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OPTICAL IMAGING AND OXIMETRY OF TISSUE

CLAIM OF PRIORITY

[0001] This application claims priority under 35 USC
§119(e) to U.S. Provisional Patent Application Ser. No.
60/364,239, filed on Mar. 13, 2002, the entire contents of
which is hereby incorporated by reference in its entirety.

TECHNICAL HELD

[0002] This invention relates to optical methods, and more
particularly to optical methods of imaging and oximetry.

BACKGROUND

[0003] Optical techniques provide a safe and non-invasive
means of studying human tissue. For example, optical
mammography is a technique for detecting cancer in the
human breast. This technique uses wavelengths of light in
the near infrared (NIR) spectrum to provide an image where
contrast is based on the absorption of the light by hemoglo-
bin. Hemodynamic changes such as an increase in the
vascular density (resulting from angiogenesis) and changes
in the blood flow and oxygenation typically occur at tumor
sites. See, e.g.. S. Zhou et al., Proc. SPIE 2979:98-106,
1997. The increase in vascular density induces a local
increase in the optical absorption that may allow for the
detection of breast lesions, which can be benign or malig-
nant.

[0004] The oxygenation level of a lesion has been said to
indicate whether a lesion is benign or malignant. Measure-
ments of the partial pressure of oxygen in tumors have
shown that hypoxic or anoxic conditions often exist in
malignant tumors, but not in benign lesions. Se P. Vaupel et
al., Cancer Res. 51, 3316-3322, 1991; P. Hohenberger et al.,
Breast Cancer Research and Treatment 48, 97-106, 1998,
and P. Vaupel et al., Seminars in Oncology 2, 29-35, 2001.
Therefore, measurements of the oxygenation levels of tis-
sues in vivo can distinguish benign from malignant lesions
in the human breast.

SUMMARY

[0005] The invention features improved systems and tech-
niques for imaging a region of tissue using optical methods
and improved techniques for measuring the oxygenation
level of regions of interest in tissue in a living subject. These
techniques are non-invasive, using safe levels of optical
radiation. The optical imaging systems and techniques can
be applied to a wide variety of samples, including human
brain, breast, and muscle tissue, as well as any organ that is
optically accessible. These techniques provide enhanced
image contrast, facilitating detection of lesions and tumors
and differentiating between benign and malignant varieties.
In addition, the new techniques for measuring the oxygen-
ation level of a region of interest, such as a lesion or tumor,
are useful, e.g., to further assess the malignancy of these
regions.

[0006] In general, the new systems and techniques
improve the diagnostic capability of optical mammography.
While these systems and methods can be used to image
breast tissue and oximetry of breast tumors, they can also be
used to measure the oxygenation level of other hemoglobin-
rich localized tissue areas. For example, the focal increase in
cerebral hemoglobin concentration induced by selected
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cerebral activity, a localized hematoma, and large blood
vessels can be investigated using the methods presented here
to measure oxygenation levels.

[0007] In one aspect, the invention features imaging sys-
tems including one or more light sources that provide light
to a sample, a detector that detects light transmitted through
the sample, and a processor that calculates data using spatial
second derivatives of products of thicknesses of the sample
and intensities of the transmitted light. The new systems can
include a number of features. For example, the light sources
can be laser diodes, the detectors can be photomultiplier
tubes or avalanche photodiodes, and the processor can be a
computer. The systems can be implemented using known
equipment, and the light sources and detectors can be
separated by a fixed distance, e.g., to simplify data analysis.
In addition, the systems can include a monitor to display an
image of the data and/or a computer-readable medium to
store the data.

[0008] The invention also features a computer-readable
medium having a program that is used by a processor to
receive data from a sample that represents measures of
thicknesses of the sample and intensities of light transmitted
through the sample, and to process the data from the sample
using spatial second derivatives of products of the thick-
nesses of the sample and intensities of the transmitted light
to generate values that represent an image of the sample.
This computer-readable medium is useful to transport and
distribute the new algorithms to various users.

[0009] In a further aspect, the invention features a com-
puter-readable medium including a program that is used by
a processor to receive data from a sample that represent
measures of intensities of light transmitted through the
sample for at least two wavelengths of light, select a pair of
wavelengths to minimize a difference between relative
changes in the intensities of the light transmitted through a
region of the sample, where the relative changes in inten-
sities of the light are measured relative to a background
intensity of light transmitted through the sample, and pro-
cess the relative changes in intensities of the light at the pair
of wavelengths using measures of a background reduced
scattering coeflicient of the sample at the pair of wave-
lengths and molar extinction coefficients for deoxy-hemo-
globin and oxy-hemoglobin to generate values that represent
an absolute level of oxygenation of the region of the sample.

