measured Ry4(A, 1), see line 111. In figure 11, line 112 depicts Ryg(A, 0).

[0043] In short, the average path length T of photons measured when subtracting the signals of the c-fiber 6 from the
dc-fiber 5 using Eq. (1), is independent of the optical properties of the sample 1 and approximately equal to half the
diameter of the fibers 5, 6 used, as long as the fiber diameter is larger than the mfp.

[0044] In a specific embodiment, the device according to the invention is arranged to determine concentrations of

tissue

oxygenated blood in tissue. Since the scattering coefficient of tissue g4 is in the range of 10-100 mm-, the fiber

diameter should be smaller than a certain maximum diameter d,,,, Where d, . is between 10 and 100 um, so for example
smaller than 50 nm, in order to measure predominantly single scattering in tissue. In this case, Eq. (5) holds. For fibers
5, 6 with much larger diameters (e.g. 200 or 400 um), the differential backscatter signal R,4(A) is described by Eq. (10)
with T = 0.6:dgper

tissue

[0045] It is presently known that the wavelength dependence of the scattering coefficient in tissue Ms can be

adequately described by an empirical power-law function, see also [3], [4], [5].
;tstissue()\')= a- )\'-b (13)

with a and b constants that depend on the size, concentration and relative refractive index of the scatterers (i.e. sub-
stances) present in the detection volume.

The dominant absorbers in tissue in the visible wavelength range are oxygenated and deoxygenated blood. Thus in
tissue Eq. (10) becomes

Rbs(X) = Capp . a}\"b . exp(_ 0-6'dﬁber * Pblood * (SOZ . ﬂaSPeC,Ox + (l'SOZ) . 'uaspec,deox ))

=Capp - 1 exp(- 0.6*dpter * Phiood * (So2 * LT + (1-S02) - L")y (14)

where py, .04 is the concentration of blood, Sy, is the blood oxygenation (percentage oxygen saturation) in a certain
detection volume, Capp is a constant that depends on the calibration constant ¢, C’app is Capp-a, A is the wavelength,

b is the slope of the scattering coefficient defined in Eq. 13, lu,f” €G0% is the specific absorption coefficients of fully

spec,deox

oxygenated blood, fi; is the specific absorption coefficients of fully deoxygenated blood.

[0046] Non-linear phenomena such as an inhomogeneous distribution of absorbers are not incorporated in Eq. (14),
but can be added by the skilled person, see e.g. [8].

[0047]  Since the specific absorption coefficients of fully oxygenated (44, F**®*) and fully deoxygenated (/za“pec’deox)

blood are well known, see figure 12, Eq. (14) can be fitted to the measured data to yield the slope b of the scattering

coefficient ﬂs’is"“e

When a correction is made for the inhomogeneous distribution of blood in the vessels, a vessel diameter D may be
determined as well. Since the average detection depth is small (e.g. 0.1 mm), the blood present in the detection volume
when measuring non-invasively is located in capillaries.

[0048] In figure 13, in vivo measurements of backscattering in a human trachea together with a fit using Eq. (14) are
shown. The measurements are realized using a fiber diameter of 400 wm. The dots depict the measurements and curve
130 is a fitting curve. In figure 13, b = -0.94 and the oxygenation S, = 95%.

[0049] The present invention can be used for tumor detection. Tumor growth may, due to its excessive oxygen con-

, the concentration py,;,,4 @nd the oxygen saturation Sg;, of the blood present in the detection volume.
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sumption, be accompanied by a low capillary oxygen saturation, which can only be assessed using a very localized
measurement. Since (pre-)cancerous tissue is generally more heterogeneous than normal tissue, the standard deviation
of multiple measurements is likely to be larger for (pre-)cancerous tissue than for normal tissue. Standard deviations in
the measurements can be calculated for the oxygen saturation, the blood concentration, the blood vessel diameter, and

the slope b of the scattering coefficient /ls’is"‘e. It is noted that the invention is by no means restricted to determine a

concentration of a substance as the physical feature. All features, mentioned in the previous phrase can be regarded
as physical features.

[0050] An example of a measurement of a lung tumor is shown in figure 14. The shape of the dip in the wavelength
range of 500-600 nm in this figure demonstrates the depletion of oxygen from the capillaries of this tumor due to its
excessive oxygen consumption.

tissue

[0051] When a needle-probe is used, the local oxygenation and scattering coefficient s can be measured

invasively. This could be helpful in determining tumor-margins intra-operatively in real-time, for instance during resection
of a breast-tumor.

