
;e3e<pr6TwK    DEPTH DISCRIMINATION OF HETOROGENEITIES IN TURBID MEDIA  The
present invention relates to optical imaging of turbid media, e,g) breast
tissue. Optical mammography is likely to become a relevant technology for
breast cancer detection, Light scattering is the main problem that limits
the potential of efficiently detecting small Lesions especially when
located in the central region of the breast. Structures close to surface
are easily detected by optical techniques while more deep structures are
more difficultly detected. A technique to preferentially probe in the
central region of the breast is thus of interest, The present text will
refer by way of example only to breast tissue; however, other types of
turbid media (i.e. other types of (Living) tissue) may also be imaged using
the techniques described herein.  Optical imaging of turbid media has been
the subject of much research activity and has seen an increase in interest
since the early 1990's. This type of imaging is based on the fact that the
propagation of light in a turbid medium depends on the absorption and
scattering properties of, the medium, Absorption results from energy Level
transitions of the constituent atoms and molecules in the medium. The
absorption property of the medium is quantified by its absorption
coefficient p., defined as the probability of a photon being absorbed per
infinitesimal pathlength. Scattering results From variations in the index
of refraction of the different structures present in the medium. In a
highly diffusive medium, scattering is quantified by the reduced scattering
coefficient (err)', defined as the probability of a photon SUBSTITUTE SHEET
(RULE z6)       being isotropically scattered per infinitesimal pathlength.
Characteristics such as intensity, coherence and polarization of the
incident light change as it is absorbed and scattered by the medium
resulting in diffuse transmittance of the light. In particular) scattering
causes a collimated laser beam to spread over a sizeable volume element.
This complicates the imaging of a turbid medium. Special imaging modalities
must be implemented to offset the detrimental light diffusion. For example,
time-resolved methods use short light pulses from a fast laser source to
illuminate the medium, The emergent light is collected by a fast detector
capable of reproducing its time variation, which can provide further
information about the turbid medium. A simple data processing approach in
this case is time-gating) by which only the earliest part of the output
light pulses is used to produce an image, This amounts to using only the
light with the straightest trajectory through the scattering medium) thus
improving spatial resolution (please see J. C. Hebden and R. A. Kruger)
"Transillumination imaging performance: Spatial resolution simulation
studies") Med. Phys. I7, 41.47 (1990)) Reference may also be made to the
following documents for additional information with respect to optical
scanning techniques: S. H. Colak, D. G. Papaioannou) G. W. Hooft, M. B. Van
der Mark, H. Schomberg, J. C. J, Paasschens) f. B. M, Melissen) and N. A.
A. J. Van Asters, "Tomographic image reconstruction from optical
projections in light-diffi~ing media", Appl. Opt. 36, 180-213 (1997); M. S.
Patterson) B. Chance) and B. C. Wilson) "Time-resolved reflectance and
transmittance for the noninvasive measurement of tissue optical
properties", Appl. Opt. 28) 2331-2336 ( 1989); D. Contini) F. Martelli) and
G. Zaccanti, "Photon migration through a turbid slab described by a model
based on diffusion approximation. I. Theory", Appl. Opt. 36) 4587-4599 (
1997); M. Morin, S. Chatigny, A. Mailloux) Y. Painchaud, and P. Heaudry,
"Time-domain perturbation analysis of a scattering slab", in z
CtfIRCTT1'iITF CTxx'FT fR~li.F 2b1   22 July 2003 I:~,yrical Tomography
end' Spactrvrcopy a~'ri~sue Irl, ?3. Chance, R 1t. Alfano, and H. r. 7(`~;
mnberg, cds., Prac. SPl'$ 3597, 6?-?8 (I999); Y. Painct>gud, A. Maillouac,
M. Marie, S. ~~'~:rreault sad P. Haeudry, "I~o.damain optical irnagiag:
discrimi~aation between scsttai~g. ~~:~d ab5oiption", Appl. Opt. 38,
3686-3693 (1999); U.S patent number 5,808,304; as wall as 