[0010] The computer-readable medium can also include
both programs to process spatial second derivatives and to
calculate absolute levels of oxygenation of a sample, as
described herein.

[0011] In other aspects, the invention features methods
that can be carried out using the new systems, such as
methods of detecting at least one region of a sample having
an absorption level different from a background level of
absorption in the sample. These methods involve obtaining
thicknesses of the sample and intensities of light transmitted
through the sample at a plurality of locations, calculating
data points for the locations using spatial second derivatives
of products of the thicknesses of the sample and the inten-
sities of the transmitted light, and comparing the data points
to detect a region of the sample having an absorption level
different from a background level of absorption within the
sample.

[0012] Using the spatial second derivatives enhances dif-
ferentiation of regions of the sample having different levels
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of absorption from the background level of absorption
within the sample. In addition, this approach has the advan-
tages of being insensitive to the size, shape, and depth of the
region within the sample. Embodiments of this aspect of the
invention include one or more of the following features. The
sample can be tissue, e.g., breast, brain, or muscle tissue.
Consequently, the methods and systems are useful in per-
forming optical mammography, studying brain activation,
and identifying ischemic or underperfused regions in
muscle. The region of the sample having an absorption level
different from the background level of absorption within the
sample can be a lesion or tumor. This region can be
cancerous. Thus, the systems and methods can be applied to
identify lesions, including cancerous tumors, within breast
tissue. The systems and methods can also be used to identify
tumors regardless of their size, shape, or depth of the tumor
within the breast.

[0013] The methods can further involve illuminating the
sample with light and detecting light transmitted through the
sample. This light can have two or more wavelengths.
[lumination with multiple wavelengths of light is useful to
apply the new methods of oximetry discussed herein. One or
more of these wavelengths can be in the near infrared region
of the spectrum. Infrared light exhibits a desirable amount of
absorption within human tissue, e.g., breast tissue. The
transmitted light can be generated by coplanar sources and
the plurality of locations where the light is detected can be
coplanar. Using coplanar sources and detectors facilitates
data analysis.

[0014] In these systems and methods, the data points
N"(x,y) are calculated using the second derivative of an
equation N(X,y)=rqac,/r(x,y)ac(x,y), where x and y are
respective x- and y-coordinates of the coplanar locations, r,
1s the maximum thickness of the sample, ac is the intensity
at the location where the thickness of the sample is ry, r(X,y)
is the thickness of the sample at location (X,y), and ac(x,y)
is the intensity at location (x,y). These data points can be
displayed in an image, as this formula provides useful data
points for imaging. Alternatively or additionally, they can be
stored in a computer-readable medium. By storing these data
points on a computer-readable medium, the image can be
used for later comparison or displayed at alternate locations
and times.

[0015] Inanother aspect of the invention, method are used,
in the new systems, to calculate an absolute oxygenation
level of a region of a sample by selecting a pair of wave-
lengths of light to minimize a difference between relative
changes in intensity of the light transmitted through the
region of the sample, where the relative changes in intensity
of the light are measured relative to a background intensity
of light transmitted through the sample; obtaining measures
of background reduced scattering coefficients of the sample
at the pair of wavelengths; and calculating the absolute
oxygenation level of the region of the sample using the
relative changes in intensity of the light at the pair of
wavelengths, the measures of the background reduced scat-
tering coefficients of the sample at the pair of wavelengths,
and molar extinction coeflicients for deoxy-hemoglobin and
oxy-hemoglobin.

[0016] These methods provide accurate quantitative mea-
surements of the oxygenation level of regions of interest
within a sample. Such measurements are valuable to differ-
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entiate between benign and cancerous tumors within breast
tissue. Using an appropriate pair of wavelengths of light
provides measurements that are largely independent of the
tumor size, shape, and location inside the breast. It is
significant that the pair of wavelengths for the near-infrared
measurement of tumor oxygenation is not fixed, but instead
depends generally on tumor oxygenation.

[0017] These methods (and the computer readable
medium) can include the use of the formula

oldi) AT/ 1o |92

Holda) Ary1I20
Hold) AL Iy |22
Hoa) AL/T[R)

emp(Aa) —epp(dy)
SO, =

[enp(A2) — Eup02(A2)] + [Enp02(A1) — Emp (A1 )]

where SO, is the oxygenation level of the region,
AV, @ is a maximum value of the relative change in
intensity at a first wavelength in the pair of wavelengths,
AV, Pis @ maximum value of the relative change in

intensity at a second wavelength in the pair of wavelengths;

Hioli)
HiolAz)

is a ratio of the background reduced scattering coeflicient at
the first wavelength to the background reduced scattering
coeflicient at the second wavelength, €, (M) and €5, (.,) are
the molar extinction coefficients for deoxy-hemoglobin at
the first and second wavelengths, and €;,q,(h;) and
€msoo(h,) are the molar extinction coefficients for oxy-
hemoglobin at the first and second wavelengths. This for-
mula provides accurate values of oxygenation levels and is
useful for ascertaining the malignancy of tumors. The dif-
ference between the relative changes in intensity can be
zero, as this provides an optimal pair of wavelengths.