[0052] According to an embodiment, the device comprises multiple probes and a multichannel spectrometer for multiple
simultaneous measurements on different locations of the sample 1. Using this device, multiple measurements can be
made simultaneously on different locations of for example a suspicious lesion.

[0053] In yet another embodiment, the device comprises at least two pairs of fibers, having different fiber diameters.
For example, when a pair of fibers with 100 wm, a pair of fibers with a diameter of 200 wm and a pair of fibers with a
diameter of 400 wm are used, information from different depths in the sample 1 can be obtained as the average path
length increases with increasing fiber diameter.

[0054] The method and apparatus according to the invention can also be used to analyze local drug concentrations.
From Eq. (10) it follows that if the specific absorption coefficient of a certain drug is known, the local concentration p of
that substance can be determined using the invention.

[0055] Another possibility of the present invention is to monitor glucose concentrations. The scattering coefficient

,usﬁme depends among others on the relative refractive index of the scatterers with respect to the surrounding medium

(in tissue: cytoplasm). The refractive index of the surrounding cytoplasm is likely to depend on the concentration of

glucose. A change in the glucose concentration will therefore likely affect the slope b of the scattering coefficient ”stissue ,
see Eq. (13).

[0056] Whilst specificembodiments of the invention have been described above, it will be appreciated that the invention
may be practiced otherwise than as described. For example, a concentration of a substance in polluted water may be
calculated. The description is not intended to limit the scope of the invention as defined by the claims.
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Claims

1.

A method of determining of a physical feature of a medium, comprising:

- producing radiation with a light source (2);

- placing a probe on a sample (1) of said medium, said probe comprising a first optical fiber (5) having a first
diameter, and at least a second optical fiber (6) having a second diameter;

- sending light coming from said light source, through said first optical fiber;

- collecting first backscattered radiation through said first optical fiber and second backscattered radiation through
said second optical fiber;

- producing a first signal (I) based on said first backscattered radiation, and a second signal (J) based on said
second backscattered radiation;

- determining a measured differential backscatter signal as a function of wavelength using said first and second
signals (I, J),

characterized by

- calculating said physical feature by curve fitting said measured differential backscatter signal to a backscatter
function, in which said backscatter function is a function of an average path-length (t) travelled by detected
scattered photons, said average path-length (t) being independent from an absorption coefficient () of said
medium, and from a scattering coefficient () of said medium.

Method according to claim 1, wherein said average path-length (t) is also independent from a wavelength (A) of
said first and second backscattered radiation

Method according to claim 1, wherein said path-length (t) is proportional to said first fiber diameter.

Method according to claim 1, wherein said backscatter function is given by:

Rps=C1-psexp(-t -Ha)

with T = Cz'dfiber
where C1 and C2 are constants, ., = said absorption coefficient of said medium, p.¢ = said scattering coefficient of
said medium, and dg,e, = said first fiber diameter.

Method according to claim 4, wherein C2 is approximately 0.6.

Method according to any of claims 1-5, wherein said physical feature is a concentration of at least one substance
in said medium.

A device for determining a physical feature of a medium, comprising:

- a light source (2) for producing radiation;

- a probe with at least a first and a second optical fiber (5, 6), said first optical fiber (5) having a first diameter
and being arranged to deliver said radiation on a sample (1) of said medium and to collect first backscattered
radiation from said sample (1), said second optical fiber (6) having a second diameter and being arranged to
collect second backscattered radiation, wherein said second optical fiber (6) is positioned alongside said first
optical fiber (5);

- a spectrometer (7) for producing a first signal (I) based on said first backscattered radiation, and for producing
a second signal (J) based on said second backscattered radiation;

- a processor (9) arranged to determine a measured differential backscatter signal as a function of wavelength
(A) using said first and second signals (I, J),

characterized in that said processor is arranged to calculate said physical feature by curve fitting said measured
differential backscatter signal to a backscatter function (R,), in which said backscatter function is a function of an
average path-length (1) travelled by detected scattered photons, said average path-length (1) being independent
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from an absorption coefficient () of said medium, and from a scattering coefficient () of said medium.