T:~I: 4130369 which relates to scanning method), TI to strong interest is
optical imaging of scattering media stems frena the need for biornedical
diagnostic techniques that and .safe and non-invasive. The optical
properties o f biological t.I,:~sues arc ai the heart of optically based
biomttlical disgaostic techniques. As far the generaI arse oaf a turbid
medium, the manner in r~hich light propagates through tissue depends oa its
absorption and scattering properties, Thus) if abnormal tissue caa be said
to di;~e~r fmm ra; real is irs absorptida or acactaing of light gor spate
physiological or morphological reason. i1: nhen becomrs possible to
opti.ceily differentiate botween aorm8l and abnormal conditioas. ~~
spdcffic application is optical mammography when tumors could be
differentiated firom u~:~rmel breast tissue o~n the basin of t~poical
prapearri~. 1~: ~xould, for example, bo advaatageona to have a mechanism
for the detection of an a~~ omalyr e~) in turbid medsum such as for
exaatple a tw~no~a In tissue such as breast tissue. ~,a;ocordingly, the
present iavention in one aspect provides a method for scanning a tutbid
xru;~dium for generating nn image thereof for tho detactioa a f oar or more
anomalies contained nr: thin tho turbid atediuai, Said turbid medium,
haviaE a fiat face sad an opposite aecorul face, a~lrrrein said turbid
modium is scanned by diqplhcing as optical signal source end a
corresponding optical detector from one respective spaeia~l location to
another about the n;::bid modium) each spatial location being associated
with a corresponding input region ou 3 AMENDED SHEET   22 July 2003 s:~id
first face arid a coaespanding output region ort the opposite second fae~
said optieaal ~i a81 souse directing an optical signal (e.gn laser heann)
to each of said input r~dgivos, said t~ E~~u~ dot' ~ ~~se ca optical
signals detected froui each of said output regions s~: acting corresponding
detector output signet data to an image pmaaaaing means for ~;;.na~ting a
set of iunsge data of the turbid ma&tun, characterized 3n the~t said method
further comprises ~twrariag a,primary set ofirnage data derived by scanning
said turbid taediurn using ~n~. c,ach input rogion a. first input
tegio~n~of predetermined size and using for oa~ch output sn,~~ou a first
output xegion of paedetermiaed Size) and goneratsng a eeeondxry act of
image data dorived by scanning arid turbid medium n r;,ng for each input
region said first' input region of prodeterminod size and using for each ou
tput region a accvnd output region. of prcdestrmined size greater than that
of and F~rct ou tprrt region, T'.hs prdse~t itweation in 4aothet acprct
pzovidec a method for scatusiug ri turbidmediuom fx generating en imago
thereof for the detection of one or store anomalies cnataiaed within t1m
turbid rileditmt, said turbid medium having a fast fa~co and au opposite
aecand fact, ~rl~ein said turbid m,ediu:na is acattacd by displacing an
opt3ce~1 signal eourx attd a G:umeepandiag optical detector froth ome rasp
active spatial location to atlother about the turbid tuedsum, cacti spatigl
location being associated with a corzeapoadine input region on sn,d first
faro attd a corresponding output region on the oppoeite.secaad Face, said
op4oal oi, i;aal source dixectiag en optical aigaal (e,g. iuseT beaYn) to
cinch of caid input regions, esid oluxoal detectox in zeapcmae to ayticai
sigaala detvotcrl from each ef said output regions s~:uding corrospondirg
det~ecr~r output signal dace to as image pa~oceaoiag means for 4 AMENDED
SHEET   22 July 2003 ~; e~erating a set of iatag~e d8ta of t1u tu:'bf d
medium, c~asacterizad in chat said noechad further ca:~nrpti ses gencradng
a prisr~.uy art aFinaa,go dad, dezivzd by svazxaing said turbid mzdium
ueir~g fc~;~; each input region a $rst input re~inn apredetermiaed size and
nsiag for each output t~:~;uon n fast output tagiua of predetermined size)
and genec~ag a tr~rt~tar sc~s of image data de~ti~ed by scanning said tumid
meditub using fr~c each input region a second input r~e~on of ptudatoamined
size groater than that of said first irra.ut regi~ sad using for each
output regioil said .fast output ragioa o;f pr~dcl~ertairred erf~e. T.tne
present iavetttioa in another septet provides a method for aceaning a
turbid medivar for g~.~ ~a~ating au ixnagG thereof tier the detection of
ono ar more anama~ie9 coaraiaed wituin tlio tunhid madiuxn) said turbid
rnedi urn having ~ first face end an opposite saeond fsco, whareiu sai ~,i
tv~bid medium is scanned by displacing as optical si~tat routes and a
Gomasponding v~neal detcctox $am one raspectiva spatial Vocation to another
about the tuxbid medium, each slit till lecstion being associated with a
corresponding inp ut region ort said $rst face and a om:ra~o~nding output
region on the opponte eaond~e, said optical sigau! source ditrctit~g an ~
~ptiaal si,~al (e,g. lager boom) !o osob of said input regions, said
optical detectas in relti,~onsa to optical sigsaal9 detected from oath of
said output regions satdiag cortvapoading ddy;~ctor output signal dgi~a to
as ioaggc p~roces9ing means for generating s set of image Qata of ~; he
turbid medium, chara~cte~i xad in than said method further comprises
gara~ting a priraary'Qt of iriaa,go data I" deprived by aeaaning said t~id
medium vsia:~$ for each input region a lust input region of pcedatermtned
sixe and using for aeon outl:~ut region s $rst output rogion of
predetermined size, 



S AMENDED SHEET   22 July 2003 WO 0014Z902 PCTlCA00100052 generating a
secondary set of image data la derived by scanning said turbid medium using
for each input region said first input region of predetermined size and
using for each output region a second output region of predetermined size
greater than that of said first output region and generating a tertiary set
of image data Ic derived by scanning said turbid medium using for each
input region a second input region of predetermined size greater than that
of said first input region and using for each output region said first
output region of predetermined size. In accordance with the present
invention the various sets of image data may be generated in any desired or
necessary order. In accordance with the present invention, the various sets
of image data obtained as described herein may be manipulated in any manner
(i.e, subjected to a data processing technique) so as to for example
highlight the differences andlor similarities between the images (e.g.. to
obtain a composite set of irnage data indicative of an anomaly(ies) (e,g.
breast tumour) in the body of the turbid medium); such manipulation or data
processing treatment may be carried out by simple subtraction or by
exploiting more sophisticated techniques such as for example KL transforms.
Thus) for example) the methods) described herein may comprise (a) combining
said primary set of image data and said secondary set of image data so as
to generate a product set of image data wherein the similarities and/or di
ffercnces between the 4 said primary set of image data and said secondary
set of image data are highlighted.; (b) combining said primary set o f
image data and said further set of image data so as to generate 6
SU$STTfUTE SHEET (RUES x6)   