[0018] These methods can also include a number of addi-
tional features. For example, the sample can be illuminated
with two or more wavelengths of light and the light trans-
mitted through the sample can be detected. The method can
also include displaying the absolute oxygenation level of the
region in an image and/or storing the absolute oxygenation
level of the region in a computer-readable medium. Storage
of oxygenation level information facilitates transport and
sharing of this information, as well as permitting analysis at
another location and/or time.

[0019] In another aspect, methods are used to determine
whether a tumor in a tissue sample is a malignant tumor or
a benign tumor. Thicknesses of the sample and intensities of
light transmitted through the sample at a plurality of loca-
tions for two wavelengths of light are obtained. Spatial
second derivatives of products of the sample thicknesses and
the intensities of the transmitted light at the locations for the
two wavelengths of light are calculated. An oxygenation
level of the tumor is then calculated based on the spatial
second derivatives for the two wavelengths of light, the
molar extinction coefficients of oxy-hemoglobin for the two
wavelengths of light, the molar extinction coefficients of
hemoglobin for the two wavelengths of light, relative
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changes in intensity of the light for the two wavelengths and
the measures of the background reduced scattering coeffi-
cients of the sample for the two wavelengths. The oxygen-
ation level of the tumor is compared with the oxygenation
level of non-tumor regions of the sample to determine
whether the tumor is malignant or benign.

[0020] These methods provide accurate measurements of
the relative oxygenation level of regions of interest within a
sample. Such measurements are valuable to differentiate
between benign and cancerous tumors within, for example,
breast tissue, brain tissue, and muscle tissue.

[0021] These methods may use the following formula for
calculating an oxygenation level:

op - AlHO:T .
= AHDOL + A[HE e

(Z N7 (Ai)EHboz(Ai)](z Esz(Ai)] -

i

(Z N7(&; )SHb[Ai)](Z Epo2(Ai )rp (/1;)]

i

(Z hpo2 ki )](Z o (Ai)\] - (Z Lapo2(Ai )y (A‘-)\lz ,

; i

A[HBO,]" =

(Z N"( )‘Sﬂb(’l"))(z‘_: ‘Sﬁboz(/\i)) -

i

(Z N”(A)empo2 (M](Z £npo2(A)em (/L)]

i

(Z oz (/1;)](2 £ (/1;)] - (Z <1po2(Ai)enp (/\;)]2

i

A[HbT =

i

i

and where OL is the oxygenation level of the tumor; 1 is a
wavelength index for the two wavelengths; €0, and ey,
are the molar extinction coefficients of oxy-hemoglobin and
deoxy-hemoglobin, respectively; AlHbO,]* and A{Hb]* are
relative values for the spatial changes in the concentrations
of oxy-hemoglobin and deoxy-hemoglobin, respectively;
and

N" is a spatial second derivative of an intensity of transmit-
ted light.

[0022] These methods can include one or more of the
following features. The sample may be illuminated with a
plurality of wavelengths of light, and the light transmitted
through the sample may be detected at a plurality of loca-
tions. An image of oxygenation levels at the plurality of
locations within the tissue sample may be displayed. Values
of oxygenation levels at the plurality of locations within the
tissue sample may be stored in a computer-readable
medium.

[0023] In another aspect, the invention features methods
for diagnosing cancer in a sample by obtaining thicknesses
of the sample and intensities of light transmitted through the
sample at two or more of locations; calculating data points
for the locations using spatial second derivatives of products
of the thickness of the sample and the intensities of the
transmitted light; comparing the data points to detect a
region of the sample having an absorption level different
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from the background level of absorption within the sample;
selecting a pair of wavelengths of light to minimize the
difference between relative changes in intensity of the light
transmitted through the region of the sample, where the
relative changes in intensity of the light are measured
relative to the background intensity of light transmitted
through the sample; obtaining measures of background
reduced scattering coefficients of the sample at the pair of
wavelengths; calculating an absolute oxygenation level of
the region of the sample using the relative changes in
intensity of the light at the pair of wavelengths and the
measures of the background reduced scattering coeflicients
of the sample at the pair of wavelengths; and diagnosing
whether the region of the sample contains cancer based on
the absolute oxygenation level of the region.

