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(57) Abstract

The invention relates to a method of imaging an interior
of a turbid medium, for example a part of a breast of a human
female. In the method a turbid medium is irradiated with
light and measurement of the intensity of light propagated
along a plurality of light paths through the turbid medium
is measured. An image of the interior of the turbid medium is
reconstructed from the intensities measured. Furthermore, the
method according to the invention comprises the determination
of possible strengths assignable to each pixel of the image from
combinations of weighting functions and differences between
expected photon fluences and measured photo fluences from
the intensities measured. A distribution function is made up
from the possible strength determined. In a last step the image
is determined from the distribution function. Further steps can
be carried out to correct objects of high strength in the image.
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Method and apparatus for imaging an interior of a turbid medium.

The invention relates to a method of imaging an interior of a turbid
medium, in which method the following steps are performed:
a) consecutive irradiation of the turbid medium with light and measurement of the light
propagated along a plurality of light paths through the turbid medium, b) determination of an
image of the interior of the turbid medium from the intensities measured.

The invention also relates to a device for carrying out such a method.

In the context of the present Patent Application light has to be understood
as electromagnetic radiation having a wavelength in the visible or infra-red range
approximately between 400 and 1000 nm. Furthermore, a turbid medium has to be
understood as a volume of a highly scattering substance, for example, an Intralipid solution
or biological tissue.

Such a method is known from the article "Back-projection Reconstruction
of Cylindrical inhomogeneities from Frequency Domain Optical Measurements in Turbid
Media", S.A. Walker et al, OSA Topics on Advances in Optical Imaging and Photon
Migration, 1996. In the cited article, the known method is used for the imaging of a turbid
medium having optical properties similar to those of biological tissue. In medical diagnostics
the known method and device could be used for imaging the internal structure of breast
tissue of a human female. For example, a tumor can be localized in such an image of the
internal structure of breast tissue. The known method employes a back-projection method
similar to X-ray computer tomography to obtain an image of the region of interest inside the
turbid medium from physical parameters of the measured intensities. In said back-projection

method, the physical parameters are calculated from frequency domain data.

Furthermore, a value of the optical absorption coefficient x  and a value of the reduced

. . ! ' .
scattering coefficient p; are used as reconstruction parameters. Said values are calculated for

each measurement and, in a single step, are projected back along the region between source

and detector while employing an appropriate weighting function. An image is formed by
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averaging data from multiple source detector scans taken at multiple angles. A weighting
function can also be chosen in order to maximize resolution which weighting function
consists of an evenly weighted straight line between source and detector multiplied by a
filtering function. That filtering function accounts for the size of the sampling interval. A
drawback of the known method is that the known method is not capable of reconstructing
inhomogeneities beyond a source detector line.

It is an object of the invention to provide an image reconstruction
algorithm for imaging inhomogeneities also beyond the source detector line. It is a further
object to provide a real-time imaging technique for use in medical imaging processes, for
example mammography. Therefore, the method according to the invention is characterized in
that it includes the following steps:

c) determination for each measurement of a difference between an expected
photon fluence and a measured photon fluence from the intensity measured,

d) determination of possible strengths assignable to each pixel of the image
from combinations of weighting functions and the differences determined,

e) determination of a distribution function of the possible strengths assignable to
each pixel,

f) determination of an image from the distribution function determined.

In the present Patent Application the expected photon fluence is defined as

6,7~ S, exp[-K|r,-r|]

4D’ | rd_rs I

in which S represents the source intensity,

K=(uc/D")*~Bppui)'?, D' = cD= c/[3(u,+p)] is the photon diffusion coefficient (in

m?/s) and c is the speed of light in the turbid medium (in m/s). Furthermore, the strength q
of an inhomogeneity at a position r can be regarded as the effect on the measured intensity of

1 ¢0(rd) _¢(rd)

the light an is given by the formula ¢(r)=
s & N = T B X Ty

b

CXP[‘K(IrI’rS|+Ir1'rdI'|rd_rs|]

wherein P(r,r,r)= and r,r,r, represent position vectors

lrl_rsl |rl_rd|/|rd—r:|

of a point in the object space, a light source position, and a detector position, respectively
and ¢(r,) is the measured photon density.