WO 00I42902 22 July 2003 pcr/cnoo/ooosa a product sec of image data wherein
the similarities and/or differences between the said primary set of image
data and said further set of image data are highlighted.; (c) combining
said primary set of image data said secondary set of image data and said
tertiary set of image data so as to generate a product set of image data
wherein the similarities andlor differences between said ptirnary set of
image data, said secondary set of image data and said tertiary set of image
data are highlighted; etc.. Thus, more particularly, for example, a
composite set of image data may be generated by subtracting the secondary
set of image data from the primary set of image data; a composite set of
image data may be generated by subtracting the further sec of image data
from the primary set of image data; a composite sec of image data may be
generated in accordance with the equation Ia + I~ - h.. In accordance with
the present invention a system for performing optical imaging measurements
on a turbid medium in accordance with the methods) as described herein may,
for example, comprise any suitable (known) means for generating a
collimated optical signal (e.g. laser) directing means for directing said
optical signal to an input area or region of predetermined size on a face
on one side of the turbid medium (e.g. using a suitable optical f ber)
detection means for detecting a optical output signal from a second area or
region of predetermined size on the face of the turbid medium on the
opposite side of said turbid 0 medium (e.g. photomuliplier tube, streak
camera, etc..); the detection means may include optical fibers for
directing the optical signal to the component of the detection means which
7 SUBSTITUTE SHEET (RULE 26)   22 July 2003 WO OOI4Z902 pcmcAoo~ooosz may
convert the optical signal to an output (e.g. analogue or digital
elect~cal) signal; and means (e.g, computer) for processing said optical
output signals (in any known manner) so as to obtain a sec of image data
(e.g. data which may be projected onto the screen of a computer monitor, be
printed on a printer, be Further processed, stored in computer 



memory, etc...). The system may also of course incorporate any suitable
mechanism or means for manipulating the size of the input and output
regions as referred to herein, It is to be understood herein (i,e. for the
purposes of the present invention) that the optical signals) may be of
electromagnetic radiation which is not only in the visible but as well as
in the infra-red or the near infra-red part of the spectnim keeping in mind
the purpose of the signal; 'the initial optical signal may for example be a
laser beam. The technique of the present invention may as mentioned above
involve two or three (successive) scans of the turbid medium (e.g. breast
tissue) so as to provide two or three projection images. These two or three
images may be used to image stntctures according to their depth inside the
breast. The first image shows all the structures as in the usual optical
techniques. A second image preferentially highlights the structures near
the input surface. Another, third image preferentially highlights the
structures near the output surface. Hy a combination of two or three of the
images) it is possible to highlight the structures in the central region of
the breast and attenuate the structures near the surfaces. In the figures
which illustrate example embodiments of the present invention: 8 SUBSTTTUTE
SI~ET (RULE 26)   22 July 2003 wo oo~a29o2 PCTlCA00100052 Figure 1
illustrates in schematic fashion a Scanning system for imaging through a
turbid medium. Ftgure 2 illustrates in schematic fashion a Scanning system
for imaging through a turbid medium having a point-source/point-detector
configuration 5 Figure 2A shows a graph for the configuration of Figure 2
wherein the qualitatively indicates the transmitted light versus transverse
positron fox each configuration 



Figure 3 illustrates in schematic fashion a Scanning system for imaging
through a turbid medium having a point-sourcellarge-area detector
configuration Figure 3A shows a graph for the configuration of Figure 3
wherein the qualitatively indicates ,0 the transmitted light versus
transverse position for each configuration Figure 4 illustrates in
schematic fashion a Scanning system for imaging through a turbid medium
having a large-area sourcelpoint-detector configuration Figure 4A shows a
graph for the configuration of Figure 4 wherein the qualitatively indicates
the transmitted light versus transverse position for each configuration; S
Figure S illustrates a front view of a phantom; Figure 6 illustrates a side
view of the phantom of figure 5; Figure 7 is a graphic illustration of
Spatial profile combinations used to enhance longitudinal 9 SUBSTITUTE
SHEET (RULE Z6)   22 July 2003 w0 Oo~42902 discrimination; PCT/CA00/00052
Figure 8 schematically illustrates an optical fiber arrangement for a
point-sourcelpoint detector configuration Figure 9 schematically
illustrates an optical fiber arrangement for a point-sourcellarge-area 5
detector configuration Figure 10 schematically illustrates an optical fiber
arrangement for a large-area source/point detector configuration Figure 11
is an illustration of the spatial profile combination for P,,-PB of a
liquid phantom Figure 12 is an illustration of the spatial profile
combination for P"-P~ of a liquid phantom l0 Figure 13 is an illustration
of the spatial profile combination for Pe * Pc -P" of a liquid phantom 