Computer program product to be loaded by a computer, said computer program product, after being loaded, providing
said computer with the capacity to:

- receive a first signal (I) indicative of a collected radiation received from a first fiber (5) and a second signal (J)
indicative of a collected radiation received from a second fiber (6);

- determine a measured differential backscatter signal (R) as a function of wavelength (1) of said collected
radiation using said first and second signals (I, J);

characterized by the capacity to

- calculate a physical feature by curve fitting said measured differential backscatter signal to a backscatter
function, in which said backscatter function is a function of an average path-length (t) travelled by detected
scattered photons, said average path-length (t) being independent from an absorption coefficient () of said
medium, and from a scattering coefficient (j.s) of said medium.

Data carrier provided with a computer program product according to claim 8.
A method of determining a physical feature of a medium, comprising:

- producing radiation with a light source (2);

- placing a probe on a sample (1) of said medium, said probe comprising a first optical fiber (5) having a first
diameter, and at least a second optical fiber (6) having a second diameter;

- sending light coming from said light source, through said first optical fiber;

- collecting first backscattered radiation through said first optical fiber and second backscattered radiation through
said second optical fiber;

- producing a first signal (I) based on said first backscattered radiation, and a second signal (J) based on said
second backscattered radiation;

- determining a measured differential backscatter signal as a function of wavelength using said first and second
signals (I, J),

characterized by

- calculating said physical feature by curve fitting said measured differential backscatter signal to a backscatter
function, in which said backscatter function is a function of a mean free path of photons in the medium.

Method according to claim 10, wherein said backscatter function (Ry,) is defined by:

Rus() = Capy’ P(4180) - (1) exp(-2 - mfp() - Y pi - b™%(1)

i=1

where C,' is an apparatus constant, p(A,180) is a phase function, ug(1) is a scattering coefficient of said medium,
A is a wavelength of said first and second backscattered radiation, mfp(A) is said mean free path as a function of
the wavelength, n is a number of substances in said medium, p; is concentration of absorber i present in a detection
volume of said sample (1), and p.,SPei(1) is an absorption coefficient of substance i as a function of the wavelength.

Method according to any of claims 10-11, wherein said physical feature is a concentration of at least one substance
in said medium.

A device for determining a physical feature of a medium, comprising:
- a light source (2) for producing radiation;
- a probe with at least a first and a second optical fiber (5, 6), said first optical fiber (5) having a first diameter

and being arranged to deliver said radiation on a sample (1) of said medium and to collect first backscattered
radiation from said sample (1), said second optical fiber (6) having a second diameter and being arranged to

11
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collect second backscattered radiation, wherein said second optical fiber (6) is positioned alongside said first
optical fiber (5);

- a spectrometer (7) for producing a first signal (I) based on said first backscattered radiation, and for producing
a second signal (J) based on said second backscattered radiation;

- a processor (9) arranged to determine a measured differential backscatter signal as a function of wavelength
(A) using said first and second signals (I, J),

characterized in that said processor is arranged to calculate said physical feature by curve fitting said measured
differential backscatter signal to a backscatter function (R,s), wherein said backscatter function is a function of a
mean free path of photons.

Computer program product to be loaded by a computer, said computer program product, after being loaded, providing
said computer with the capacity to:

- receive a first signal (l) indicative for a collected radiation received from a first fiber (5) and a second signal
(J) indicative for a collected radiation received from a second fiber (6);

- determine a measured differential backscatter signal (R,s) as a function of wavelength (X) of said collected
radiation using said first and second signals (I, J);

characterized by the capacity to

- calculate a physical feature by curve fitting said measured differential backscatter signal to a backscatter
function, wherein said backscatter function is a function of a mean free path of photons.

Data carrier provided with a computer program product according to claim 14.
Method according to any of the claim 1-6, 10-12 wherein said method comprises:
- simultaneously measuring backscatter radiation on different locations of said sample (1);

- determining a physical feature for said different locations;
- calculating a standard deviation of said physical feature.

Patentanspriiche

1.

Verfahren
zur Bestimmung einer physikalischen Eigenschaft eines Mediums,
mit nachstehenden Verfahrensschritten:

- mit Hilfe einer Lichtquelle (2) wird Lichtstrahlung erzeugt;

- eine Sonde wird an einer Probe (1) des Mediums angeordnet,

wobei diese Sonde eine erste Lichtleitfaser (5) mit einem ersten Durchmesser und wenigstens eine zweite
Lichtleitfaser (6) mit einem zweiten Durchmesser aufweist;

- von der Lichtquelle stammendes Licht wird durch diese erste Lichtleitfaser geleitet;

- mit Hilfe der ersten Lichtleitfaser wird erste Rickstreustrahlung gesammelt, und mit Hilfe der zweiten Licht-
leitfaser wird zweite Riickstreustrahlung gesammelt;