Furthermore, a weighting function is defined as a function giving a dependency
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of the strength of an object of a position r, which strength introduces a normalized intensity

change at a detector position r, in light from a source at position r,. The weighting function

W is defined as the inverse function of the perturbation function P, so W=%. The

distribution function is defined as a function giving a correlation between the possible
strengths assignable to each pixel of the reconstructed image for the differences determined.
The effect of said steps is that an image is reconstructed containing an non-

blurred image of a strong object. The invention is based on the insight that the possible
strengths assignable to a pixel can be derived from a combination of the weighting function
and the differences between the measured photon fluence and an expected photon fluence for
each light source position and each detector position and that furthermore the possible
strengths determined for different light source positions and detector positions must correlate
in order to assign a value of the strength to that pixel. Said correlation can be determined by
employing the distribution function. Consequently, determination of an image from the
distribution function can be performed by employing statistics from the distribution function.
Furthermore, said method enables three-dimensional imaging because the reconstruction of
an image is not limited to inhomogeneities in a source detector plane only, but because of the
use of the weighting function, also accounts for inhomogenities beyond the source detector
plane.

A further advantage of the method is that fewer measurements of different
source detector positions are suffice as compared to the known back-projection method.

An embodiment of the method according to the invention is characterized
in that the method also includes the following steps:
determining intensities due to a perturbation function for the position of a strong object,
subtracting the intensities determined from the intensities measured,
repeating the steps c) to f).

The perturbation function P(r,r,r,) is defined as the inverse function of
the weighting function. The intensity at a detector position is then given by
I=A®(r)=A,2y(r)[1-gP(r,r,,r,)], wherein A, (in cm?) a collection area of the input window

of the detector, q represents the strength of the perturbation and ®(r,) is defined as

S, exp[-K|r,-r]|] . . - : .
o plK|r, ] in which S, represents the initial source intensity and D= 1

4D r,-r,] 3(us +4t,)
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represents the normalized photon diffusion coefficient. A strong object is an indication for an
inhomogeneity having a large value of q. A small object is an indication for an
inhomogeneity with a small value of q.

Subtracting the effect of the strong object from the intensities measured
and repeating said steps of the image reconstruction process produces an image in which
smal objects are deblurred. Furthermore, the image can be refined, by a small number of
these iterations, so that in the resultant image more smal objects become visible.

An embodiment of the method according to the invention is characterized
in that the distribution function comprises a histogram for each pixel, in which histograms
each bin represents a value of the possible strength and the frequency of the bin represents
the occurrence of the possible strengths determined. An image of the interior of the turbid
medium is then formed by using the statistical information of said histogram. Generally
speaking, a high frequency indicates an inhomogeneity for that pixel in the turbid medium.
Statistical parameters that may used for forming the image are, for example, maximum value
or peak value, mean, variance and standard deviation.

An embodiment of the method according to the invention is characterized
in that for each pixel the value of the bin belonging to maximum frequency of the histogram
of the pixel is assigned to the pixel. The effect of this step is that the possible strength of the
pixel on which the different possible assignable strengths agree or correlate is assigned to the
pixel.

An embodiment of the method according to the invention is characterized

in that for each pixel the pixel value assigned is multiplied by a correction factor

’

1+a0,

wherein ¢, is the standard deviation of the histogram of the pixel and a is a constant
. . . . 20 . .
determined by the desired bit accuracy of the image as a=——, wherein b represents the bit

max

accuracy and ¢ is the maximum value of the weighting function. Bit accuracy is defined as

the number of binary digits representing the maximum possible values of a pixel in the

image. The effect of this step is that the strength of the pixel is corrected for the standard
deviation of the histogram. For a high standard deviation o, only a small value of the
strength will be assigned to the pixel. For a low standard deviation ¢, the histogram is

peaked around a central value and that central value will be assigned to the pixel.