Figure 14 is an illustration of the spatial pmfile for P" of a liquid
phantom In biomedical optical imaging) two types of images can be
generated; 3D reconstructed images and 2D projection images. The former are
produced using tomography which is S typically based on a multi-point
geometry involving a large number of detectors ( see S. B. Colak, D. G.
Papaioannou, G. W. Hooft) M. B. Van der Mark, H. Sehomberg, J. C. J.
Paasschcns) J. B. M. Melissen) and N. A. A. J. Van Asters, "Tomographic
image reconstruction from optical projections in light-diffusing media",
Appl. Opt. 36, l80-213 10 SUBSTITUTE SHEET (RULE 26) ,~..~,~... ...,r..,;
....~,.r..;.r,~  . . . . .. ..... ... , . .. . . . .. .-... .. - ,.. . . .
. .r'`.) .:.w_.~ ~~~ . ... . . , . . , ;   22 July 2003 WO 0014290Z
pcr~c~oo~ooosz (1997)), Its advantage is that 3D images are generated,
however) measurements and reconstructions are potentially time=consuming.
2D projection images are based on the detection of the light that enters
the medium through a small area, that propagates through the medium and
that exits the medium over a small detection area facing the entrance area.
The image is generated by measuring the transmitted light in such a manner
at a large number of points as both tl-.e light beam incident on the medium
and the detection device are scanned synchronously along the surface of the
medium. This imaging scheme is illustrated in Figure 1 wherein arrow 1 is
indicative of a laser beam; wherein arrow 3 is indicative of the scaruzing
direction of the beam 1; wherein the optical detector means is indicated by
reference numeral 0 5; wherein arrow 7 is indicative of the scanning
direction of the optical detector means 5; and wherein the scattering
medium is designated by the reference numeral 8. For the scanning system
schematicahy illusuated in figure 1 (known) means are provided (not shown)
whereby the Laser beam 1 and the optical detector means 5 are respectively
displaced in the direction of the arrows 3 and 7 in synchronise fashion,
i.e. such that the optical detector S is always opposite the laser beam 1.
Although also not shown (in detail) in figure 1) the optical detector 5 (aa
well as the means for generating the laser beam and the means for directing
the laser beam to the scan surface or face ) may be coupled in any (known)
manner to a suitable (known) processing unit (e.g. computerised processing
system) for ultimately generating or deriving an image (i.e. a set of image
data) from the set of signal data obtained from the !0 optical detector S
during the scanning process. Figure 1 does show in block diagram fashion a
processing unit Sa coupled to the optical detector 5 for processing the
detector output signal data into image data. 11 SUBSTITUTE S~IEET (RULE 26)
22 July 2003 



wo ooi4z9oi pcx~cAOO~ooos2 The scanning technique illustrated by the system
in figure 1 has the advantage that it is fast and compatible with
time-resolved measurements. However, information is limited to two
dimensions, the detected Light giving information about a volume extending
over the whole line-of sight joining the input point of the laser beam and
the detector. This is illustrated in Figure 1) where the gray region 10
within the dotted lines 11 and 13 represents the volume through which
detected photons have most likely propagated. The shape of this volume can
be understood by considering that a11 photons enter the scattering medium
at the same point and a11 detected photons leave it through a small area
facing the detector. On the other hand) scattering allows detected photons
to wander away from the direct line-of sight joining the laser beam and the
detector) this wandering being maximum at the half distance between the
two. As illusuated in Figure l, the scanning technique provides no
longitudinal information) since the probed volume extends over the whole
thickness of the scattering medium. Moreover) a small volume heterogeneity,
with optical properties different from those of the scattering medium, is
more likely to be visible when Located close to the input point of the
laser beam or the output point facing the detector. This is so because it
is then probed by most detected photons, whereas a smaller fraction of
detected photons propagate through the same heterogeneity standing in the
middle of the scattering medium, where the probed volume is the widest. For
optical mammography this can be troublesome, as-a tumor located deep within
breast tissue could be overshadowed by strongly absorbing structures such
as veins located near the surface. The detection method in accordance with
the present invention may provide for the basic evaluation of heterogeneity
depth in a scattering medium (e.g. turbid medium) to be used in 12
SUBSTITUTE SHEET (RULE x6) :,,.. ,.;,..,.r,,.:.r.... , ," .i" ,.",.. , . "
.rnYv.,: ..rr... . ,. . . . . . . .. . . ., , .,.   22 July 2003 wo
oo~az9oi PcTic~,oo~ooosz conjunction with optical imaging based on light
transmittance measurement and the production of projection images. Depth
assessment is necessary for a full 3-D localization of the heterogeneity.
It can also aid visualization of structures located in the central plane of
a turbid medium by identifying those structures Located close to surfaces)
which can then be taken out of images. Finally) knowledge of the
longitudinal position of the heterogeneity can be used during data
processing to improve the quantification of the optical contrast of the
said heterogeneity with regards to the surrounding scattering medium.
Within the context of mammography, this can help in tissue recognition. The
present invention which may be referred to by way of example as Dual
Spatial Integration (DSI) permits localization by separating the scattering
medium into two or three longitudinal zones: a zone close to the input
surface where the light is injected, a central zone andlor a zone close to
the output surface where the light is detected. By dividing the medium into
two or three segments, structures close to surfaces can be extracted and
set aside) and structures located in the bulk enhanced. Figure 2) 3 and 4
(as well as respective figures 2A) 3A and 4A) illustrate (in schematic
fashion) how detection surfaces and input beams of different sizes may be
used to achieve a 