- es wird ein erstes Signal (1) erzeugt, das auf dieser ersten Riickstreustrahlung beruht, und es wird ein zweites
Signal (J) erzeugt, das auf dieser zweiten Riickstreustrahlung beruht;

- als Funktion der in diesem ersten Signal (I) und in diesem zweiten Signal (J) verwendeten Wellenlange wird
ein gemessenes Differentialriickstreusignal bestimmt;

dadurch gekennzeichnet, dass
- diese physikalische Eigenschaft berechnet wird durch Kurvenanpassung dieses gemessenen Differential-
rickstreusignals an eine Rlckstreufunktion, wobei es sich bei dieser Riickstreufunktion um eine Funktion der

mittleren Weglange (1) handelt, welche die erfassten gestreuten Photonen zurtickgelegt haben,

wobei diese mittlere Weglange (t) unabhéangig ist von einem Absorptionskoeffizienten (n,) dieses Mediums und
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von einem Streukoeffizienten (w.s) dieses Mediums.

Verfahren nach Anspruch 1,

wobei

diese mittlere Weglange (t) auch unabhéngig ist von einer Wellenlange () dieser ersten Rlckstreustrahlung und
dieser zweiten Ruckstreustrahlung.

Verfahren nach Anspruch 1,
wobei
diese Weglange (T) proportional ist zum Durchmesser dieser ersten Lichtleitfaser.

Verfahren nach Anspruch 1,
wobei
diese Riickstreufunktion gegeben ist durch:

mit:

Rps=C1epseexp(-T*a)

T= Cz°dFaser

wobei:

C1 und C2 sind Konstanten;
u, = der Absorptionskoeffizient dieses Mediums;
ug = der Streukoeffizient dieses Mediums; und

draser = der Durchmesser dieser ersten Lichtleitfaser.

Verfahren nach Anspruch 4,
wobei
C2 angenahert den Wert 0,6 hat.

Verfahren nach einem der Anspriiche 1 bis 5,

wobei

es sich bei dieser physikalischen Eigenschaft um die Konzentration von wenigstens einer Substanz handelt, die in
diesem Medium enthalten ist.

Vorrichtung
zur Bestimmung einer physikalischen Eigenschaft eines Mediums,

mit:

- einer Lichtquelle (2) zur Erzeugung von Lichtstrahlung;

- einer Sonde mit wenigstens einer ersten Lichtleitfaser (5) und mit wenigstens einer zweiten Lichtleitfaser (6),
wobei diese erste Lichtleitfaser (5) einen ersten Durchmesser hat und so angeordnet und ausgebildet ist, dass
sie diese Lichtstrahlung einer Probe (1) dieses Mediums zufiihrt, und dass sie die an dieser Probe (1) gestreute,
erste Rickstreustrahlung sammelt, und

wobei diese zweite Lichtleitfaser (6) einen zweiten Durchmesser hat und so angeordnet und ausgebildet ist,
dass sie eine zweite Rickstreustrahlung sammelt,

wobei diese zweite Lichtleitfaser (6) langs dieser ersten Lichtleitfaser (5) angeordnet ist;

- einem Spektrometer (7), um ein, auf dieser ersten Ruickstreustrahlung beruhendes erstes Signal (I) zu erzeu-
gen, und um ein, auf dieser zweiten Rickstreustrahlung beruhendes zweites Signal (J) zu erzeugen;

- einem Prozessor (9), der so angeordnet und ausgebildet ist, dass er als Funktion der in diesem ersten Signal
(I) und in diesem zweiten Signal (J) verwendeten Wellenlange ein gemessenes Differentialriickstreusignal
bestimmt;

dadurch gekennzeichnet, dass

- dieser Prozessor so angeordnet und ausgebildet ist, dass er diese physikalische Eigenschaft berechnet durch
Kurvenanpassung dieses gemessenen Differentialriickstreusignals an eine Riickstreufunktion (Rys),
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wobei es sich bei dieser Rickstreufunktion um eine Funktion der mittleren Weglénge (T) handelt, die erfasste
gestreute Photonen zurlickgelegt haben,

wobei diese mittlere Weglange (T) unabhéngig ist von einem Absorptionskoeffizienten (u.,) dieses Mediums und
von einem Streukoeffizienten () dieses Mediums.