10

15

20

25

30

WO 98/24361 PCT/IB97/01439

5

The invention also relates to a device, which is provided with

a) a light source for irradiating the turbid medium,

b) a plurality of detectors for measuring light intensities of light propagated
through the turbid medium at a plurality of different positions,

c) means for irradiating the turbid medium from a plurality of different
positions connected to the light source,

d) means for selecting a detector from the plurality of detectors,

e) a control unit for generating control signals for the means for controlling the
means for irradiating the turbid medium and the means for selecting detectors, and

f) a reconstruction unit for reconstructing an image from the measured
intensities, the reconstruction unit also being arranged to carry out the following steps:

1) consecutive irradiation of the turbid medium with light and detection of the

light propagated along different light paths through the turbid medium,

2) determination of an image of the interior of the turbid medium from the

measured intensities,
characterized in that the reconstruction unit is further arranged to carry out the following
sub-steps for determining the image of the object:

3) determination, for each measurement, of a difference between an expected

photon fluence and a measured photon fluence from the intensity measured,

4) determination of possible strengths assignable to each pixel of the image

from combinations of weighting functions and the differences determined,

5) determination of a distribution function of the possible strengths assignable to

each pixel,

6) determination of an image from the distribution function determined.

The above and other, more detailed aspects of the invention will be

explained hereinafter by way of example with reference to the drawing.

In the drawing,
Fig 1 shows a circular configuration of light sources and detectors,
Fig 2 shows a surface of a perturbation function,
Fig 3 shows a weighting function,

Fig 4 shows a weighting function for a source/detector pair directed in the Y-

direction,
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Fig 5 shows a weighting function for a source/detector pair directed in the X-
direction,

Fig 6 shows an integrated plot for two weighting functions for different
source/detector pairs,

Fig 7 shows a difference plot for two weighting functions for the different
source/detector pairs,

Fig 8 shows an embodiment of a device according to the invention and

Fig 9 shows a cup for holding a turbid medium.

The general principles of the invention will be elucidated with reference to
Figs. 1-7. Fig 1 shows a circular configuration of light sources and detectors. In Fig 1. light
sources 1,2 and detectors 3,4,5 are located on a circle around a turbid medium, for example,
an Intralipid solution or biological tissue. The diameter of the circle is, for example, 100
mm. In the Intralipid solution an inhomogeneity 6, for example an absorbing cylinder of a
synthetic material is immersed. The diameter of the absorbing cylinder 6 is, for example 10
mm. The positions of the sources, detectors and objects are given with respect to an
orthogonal coordinate system X,y,z in which r =(x_,y.z),r,=(x,,y,2,), r,=(x,,y,z) are the
positions of the source, the detector and an object, respectively. In Fig. 1 the sources and
detector are drawn in the x-y plane of the coordinate system.

A diffusion equation is used to describe the transport of light in the turbid
medium. Solution of the diffusion equation in a homogeneous medium with a time invariant
source Sy(1/s), located at r,, yields the photon density at a general position r, where
S, exp[-K|r-r|

1
4rD’  |r-r] @

¢o(r ) =

Therein, K=(u c/D’ )2 ~@Bu p)'?,D' = cD= c/[3(u, +u)] is the photon diffusion

coefficient (in m?/s) and c is the speed of light in the turbid medium( in m/s). The photon
fluence rate ®(r) (1/cm?-sec) resulting from this photon density is

S, exp[-K|r-r,|
«D |r-r|

@

®(r)= 7

If a collection area Ay (cm?) is assumed at an output window of a source, and any corrections

due to the detector input window are ignored, the output intensity, I, (photons/sec) is given
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SA, exp[-K|r-r,|]
41D’ [r-r.|

(1) =A24") @

out

In order to probe the turbid medium, measurements are performed at a detector position r,,
and the output of the detector is obtained as a result of the propagation of light from a source
at a position r,. A perturbation P(r,r) due to an absorbing point object at a position r,
within the turbid medium gives rise to a change in photon density at a position r given by

exp[—K(|r,—rs|+|r,-r|—|r—rs|)]

P(r,r)= @

[r=r | {r=rl/]r=r

Fig.2 shows a surface plot of the functional form of said perturbation function.

In the perturbation function shown in Fig. 2, the source and detector position of a first

source/detector pair are assumed to be, for example, at the positions 7 =(-a,0,0) and

r£a,0,0), respectively. The plot is given only for the z=0 plane. The units in the plots are
normalized by dividing the value of the position in the x direction and the y-direction by the
value a of the position of the source and the detector. The units in the z-direction are
arbitrary units. The actual three-dimensional shape can be obtained by rotating the shape
around the x-axis. The meaning of the perturbation function P can be expressed as the
difference between a photon fluence measurement and an expected value of the photon
fluence, according to this function the cause of this difference can be attributed to any point
in the object space.