certain dev,~ree of longitudinal localization of an inclusion within a
scattering slab, e.g. by appropriately modifying the input or output region
sizes while maintaining the other variables (i.e. essentially the same)
during the generation of each of the sets of image data during the scanning
procedures. 13 SUBSTTTU1'E S~iEET (RULE Z6)   22 July 2003 WO 001290Z
pCT1CA0010005Z DSI may as mentioned above use three different
source.-detector configurations to achieve this sectioning; example
configurations are illustrated schematically in figures 2, 3 and 4; for
each of the shown configurations the same scattering medium is used, i.e. a
scattering medium containing three inclusions at different deprhs (i.e. the
three black dots or circles shown in these figures). Specifcally, the first
configuration (i,e. configuration 1 ) shown in figure 2 comprises a point
source (i.e. small area input laser beam) 20 and a paint detector
(i.e.,small area detector) 22 which are used as the base configuration.
'The second configuration (i.e. configuration 2) shown in figure 3
comprises a point source (i.e. small area input laser beam) 20 and a large
detector (i.e, large area detector) 24. The third configuration (i.e.
configuration 3) shown in figure 4 comprises a large source (i.e. large
area input laser beam) 26 and a point detector (i.e. small area detector)
Z2 are used as the base configuration. For each of the configurations the
laser beam is generated in any known suitable fashion; the light leaving
the scattering medium is detected by any known suitable detector; the beam
and detector (or alternatively, the medium itself) are (is) displaced (i.e.
so as to facilitate scaruning of the medium) longitudinally in synchronise
fashion in any (knovrn) suitable fashion across opposed faces of the
scattering medium; and images are generated from the detector signals by
any suitable known processing system (e.g. computer system). For each of
figures 2, 3 and a: the gray shaded rectangle is the turbid medium; the
dark circles indicate the placement of the inclusions or heterogeneities in
the turbid medium; the dark line above each rectangle refers to either a
large area detector (long line) or a point detector (short line) -
reference numbers 22 and 24; the arrows indicate the type of source used:
single arrow for a point source and 14 SU$STITUTE SHEET (RULE 26) 



22 July 2003 WO 0042902 PCTlCA00/00052 multiple arrows for a large area
source, namely the elements specified by reference numbers 20 and 26; and
the thin lines within the turbid medium delimitate qualitatively the
volurnc being probed by detected photons, The figures 2A, 3A and 4A show
graphs wherein each respectively qualitatively indicates the transmitted
light versus transverse position for each configuration. In accordance with
the present invention the detection method may proceed as discussed
hereinafter. The scattering medium is scanned with the scanning
configuration shown in figure 2 and an image (I") generated. In the image
(I") so obtained) smtctures close to both the exit and entrance faces are
highlighted relative to those within the bulk. . As the laser beam and
detector are moved transversely along the surface of the scattering medium,
the inclusions close to the input and output surfaces have a stronger
impact on the detected light) as discussed above. This is represented
qualitatively by the graph shown in figure 2A) which depicts the detected
light (signal) as a function of the position across the surface of the
scattering medium. A large area detector is then substituted for the point
detector so as to obtain the second configuration shown in figure 3. This
changes the volume that is probed by detected photons, as illustrated in
Figure 3. The scattering medium is scanned with this second configuration
and an image (IB) generated. In this image (IB), structures closest to the
entrance fact are highlighted) relative to those within the bulk or close
to the exit face, bocause they are probed by a larger fraction of the
detected photons. This is represented qualitatively by the graph shown in
figure 3A, which depicts the detected light (signal) as a function o>cthe
position across the surface of the scattering medium, Thirdly, a large area
source is substituted for the point source and a point detector replaces
the large area detector l5 SUBSTITUTE SHEET (RULE 26)   22 July 2003 WO
0014Z902 PCTICA00140052 so as to obtain the third configuration. This
changes again the shape of the volume being probed by detected photons, as
shown in Figure 4. The scattering medium is scanned with this third
configuration and an image (I~) generated, In this image (Ic), structures
closest to the exit face are now highlighted relative to those within the
bulk or close to the entrance face. This is represented qualitatively by
the graph shown in figure 4A, which depicts the detected light (signal) as
a function of the position across the surface of the scattering 