Computerprogrammprodukt,
mit dem ein Computer geladen wird,
wobei dieses Computerprogrammprodukt - nach dem Ladevorgang - diesen Computer in die Lage versetzt:

- ein erstes Signal (1) zu empfangen, das die gesammelte Strahlung angibt, die von dieser ersten Lichtleitfaser
(5) aufgenommen worden ist, und

ein zweites Signal (J) zu empfangen, das die gesammelte Strahlung angibt, die von einer zweiten Lichtleitfaser
(6) aufgenommen worden ist;

- ein gemessenes Differentialriickstreusignal (Rbs) zu bestimmen als Funktion der Wellenlange (A) dieser ge-
sammelten Strahlung, die bei diesem ersten Signal (I) und bei diesem zweiten Signal (J) verwendet worden ist;

dadurch gekennzeichnet, dass
der Computer in die Lage versetzt worden ist:

- eine physikalische Eigenschaft dadurch zu berechnen, dass eine Kurvenanpassung dieses gemessenen
Differentialriickstreusignals an eine Riickstreufunktion vorgenommen wird,

wobei es sich bei dieser Riickstreufunktion um, eine Funktion der mittleren Weglénge (T) handelt, die erfasste
gestreute Photonen zuriickgelegt haben,

wobei diese mittlere Weglange (T) unabhéngig ist von einem Absorptionskoeffizienten (u.,) dieses Mediums und
von einem Streukoeffizienten () dieses Mediums.

Datentréager,
der mit einem Computerprogrammprodukt nach Anspruch 8 versehen ist.

Verfahren
zur Bestimmung einer physikalischen Eigenschaft eines Mediums,
mit nachstehenden Verfahrensschritten:

- mit Hilfe einer Lichtquelle (2) wird Lichtstrahlung erzeugt;

- eine Sonde wird an einer Probe (1) des Mediums angeordnet,

wobei diese Sonde eine erste Lichtleitfaser (5) mit einem ersten Durchmesser und wenigstens eine zweite
Lichtleitfaser (6) mit einem zweiten Durchmesser aufweist;

- von der Lichtquelle stammendes Licht wird durch diese erste Lichtleitfaser geleitet;

- mit Hilfe der ersten Lichtleitfaser wird erste Rickstreustrahlung gesammelt, und mit Hilfe der zweiten Licht-
leitfaser wird zweite Rickstreustrahlung gesammelt;

- es wird ein erstes Signal (I) erzeugt, das auf dieser ersten Rlckstreustrahlung beruht, und es wird ein zweites
Signal (J) erzeugt, das auf dieser zweiten Rickstreustrahlung beruht;

- als Funktion der in diesem ersten Signal (I) und in diesem zweiten Signal (J) verwendeten Wellenlénge wird
ein gemessenes Differentialriickstreusignal bestimmt;

dadurch gekennzeichnet, dass

- diese physikalische Eigenschaft berechnet wird durch Kurvenanpassung dieses gemessenen Differential-
rlickstreusignals an eine Rlckstreufunktion,

wobei es sich bei dieser Riickstreufunktion um eine Funktion der mittleren freien Weglange der Photonen in diesem
Medium handelt.

Verfahren nach Anspruch 10,

wobei
diese Rickstreufunktion (Ry,s) gegeben ist durch:
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Resh) = Capy’ * PL160) - g0 0xp(2 - mfp(l) - 3 i ™)

=l

wobei:

Capp’ ist eine Apparatekonstante;

p (A, 180) ist eine Phasenfunktion;

ws (M) ist ein Streukoeffizient dieses Mediums;

A ist eine Wellenlange dieser ersten Rickstreustrahlung und dieser zweiten Riickstreustrahlung;

mfp (A) ist diese mittlere freie Weglange als Funktion der Wellenlange;

n bezeichnet die Anzahl der Substanzen, die in diesem Medium enthalten sind;

p; ist die Konzentration eines Absorbers i, der in einem Erfassungsvolumen dieser Probe (1) vorhanden ist; und
noSPeCi(A) ist ein Absorptionskoeffizient der Substanz i als Funktion der Wellenlange.

Verfahren nach einem der Anspriche 10 oder 11,

wobei

es sich bei dieser physikalischen Eigenschaft um die Konzentration von wenigstens einer Substanz handelt, die in
diesem Medium enthalten ist.