In order to find an expression for said difference it is assumed that an intensity

measurement is made at a detector position r,. Using the source and detector positions 7,7,
a value of the perturbation P(r,r,) is calculated to assign a strength value to the object
space. A possible distribution g(r)) is thus obtained for all possible r, within the object

space. For simplicity, ¢(r)>q(r) is assumed and the strength q is then expressed as

1 o(r)

; 1- 5
9w P(r,r,.r) [ ¢o(r,,)} ©)
or

1 ¢0(rd) _d)(rd) Ad)(rd)

. SW(rr ) el 6

Ay T N o e ©)
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wherein the difference between the measured and the expected value of the transmitted
intensity is Ac},’),d:(bo(rd) -¢(r,) and the weighting function ( in m) is

1 - lrl"rsllrl-rdl/lrd"rsl
P(r,,r,r) exp[-K(|r,-r,| +|r,-r,[-Tr,-r,]]

Y

W(r,,r,r)=

The plot of the weighting function W is given in Fig 3, which shows the spatial
dependency of the strength q(r) of a perturbation at each position r in the object space which
could account for the measured intensity difference A¢(r,) at the detector position r,. The
parameters used in the plot of Fig 4 are identical to those of Fig 2, except that the strength
q(r) is plotted on a logarithmic scale. |

A further description of the transport of light via a turbid medium can be found,
inter alia, in the cited article "Monte Carlo Simulations of Photon Migration Path
distributions in Multiple Scattering Media", by S. Feng et al, SPIE, Vol 1888, 1993, page
78-89.

In order to enable reconstruction of the turbid medium, weighting functions
from different source/detector pairs are to be used. Therefore, a second light source/detector
pair is considered, the source of said second light source/detector pair being located, for -
example, at position (0,a,0) and its detector at position (0,-a,0) in the normalized coordinate

system. The source detector lines of the first and the second light source/detector pair are
directed in the x-direction and the y-direction, respectively. The weighting functions W, W,
of the first and the second light source/detector pairs are shown in Figs. 4 and 5,

respectively. The weighting function W, of the second source/detector pair is different from

the weighting function W, of the first source/detector pair, as can be seen from Figs. 4 and

5. However, the weighting functions W,,W, are said to correlate where they agree on the
existence of an object. This correlation can be found, for example, by plotting the surface
plots of the weighting functions W,,W, in the same plot. Fig 5 uses also a logarithmic scale
to plot the values of the weighting function. Fig. 6 shows the integrated plot of the two
weighting functions W,,W,. In Fig. 6 the cross-section of the surfaces defines two lines
where the weighting functions W,,W, of both source/detector pairs correlate to assign their
strength of perturbation to the object. The correlation can also be reproduced in a plot
showing, for example, the difference between the weighting functions W, W, of the two

source/detector pairs.
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Fig 7 shows a difference plot of two weighting functions of the different
source/detector pairs. For points of the image having a small correlation, i.e. point showing
a large difference between the weighting functions W, W,, Fig. 7 illustrates that there is no
possible assignment for the existence of an object for that point. However, for points of the
image having a high correlation, i.e. the difference between the weighting functions W,, W,
is small, zero or close to zero, and thus there is possible assignment for the existence of an
object for that point.

The possibility of finding the object is greater when this difference is closer to zero.

The localization of an object can be further improved by employing more
source/detector pairs that have to correlate on the weighting functions to assign an object to a
point, as is illustrated by Fig 8.

Fig 8 shows an embodiment of a device according to the invention, in this case
being a mammography device 10. Even though the device in accordance with the invention is
described, by way of example, for a mammography system, it can likely be used also for the
examination of other parts of a human or animal body. The present device is intended to
detect inhomogeneities in the tissue of a female breast. Examples of such inhomogeneities are
increased microvascularizations or a high concentration of small blood vessels around a
malignant tumor. The device in accordance with the invention is arranged to image such
anomalies when they are still very small, so that a carcinoma can be discovered at an early
stage, however, without subjecting the patient to the risks of examination by means of
ionizing radiation, such as X-rays.