medium. If images 1B and I~ (i.e. their image or signal data) are added and
image I" (i.e. its image or signal data) subtracted, structures located
within the bulk of the scattering medium can be more readily visualized
than in images generated with the base configuration (I,a alone. It is to
be understood herein that the expression "small area" is refers to a
surface whose diameter is relatively small compared to the scattering
(turbid) medium thickness while the expression "large area" is to be
understood as referring to a surface whose diameter is on the same order of
magnitude as the scattering (turbid) medium thickness. Application of DSI
to the geometry illustrated in Figures 5 and 6 was evaluated numerically
and experimentally. As shown in figure 6 the scattering medium is a S
em-thick slab containing three identical inclusions located at S, 25 and 4S
mm from the entrance face of the slab. The inclusions arc at a distance of
4 cm from one another in a direction parallel to the ' face of the slab.
The slab is 10 em long (figure S) with the inclusions spaced 4 cm apart
from . the nearest neighbour inclusion, is SUBSTITUTIg SHEET (RU)LE Z6)
22 July 2003 WO OOr4290Z PCT/CA00100052 For the numerical simulations, the
turbid medium was assumed to be purely scattering (pr = 1 mm's, po = 0
mm''). The inclusions were assumed to be point-like) i.e. to have a
vanishingly small volume. They were also assumed to differ from the
scattering medium only in their absorption coefficient) such that (volume);
,~,~,o~ multiplied by (pJ,~~,,~~on = 5 ~'~ The surface areas of both the
large-area detector and source were set at 400 mmz. The diffusion model
(see M. S. Patterson) B. Chance, and B. C. Wilson, "Time-resolved
reflectance and transmittance for the noninvasive measurement of tissue
optical properties") Appl. Opt. Z8, 233l-2336 ( 1989)), adapted to account
for the refractive index mismatch between the turbid medium and the
surrounding environment (see D. Contini, F. Martelli, and G. Zaccanti)
"Photon migration through a turbid slab described by a model based on
diffusion approximation. I. Theory", Apph Opt. 36) 4587-Q599 (1997)), was
used to describe light propagation through the simulated medium. The effect
of the placement of an inclusion into the medium was modelled using a
perturbation analysis ( see M. Morin, S. Chatigny) A. Mailloux) Y.
Painchaud) and P. Beaudry, "Time-domain perturbation analysis of a
scattering slab") in Optical Tomography and Spectroscopy of Tissue III, B,
Chance, R. R, Alfano, and B. J. Tromberg, eds., Proc. SPIE 3597, 67-78
(1999)). The calculations asstuned that infinitely short pulses of light
were launched into the scattering medium. The transmitted Light intensity
calculation was limited to photons exiting the medium 2 ns after they
entered the slab. The spatial intensity profiles P", PH and Pc thus
obtained with each detection configuration were calculated for a transverse
scan along a line joining the inclusions; P~ is profile for configuration
1) PB is profile for configuration 2 and Pc is profile for configuration 3.
These profiles were then normalized and combined to enhance depth
discrimination) as discussed above, The results of these combinations are
shown in Figure 7 after their 17 SUBSTITUTE SHEET (RULE 26)   22 July 2003
wo 00/4z90Z PCT/CA00100052 normalization to unity. Figure 7 is a graphic
illustration of Spatial profile combinations used to enhance longitudinal
discrimination. The origin of the abscissa refers to the position of the
middle inclusion (see Figure 5: Front View). The value of xt~,~ refers to
the displacement with respect to this origin along the front surface of the
medium (see Figure 3: Front View). P refers to the spatial profiles
calculated with scanning system configurations shown in figure 2) 3 and 4
(i.e. namely, configurations l ) 2 and 3). In Figure 7 for the profile of
P" minus PH 15 illustrated by the graph line which contains the symbols
-.-o-- (designated by the reference number 30 ); the profile of P" minus P~
is illustrated by the graph line which contains the 



symbols ---O-- (designated by the reference number 32 ); the profile of P8
plus P~ minus P" is illustrated by the graph line which does not contain
any symbol (designated by the reference number 3~ ). Referring to figure 7,
as expected) when the prof le for configuration 3 (Pc) is subtracted from
that of configuration 1 (P"), only the signal from the inclusion near the
input surface remains. On the other hand, subtracting the profile for
configuration 2 (Pa) from that of conf guration z (P") nearly eliminates
the signal change caused by the inclusion close to the input surface.
Figure 7 also shows the effect when the profiles for configurations 2 (P8)
and 3 (P~) are added together to get a resultant sum and the profile for
configuration 1 (P,,) is subtracted from the resultant sum. These results
clearly show how DSI permits to determine whether an inclusion is located
close to either surface of the scattering medium. The geometry in Figure 5
was investigated experimentally using a phantom consisting of three
inclusions placed into a SO mm-thick cell containing a scattering solution
of polystyrene 18 SUBSTITUTE SHEET (RULE 26)   22 July 2003 W O 00I42902
PCT/CAOO/OOOSZ microspheres. The inclusions were purely absorbing) 5 mm
cylinders of black Delrin and positioned according to the geometry
illustrated in Figure 5. The scattering solution was nonabsorbing with p =
1 mm''. The laser light was carried close to the scattering medium using an
input optical fiber. Similarly) the light transmitted through the medium
was collected with an output optical fiber that carried the Iight to the
detector. Using the divergence of light emerging from a fiber, a large area
source was simulated by simply moving the input fiber far from the medium.
Similarly) a large area detector was simulated by moving the output fiber
far from the medium. Moving the input fiber away from the phantom such that
photons were injected over a surface of 3.1 cm= functioned as the large
area source. The large area detector was likewise achieved by moving the
output fiber away from the phantom such that photons were collected over a
surface of 3.8 cmi. . The three example optical Fber arrangements are
illustrated in Figure 8, 9 and 10, Figure 8 schematically illustrates an
optical fiber arrangement for a point-source/point detector configuration,
i.e. the optical fibers are configured and spaced so as to provide a
scanning region or surface area and a detection region or surface area
which have a small size and are more or less the same~size. Figure 9
schematically illustrates an optical fiber arrangement for a
point-sourcellarge-area detector configuration i.e, the optical fibers 40
and 42 are configured and spaced so as to provide a scanning region or
surface area and a detection region or surface area which are not the same
size i.e. the detection area is larger than in 0 figure 8 . only the output
fibers 42 are moved away from the phantom. Figure 10 schematically
illustrates an optical fiber arrangement for a large-area
sourcelpoinc-detector configuration i.e. the optical fibers are configured
and spaced so as to provide a scanning 19 SUBSTITUTE SHEET (RULE 2~   22
July 2003 WO 00I42902 pC~YCA00100052 region or surface area and a detection
region or surface area which arc not the same size i.e. the source area is
larger than in !agate 8 - only the output fibers 40 are moved away from the
phantom. Although the figures show that the size of the input and output
areas or regions may be varied by displacing the fibres 40 and 42 an ocher
type of mechanism may of course be used to effect the change in area. The
phantom was scanned using each of these co~gurations using a near-infrared
imaging system as described by Y. Painchaud, A. Mailloux) M, Moan) S.
Vetreault and P. Beaudry) "Time-domain optical imaging: discrimination
between scattering and absorption", Appl. Opt. 38, 3686-3693 (1999)). The 