Vorrichtung
zur Bestimmung einer physikalischen Eigenschaft eines Mediums,
mit

- einer Lichtquelle (2) zur Erzeugung von Lichtstrahlung;

- einer Sonde mit wenigstens einer ersten Lichtleitfaser (5) und mit wenigstens einer zweiten Lichtleitfaser (6),
wobei diese erste Lichtleitfaser (5) einen ersten Durchmesser hat und so angeordnet und ausgebildet ist, dass
sie diese Lichtstrahlung einer Probe (1) dieses Mediums zufiihrt; und dass sie die an dieser Probe (1) gestreute
erste Rickstreustrahlung sammelt, und

wobei diese zweite Lichtleitfaser (6) einen zweiten Durchmesser hat und so angeordnet und ausgebildet ist,
dass sie eine zweite Rlckstreustrahlung sammelt,

wobei diese zweite Lichtleitfaser (6) 1angs dieser ersten Lichtleitfaser (5) angeordnet ist;

- einem Spektrometer (7), um ein, auf dieser ersten Riickstreustrahlung beruhendes erstes Signal (I) zu erzeu-
gen, und um ein, auf dieser zweiten Riickstreustrahlung beruhendes zweites Signal (J) zu erzeugen;

- einem Prozessor (9) der so angeordnet und ausgebildet ist, dass er als Funktion der in diesem ersten Signal
(I) und in diesem zweiten Signal (J) verwendeten Wellenldnge ein gemessenes Differentialriickstreusignal
bestimmt;

dadurch gekennzeichnet, dass

- dieser Prozessor so angeordnet und ausgebildet ist, dass er diese physikalische Eigenschaft berechnet durch
Kurvenanpassung dieses gemessenen Differentialriickstreusignals an eine Rickstreufunktion (Ry),

wobei es sich bei dieser Riickstreufunktion (R,s) um eine Funktion einer mittleren freien Weglénge (T) von Photonen
handelt,

Computerprogrammprodukt,
mit dem ein Computer geladen wird,
wobei dieses Computerprogrammsprodukt - nach dem Ladevorgang - diesen Computer in die Lage versetzt:

- ein erstes Signal (I) zu empfangen, das eine gesammelte Strahlung angibt, die von einer ersten Lichtleitfaser
(5) aufgenommen worden ist, und

ein zweites Signal (J) zu empfangen, das die gesammelte Strahlung angibt, die von einer zweiten Lichtleitfaser
(6) gesammelt worden ist;

- ein gemessenes Differentialrlickstreusignal (R,s) zu bestimmen, als Funktion der Wellenlédnge (L) dieser
gesammelten Strahlung, die bei diesem ersten Signal (I) und bei diesem zweiten Signal (J) verwendet worden ist;
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dadurch gekennzeichnet, dass
der Computer in die Lage versetzt worden ist:

- eine physikalische Eigenschaft dadurch zu berechnen, dass eine Kurvenanpassung dieses gemessenen
Differentialriickstreusignals an eine Rickstreufunktion vorgenommen wird,

wobei es sich bei dieser Riickstreufunktion um eine Funktion der mittleren freien Weglange von Photonen handelt.

Datentrager,
der mit einem Computerprogrammprodukt nach Anspruch 14 versehen ist.

Verfahren nach einem der Anspriiche 1 bis 6 und 10 bis 12,
wobei
dieses Verfahren nachstehende Verfahrensschritte aufweist:

- Rickstreustrahlung gleichzeitig an verschiedenen Orten dieser Probe (1) gemessen wird;
- eine physikalische Eigenschaft flir diese verschiedenen Orte bestimmt wird; und
- eine Standardabweichung dieser physikalischen Eigenschaft berechnet wird.

Revendications

1.

Procédé pour déterminer une caractéristique physique d’un support, comportant les étapes consistant a :

- produire une radiation avec une source lumineuse (2) ;

- placer une sonde sur un échantillon (1) dudit support, ladite sonde comportant une premiéere fibre optique (5)
présentant un premier diamétre, et au moins une seconde fibre optique (6) présentant un second diametre ;

- envoyer de la lumiére provenant de ladite source lumineuse, a travers ladite premiére fibre optique ;

- collecter une premiere radiation rétrodiffusée a travers ladite premiere fibre optique et une seconde radiation
rétrodiffusée a travers ladite seconde fibre optique ;

- produire un premier signal (I) sur la base de ladite premiére radiation rétrodiffusée, et un second signal (J)
sur la base de ladite seconde radiation rétrodiffusée ;

- déterminer un signal de rétrodiffusion différentielle mesuré en tant qu’une fonction de longueur d’'onde utilisant
lesdits premier et second signaux (I, J),

caractérisé par les étapes consistant a

- calculer ladite entité physique en lissant ledit signal de rétrodiffusion différentielle mesuré en une fonction de
rétrodiffusion, dans lequel ladite fonction de rétrodiffusion est une fonction d’une longueur de cheminement
moyenne (1) utilisée par des photons diffusés détectés, ladite longueur de cheminement moyenne (1) étant
indépendante d’un coefficient d’absorption (u.,) dudit support, et d’'un coefficient de diffusion () dudit support.