The device 10 comprises a plurality N of measuring light sources 20-28,
inserted at positions r; (j=1,..,N) into the wall of a cup 11 and a plurality N of detectors 30-
38 inserted at position r; (j=1,..,M) into the wall of the cup. N and M are a fixed numbers,
for example, in the range between 64 and 256. In practice these numbers are 256 for both N
and M. In Fig. 8 the numbers of sources and the numbers of the detector are assumed to be
eight for the sake of simplicity. Furthermore, Fig 8 shows a light source 12, for example, a
semi-conductor laser, which is optically connected, via a first optical waveguide 13, to an
input of a multiple optical switch 14, the outputs of which are connected to a first plurality

of second optical waveguides 40-48. The exit windows of the second optical waveguides

form the measuring light sources 20-28 at the positions r;,. The detectors 30-38 inserted into

the wall of the cup 11 are formed by entrance windows at positions 7, of a second plurality

of third optical waveguides 50-58, the exit windows of which are optically coupled to M
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detectors 60-68. The optical waveguides are, for example, optical fibres. The detectors 60-68
comprise, for example, PIN photodiodes. The outputs of the detectors 60-68 are electrically
coupled to the inputs of a selector unit 15. An output of the selector unit 15 is coupled to an
analoge-to-digital converter 16. The output of the A-D converter is coupled to a control unit,
for example a micro-computer 17. The micro-computer 17 controls the light source 12, the
multiple optical switch 14, the selector unit 15 and the A-D converter 16.

In order to reconstruct the interior of a turbid medium arranged within the cup
11, for example, a part of the breast of a human female, the control unit 17 is arranged to
perform intensity measurements for every source/detector pair. Subsequently, the control unit
performs a reconstruction method to reconstruct an image of the interior of the part of the
breast within the cup. A monitor 18 displays the reconstructed image.

In a first step of the reconstruction method according to the invention the
intensities from each source/detector pair (i,j) are measured. These intensities are stored in

an (MxN) array. In a further step the differences are calculated between the expected value
of the photon fluence and the measured value of the photon fluence as A¢(r,) =, (r,)-p(r,) ,

SA, expl-K|r;-r]|]
atD’Irerl

wherein ¢(k,r,,r) is calculated from the formula I(r,r) =Ap(r,.r)

qbo(r,.,rj) is the expected detector value for a source/detector pair (i,j) as given by the formula
(1.

Another possibility is to employ instead of a calculated expected photon fluence an estimated
value of the expected photon fluence, for example, the average value of the measured values

of the photon fluences.

In a next step of the method for each pixel k of an image to be reconstructed
there are calculateed the possible strengths q(k,i,j) for each of the source/detector pairs 1,j.

The possible strength g(k,r,,r) assignable to each pixel k is then calculated using formula (6)

and is expressed by formula G J)=W(k,r,.,rj) iqﬁ((fq)), wherein W(k,r,.,rj) is the weighting
. (iJ
function given by formula (7).
In a next step a distribution function of the possible strengths assignable to each
pixel to be reconstructed is determined. The distribution function comprises a plurality of
histograms, i.e. one histogram for each pixel k. Each bin of the histogram represents a value

of the possible strength and the frequency of the bin represents the occurrence of possible
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strengths determined for each pixel for all differences determined. A correlation between the

possible values of the strength is then assumed for the maximum frequency of the histogram.
The value of the bin of the maximum frequency is then assigned as the value of strength g,
to the corresponding pixel k. As a result a strong object appears non-blurred in the
reconstructed image. Furthermore, it is an advantage of said method that it enables three-
dimensional imaging, because the reconstruction of an image is not limited to
inhomogeneities in a source detector plane only; employing the weighting function accounts

also for inhomogenities beyond the source detector plane.

It is also possible to correct this strength g(k) for each pixel k for the standard
deviation o, of the histogram by multiplication of the value assigned by a correction factor

defined by

1
1+ag,

, wherein ¢, is the standard deviation of the histogram of the pixel and a is a constant

b
determined by the desired bit accuracy of the image as a=i, wherein b represents the bit

max

accuracy and g is the maximum value of the weighting function. The bit accuracy has a
value of, for example, 8 bits. The effect of this step is that the strength of the pixel is
corrected for the standard deviation of the histogram. For a high standard deviation g, only a
small value of the strength will be assigned to the pixel. For a low standard deviation o, the

histogram is peaked around a central value and that central value will be assigned to the

pixel.