scarf was done by moving synchronously both the input and output fibers 40
and a2 respectively along the surface of the medium in two dimensions in
order to sequentially illuminate the entire surface. The detected signal
was digitized and sent to a computer that was used to construct the images
based of the series of measurements performed during a scan) each
measurement corresponding to one pixel of the image. Figure 11) 12 , 13 and
14 show the resultant projection images from scans of a liquid phantom. The
horizontal axis corresponds to the transversal placement of the inclusions.
These images were normalized and combined as described earlier for the
simulations. The point detector/point source configuration resulted in the
image inFigure 14. Figures 11 and I2 show images demonstrating the saecess
of the DSI method in extracting inclusions located near the surfaces. A
comparison of the images in figures 13 and 14 shows that the inclusion
placed in the cenual plane of the phantom was highlighted relative to those
near the surface using DSI. zo SUBST>1TUTE SHEET' (RULE 26)   22 July 2003
WO 00I42902 PCT/CA00/00052 As may be appreciated from the above, the Dual
Spatial Integration technique (DSI) of the present invention is proposed as
a tool to aid in the visualization of structures located in the central
plane of a turbid medium. DSI represents an improvement with respect to the
prior art in that one gains depth information content usually obtained with
mufti-point detection geometry without its cvncomltant time costs. This is
achieved by using different sourec detector configurations to section the
medium) namely as follows: 1. The scattering medium is scanned using a
point source and point detector (i.e. configuration 1 ). 2. An image (I")
is generated based on the detected light using configurarion 1. As an
example, the detection of light can be done in a time-resolved manner in
which only the first arrival photons are considered. The image can also be
generated using indirect characteristics of the detected light as in the
FIDM method described elsewheto~ 3. The scattering medium is scanned using
a point source and a large area detector (configuration 2). 5 4. A second
image (IB) is generated using the same method as in 2 but with
configuration 2. 



5. The scattering medium is scanned using a large area source and a point
detector (configuration 3). 6. A third image (I~) is generated using the
same method as in 2 but using the :0 configuration 3. 21 SUBSTTTUTE SHEET
(RULE 26)   22 July 2003 WO 00I42902 PC'fICA00100052 7. Image IB is
subtracted from image I" to enhance structures located close to the output
surface of the scattering medium. 8. Image I~ is subtracted from image I"
to enhance structures located close to the input surface of the scattering
medium. 9. Image I,, is subtracted from the sum of images IB and I~ to
produce an image wherein the cenvally-located structures are enhanced
relative to those close to the surface. Note that other combinations of
images I", Ie and Ic or other data processing involving h, IB ahd I~ may
also result in obtaining relevant information. In the summary given above,
a point source refers to the injection of light in a medium over a small
area; a large area source refers to the injection of light in the medium
over a large area; a point detector refers to the detection of tight that
emerges from the medium over a small area; a large area detector refers to
the detection of light that emerges from the medium over a large arcs. Note
again that "small area" refers to a surface whose diameter is small
compared to the medium thickness while "large area" refers to a surface
whose diameter is on the same order of magnitude as the medium thickness.
The appropriate input and output area sizes may be determined empirically
far any given turbid mediwn to be subjected to analysis. 22 SUBSTITUTE
SHEET (RULE 26)   22 July 2003 u15 Claltri; 1. A u~ethod for scanning a
turbid medium for generating an image thereof far t~ detection of one or
~anor~e anoaialies'cottteined Within the turbid medium) :aid turbid 