Procédé selon la revendication 1, dans lequel ladite longueur de cheminement moyenne (t) est aussi indépendante
de la longueur d’onde () desdites premiére et seconde radiations rétrodiffusées.

Procédé selon la revendication 1, dans lequel ladite longueur de cheminement (t) est proportionnelle audit premier
diametre de fibre.

Procédé selon la revendication 1, dans lequel ladite fonction de rétrodiffusion est donnée par :

Rps=Cl * ps*exp (- T * )

avec 1= C2 * djiper
ou C1 et C2 sont constants, p, = ledit coefficient d’absorption dudit support, p.s= ledit coefficient de diffusion dudit
support, et dgp,e, = ledit diamétre de premiére fibre.
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Procédé selon la revendication 4, dans lequel C2 vaut approximativement 0,6.

Procédé selon I'une quelconque des revendications 1 a 5, dans lequel ladite entité physique est une concentration
d’au moins une substance dans ledit support.

Dispositif pour déterminer une entité physique d’'un support, comportant :

- une source lumineuse (2) pour produire une radiation ;

- une sonde avec au moins une premiére et une seconde fibre optique (5, 6) ladite premiére fibre optique (5)
présentant un premier diametre et étant disposée pour délivrer ladite radiation a un échantillon (1) dudit support
et pour collecter la premiére radiation rétrodiffusée dudit échantillon (1), ladite seconde fibre optique (6) pré-
sentant un second diameétre et étant disposée pour collecter une seconde radiation rétrodiffusée, dans lequel
ladite seconde fibre optique (6) est positionnée le long de ladite premiére fibre optique (5) ;

- un spectromeétre (7) pour générer un premier signal (I) sur la base de la premiére radiation rétrodiffusée, et
pour générer un second signal (J) sur la base de la seconde radiation rétrodiffusée ;

- un processeur (9) disposé pour déterminer un signal de rétrodiffusion différentielle mesuré en tant qu'une
fonction de longueur d’onde (A) utilisant lesdits premier et second signaux (I, J),

caractérisé en ce que ledit processeur est disposé pour calculer ladite entité physique en lissant ledit signal de

rétrodiffusion différentielle mesuré en une fonction de rétrodiffusion (R,s), dans lequel ladite fonction de rétrodiffusion
est une fonction d’'une longueur de cheminement moyenne (t) utilisée par des photons diffusés détectés, ladite
longueur de cheminement moyenne (t) étant indépendante d’un coefficient d’absorption () dudit support, et d’'un
coefficient de diffusion (u) dudit support.

Produit-programme informatique a charger sur un ordinateur, ledit produit-programme informatique, aprés avoir été
chargé, délivrant audit ordinateur la capacité de :

- recevoir un premier signal () révélateur d’'une radiation collectée regue d’une premiére fibre (5) et un second
signal (J) révélateur d’'une radiation collectée regue d’'une seconde fibre (6) ;

- déterminer un signal de rétrodiffusion différentielle mesuré (R,s) en tant qu’une fonction de longueur d’onde
(A) de ladite radiation collectée utilisant lesdits premier et second signaux (1, J).

caractérisé par la capacité de

- calculer une entité physique en lissant ledit signal de rétrodiffusion différentielle mesuré en une fonction de
rétrodiffusion, dans laquelle ladite fonction de rétrodiffusion est une fonction d’une longueur de cheminement
moyenne (1) utilisée par des photons diffusés détectés, ladite longueur de cheminement moyenne (t) étant
indépendante d’un coefficient d’absorption () dudit support, et d’un coefficient de diffusion (j.s) dudit support.

Support de données délivré avec un produit-programme selon la revendication 8.