In a further method according to the invention one or more iteration steps can
be executed. In that iteration step the strength value g, assigned to each pixel k of a strong

object is employed to calculate the effect on the intensity for each source/detector pair (i,j).

The intensity at the position of a detector j of the source/detector pair (i,j) is then given by
I=A,9(r)=A,P(r ML-q P(r,r.r)l, wherein 4, (in cm?) is a collection area of the input

window of the detector j, g, represents the strength q of the perturbation assigned to the

pixel k, and ®(r,) is defined as in which S, represents the initial




WO 98/24361 PCT/1B97/01439

12

source intensity and D=__.1__ represents the normalized photon diffusion coefficient. By
e+
subtracting the effect of the strong object from the intensities measured and by repeating said
steps of the image reconstruction process an image is obtained in which smaller objects are
deblurred. Furthermore, the image can be refined by a small number of these iterations, for
example 3 to 5 times. As a result more small objects become visible in the resultant image.
Fig 9 shows an arrangement of the light sources and detectors around the cup
11. The light sources 70 and detectors 71 are inserted into the wall 72 at substantially
uniformly distributed positions. Furthermore, the interior of the cup 11 is conceived to

recieve for example, a part of a female breast.
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1.

13

A method of imaging an interior of a turbid medium, in which method the

following steps are performed:

a) consecutive irradiation of the turbid medium with light and measurement of
the intensity of light propagated along a plurality of light paths through the
turbid medium, |

b) determination of an image of the interior of the turbid medium from the

intensities measured,

characterized in that the following sub-steps are carried out for determining the image of the

object:

2.

c) determination of differences between expected photon fluences and a
measured photon fluences from the intensities measured,

d) determination of possible strengths assignable to each pixel of the image
from combinations of weighting functions and the differences determined,

e) determination of a distribution function of the possible strengths assignable to
each pixel,

f) determination of an image from the distribution function determined.

A method as claimed in Claim 1, characterized in that the method also

includes the following steps:

determing intensities by employing a perturbation function for the position of a strong object

for each pixel,

subtracting the intensities determined from the intensities measured,

repeating steps c) to f).

3.

A method as claimed in Claim 1 or 2, characterized in that the

distribution function comprises a histogram for each pixel, in which histogram each bin

represents a value of the possible strength and the frequency of the bin represents the

occurrence of the possible strengths determined.
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4. A method as claimed in Claim 3, characterized in that for each pixel the

value of the bin belonging to maximum frequency of the histogram of the pixel is assigned to

the pixel.

5. A method as claimed in to Claim 4, characterized in that for each pixel

the pixel value assigned is multiplied by a correction factor , wWherein g, is the

+ag,
standard deviation of the histogram of the pixel and a is a constant determined by the desired

b -
bit accuracy of the image as a=-2_, wherein b represents the bit accuracy and ¢_,, is the

max

maximum value of the weighting function.

6. A device for imaging an interior of a turbid medium, which device is
provided with

a) a light source for irradiating the turbid medium,

b) a plurality of detectors for measuring light intensities of light propagated
through the turbid medium at a plurality of different positions,

c¢) means for irradiating the turbid medium from a plurality of different
positions connected to the light source,

d) means for selecting a single detector from the plurality of detectors,

e) a control unit for generating control signals for the means for controlling the
means for irradiating the turbid medium and the means for selecting detectors, and

f) a reconstruction unit for reconstructing an image from the measured
intensities, the reconstruction unit also being arranged to carry out the following steps:

1) consecutive irradiation of the turbid medium with light from a light source

from a plurality of positions and detection of the light propagated along a

plurality of light paths through the turbid medium,

2) determination of an image of the interior of the turbid medium from the

measured intensities,
characterized in that the reconstruction unit is further arranged to carry out the following
sub-steps for determining the image of the object:

3) determination of a difference between an expected photon fluence and a

measured photon fluence from the intensity measured,
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4) determination of possible strengths assignable to each pixel of the image
from combinations of weighting functions and the differences determined,

5) determination of a distribution function of the possible strengths assignable to
each pixel,

6) determination of an image from the distribution function determined.
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