medium having a fast fact and en opposite socand face, whatia said turbid
medium is scatim,ed by displacing an optical signal sauarce aesd a
eomapondin,g optical detector Croat ono respcctiv~e spatial location to
aaotbar about the turbid tuvdium) such apenal iocatian being asaucirted
with a ~o~rrospo~4ding input region oa said first face and a. comespondizig
output region cn the opposite second dace, acid Optical eigaal aoutre ,~
ditrctin,~ en optical sagnal to each of said input regivas, said optical
detector in re9poase to optical ai~asls deteoted $on~,each of said output
eegiocns sending corresponding detector output signal dn~a to an imago
processing manna far ge~aerxting a set of image data of'tltc turbid medium)
characterized in that said method further ', coraiuiaas generating a
primary set of image data, derived by scacmtng said turbid.mediam using fur
esoh input region a first iapvt:epos ofpredotnrminod size ~d ue~g Per each
outpurt . Te;:~ion a first output region of prodetcrntiaed s32e, and
geoacrating a eeoondary set of iruage data derived by scanning said turbid
atedium xu:ing for each input region said 9rst input region of
predetermined size and usidg tbr eacb , ou hut tegian a seooad output
region ofpradeta:rriaed size ~eat~ that that of said first au tput rcgi.on,
, 2. A method as de5ned, in clait~ 1, cvzapcisi~g peaernting a caao~posite
set oticnage data by subtractirt~ the secondary s~ of image data from cha
primssy set of irnrge dads 23 AMENDED SHEET .~ _"   22 July 2003 3~. A
rnett~ad tvr scamning a turbfd mGdiuaa for geaerati~ an imago thereof for
tho deteet;ou of one or mare anomalies coatainod within the turbid medium,
:aid to:bid . utcdium havio.g a first aca and an opposite aocond fact)
wb~eia said turbid medium is scanned by di splacing m optical sig~l souxco
cad a Gorraspondiag~ optical dvkctor tmra one respective spatial location
to aaether about the turbid maslium, each sptdal location beitxg asgociaxd
with a cotxvsponding input region on said i~rnt~flsca and s cotrcsponding
output xdgion on tbc opposito aocond face, said optical signal source
direatiug an optiexi a~gtiat to carp of said imput reglada, said optical
dotector in ~' rnspoase to optienl output signals detected from each v said
output r~ione sending corresponding detector cutpus si~,uel date to ua
image procesanag menus fan generating a sd of iatage d$ta of the tuzbdd tn
edittm, chatartezitxd tn that esid sttethad further ootnptise~ generating a
primary set of image data.derived by acaaning said turbid medium using f
r::~ each input region a 9rst itipnt region afpredeteanincd eize and using
foe aaah output ru~iion a 8ret output rngioa of predotermined eizo, and
gonecaring a further, eat o f imago data der~ed by ac~iag said turbid
medium u~g fa; eaeb input regia:a a, sa:ond input region of predetormiaed
size greater thna that of said first u:l~ut region and t~i~ng fbr cash
output region sand ,t9rst output regfou otpr,od silt. Q A method ae defined
is claim 3 compciaiug geaaatiag s composite acs of itnsge data 



by substracting the itinher set of umage data from the primer jr set of
ianage data. 5. Iet ~i method for scanning z ttarbid medium for generai~,g
an imago thereof, for the detection of one os:aoxe anomalies containod
withvn tho turbid xoodium, ea~d turbid 2A. AMENDED Louo;~T   22 July 2003
medium b~sving a first Sao and ~ opposite aecowd f8e~, wherein said turbid
meditvn is scalu~ed by displacing an optical ngnat source and a earn~ponddg
optical detector ~vm vne respoctivo Spatial lacadon to aaodaer about the
turbid trieditva) each spaA~ie~l loegtioa being aeaociatod with a
earmaQo~adi~ag input region ou said first face and a. cozneponding output
tc,giaa on thd opposite second face) said optical of grral source directing
an opti~eal signal to each of said input regions, said opticRl dstoator in
response to opdcol output oignale detected from each of said output
xegiott3 seadiag cmrrcspoauling detector output sigiat data to as ir~agt:
processing mesas for $anemtin~g a set of ime~Ee data of the turbid modium)
characterized is that said method ittrther conaptises generating a primary
sot of image data r,, daivtd by eeatmiag avid turbid muliuus uu;ing for
Barb input region $ sst input hgion opredetamined sire mrtd. ususg far each
ni~cpntregioa a first output region ofpredetsnnined cizs, g~enarating a
secondary set of image d6taID derived by soanaing said turbid azediurrr
raring far cacti inpue raglon said first inpat region ofp~detarminod slze
cad using far each ~n.itput region a scoond outpus region of prodctamined
size greater than ttuu of said fcr~t e,:atput reegion and gcaaretiag s
tertiary sat of image d~ ~ derived by seaming arid turbid medium ~:n:drrg
fer Barb, fnput regivu s aecoad iaDUt region of predeteomined sire gtaatar
risen that of ~ndd Brat input region and ututg Fvr each output region:axd
First output rogioa of ~:~;mdetetmfx~ed size. u. A ene#hod ac ~ie~avd itt
eLeitr~ 5 eorrcprisuag generating s cvzapoeite set of image data 25 AMENDED
8HEET   22 July 2003 wo ooraz9oz prrrcaoorooosz in accordance with the
equation Ie + lc - I". 



7. A method as defined in claim 1 comprising combining said primary set of
image data and said secondary set of image data so as to generate a product
set of image data wherein the similarities andlor differences between the
said primary set of image data and said secondary set of image data are
highlighted. 8. A method as defined in claim 3 comprising combining said
primary set of image data and said further sot of image data so as to
generate a product set of image data wherein the similarities andlor
differences botween the said primary set of image data and said further set
of image data axe highlighted. 9. A method as defined in claim 5 comprising
combining said primary set of image data said secondary set of image data
and said tertiary set of image data so as to generate a product set of
image data wherein the similarities andlor differences between said primary
set of image data, said secondary set of image data and said ternary set of
image data are highlighted. 2B
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