10. Procédé de détermination d’'une entité physique d’'un support, comportant les étapes consistant a :

- produire une radiation avec une source lumineuse (2) ;

- placer une sonde sur un échantillon (1) dudit support, ladite sonde comportant une premiére fibre optique (5)
présentant un premier diamétre, et au moins une seconde fibre optique (6) présentant un second diamétre ;

- envoyer de la lumiére provenant de ladite source lumineuse, a travers ladite premiére fibre optique ;

- collecter une premiere radiation rétrodiffusée a travers ladite premiere fibre optique et une seconde radiation
rétrodiffusée a travers ladite seconde fibre optique ;

- produire un premier signal (I) sur la base de ladite premiére radiation rétrodiffusée, et un second signal (J)
sur la base de ladite seconde radiation rétrodiffusée ;

- déterminer un signal de rétrodiffusion différentielle mesuré en tant qu’une fonction de longueur d’onde utilisant
lesdits premier et second signaux (I, J),

caractérisé par les étapes consistant a

- calculer ladite entité physique en lissant ledit signal de rétrodiffusion différentielle mesuré en une fonction de
rétrodiffusion, dans lequel ladite fonction de rétrodiffusion est une fonction d’un libre parcours moyen de photons
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dans le support.

Procédé selon la revendication 10, dans lequel ladite fonction de rétrodiffusion (Rs) est définie par :

Res(A) = Capp’ * p(4,180) - ps(A) - exp(-2 - mfp(1)) - Z pi - k(M)

ou Cyp,’ est une constante de dispositif, p(A, 180) est une fonction de phase, ug(A) est un coefficient de diffusion
dudit support, A est une longueur d’'onde de ladite premiére et seconde radiation rétrodiffusée, mfp(A) est ledit
parcours libre moyen en tant qu’une fonction de la longueur d’'onde, n est un nombre de substances dans ledit
support, p; est une concentration d’absorbeur i présent dans un volume de détection dudit échantillon (1), et ., sPeci
(A) est un coefficient d’absorption de substance i en tant que fonction de la longueur d’'onde.

Procédé selon'une quelconque des revendications 10 et 11, dans lequel ladite entité physique est une concentration
d’au moins une substance dans ledit support.

Dispositif pour déterminer une entité physique d’'un support, comportant :

- une source lumineuse (2) pour produire une radiation ;

- une sonde avec au moins une premiére et une seconde fibre optique (5, 6) ladite premiére fibre optique (5)
présentant un premier diametre et étant disposée pour délivrer ladite radiation a I'échantillon (1) dudit support
et pour collecter la premiére radiation rétrodiffusée dudit échantillon (1), ladite seconde fibre optique (6) pré-
sentant un second diameétre et étant disposée pour collecter une seconde radiation rétrodiffusée, dans lequel
ladite seconde fibre optique (6) est positionnée le long de ladite premiére fibre optique (5) ;

- - un spectromeétre (7) pour générer un premier signal (I) sur la base de la premiére radiation rétrodiffusée, et
pour générer un second signal (J) sur la base de la seconde radiation rétrodiffusée ;

- - un processeur (9) disposé pour déterminer un signal de rétrodiffusion différentielle mesuré en tant qu'une
fonction de longueur d’'onde ()) utilisant lesdits premier et second signaux (I, J),

- caractérisé en ce que ledit processeur est disposé pour calculer ladite entité physique en lissant ledit signal
de rétrodiffusion différentielle mesuré en une fonction de rétrodiffusion (R), dans lequel ladite fonction de
rétrodiffusion est une fonction d’'un parcours libre moyen de photons.

Produit-programme informatique a charger sur un ordinateur, ledit produit-programme informatique, aprés avoir été
chargé, délivrant audit ordinateur la capacité de :

- recevoir un premier signal () révélateur d’'une radiation collectée regue d’une premiére fibre (5) et un second
signal (J) révélateur d’'une radiation collectée regue d’'une seconde fibre (6) ;

- déterminer un signal de rétrodiffusion différentielle mesuré (R,s) en tant qu’une fonction de longueur d’onde
(A) de ladite radiation collectée utilisant lesdits premier et second signaux (1, J).

caractérisé par la capacité de
- calculer une entité physique en lissant ledit signal de rétrodiffusion différentielle mesuré en une fonction de
rétrodiffusion, dans laquelle ladite fonction de rétrodiffusion est une fonction d’'un parcours libre moyen de
photons.

Support de données délivré avec un produit-programme selon la revendication 14.

Procédé selon I'une quelconque des revendications 1 a 6, 10 a 12 dans lequel ledit procédé comporte les étapes
consistant a :

- mesurer simultanément une radiation de radiodiffusion a différents endroits dudit échantillon (1) ;

- déterminer une caractéristique physique pour lesdits différents emplacements.
- calculer une déviation standard de ladite caractéristique physique.
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