[0024] Unless otherwise defined, all technical and scien-
tific terms used herein have the same meaning as commonly
understood by one of ordinary skill in the art to which this
invention belongs. Although methods and materials similar
or equivalent to those described herein can be used in the
practice or testing of the present invention, suitable methods
and materials are described below. All publications, patent
applications, patents, and other references mentioned herein
are incorporated by reference in their entirety. In case of
conflict, the present specification, including definitions, will
control. In addition, the materials, methods, and examples
are illustrative only and not intended to be limiting.

[0025] The details of one or more embodiments of the
invention are set forth in the accompanying drawings and
the description below. Other features, objects, and advan-
tages of the invention will be apparent from the description
and drawings, and from the claims.

DESCRIPTION OF DRAWINGS

[0026] FIG. 1 is a schematic diagram of a system of the
present invention.

[0027] FIG. 2 is a prototype of the new system used to
obtain optical data for second-derivative images.

[0028] FIG. 3 is a prior art image of the left breast,
craniocaudal projection, for a 58-year old patient affected by
invasive ductal carcinoma

[0029] FIG. 4 is a line graph derived from the data shown
in FIG. 3 at y=3.2 cm.

[0030] FIG. 5 is second-derivative image of the data
generated by the new methods.

[0031] FIG. 6 is a line graph derived from the data shown
in FIG. 5 at y=3.2 cm.

[0032] FIG. 7 is a schematic diagram of a breast slightly
compressed between two parallel plates.

[0033] FIG. 8 is a schematic diagram of an optical
arrangement for evaluating optical properties in test
samples.

[0034] FIG. 9 is a diagram of an apparatus for measuring
optical signals in test samples.

[0035] FIG. 10 is a table of the results of the measure-
ments of the optical properties of inclusions and background
medium in a test sample.
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[0036] FIG. 11 is a graph of optical intensity (I) measured
during a linear scan across a test sample.

[0037] FIG. 12 is a graph of experimental results for
=AU 1n.x as a function of the product p,o'Ap, for irregularly
shaped inclusions in a test sample.

[0038] FIG. 13 is a graph of experimental results for
-AVL .., as a function of the product p,'Ap, for a cylin-

drical inclusion in a test sample.

[0039] FIG. 14 is the calculated dependence of —Al/I|,,, ..
on the product p,'Ap, for a spherical object embedded in a
uniform turbid medium.

[0040] FIG. 15 is a graph showing the dependence of
AUT | OD L1 fOr a test sample.

[0041] FIG. 16 is a spectrum of the product p_o'Au, for
S0, values of 0, 20, 40, 60, 80, and 100%.

[0042] FIG. 17 is graph obtained using prior art pertur-
bation analysis for a number of wavelength pairs for a 1.4
cm-diameter sphere (on the mid-line between source and
detector) having a range of oxygenation levels.

[0043] FIG. 18 is graph obtained using prior art pertur-
bation analysis for a number of wavelength pairs for a 3.0
cm-diameter sphere (on the mid-line between source and
detector) having a range of oxygenation levels.

[0044] FIG. 19 is graph obtained using prior art pertur-
bation analysis for a number of wavelength pairs for a 1.4
cm diameter sphere (off the mid-line by 1.5 cm) having a
range of oxygenation levels.

[0045] FIG. 20 is a graph obtained using the new methods
for a selected wavelength pair for a 1.4 cm-diameter sphere
(on the mid-line between source and detector) having a
range of oxygenation levels.

[0046] FIG. 21 is a graph obtained using the new methods
for a selected wavelength pair for a 3.0 cm-diameter sphere
(on the mid-line between source and detector) having a
range of oxygenation levels.

[0047] FIG. 22 is a graph obtained using the new methods
for a selected wavelength pair for a 1.4 cm diameter sphere
(off the mid-line by 1.5 cm) having a range of oxygenation
levels.

[0048] FIG. 23 is a graph of SO, versus Ay, (%, ) for SO,
values of 0, 20, 40, 60, 70, 80, and 100%.

[0049] FIGS. 244l to 24¢2 are a series of images of a
ductal carcinoma in a left breast.

[0050] FIGS. 25a to 25¢ are a series of images of a benign
mastopathy in a left breast.

[0051] FIGS. 26a to 26¢ are a series of images of benign
inflammation in a breast.

[0052] Like reference symbols in the various drawings
indicate like elements.

DETAILED DESCRIPTION

[0053] The invention features optical systems and meth-
ods for imaging based on oxygenation levels and quantify-
ing oxygenation levels within a region of interest. These
systems and methods are useful to assess differences in
oxygenation levels within mammalian, human, e.g., tissue
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and have particular application to identifying cancerous
tumors in breast tissue in vivo. The imaging techniques
provide enhanced contrast by mapping the second derivative
of the optically acquired data. Measurement of absolute
oxygenation levels involves selection of an appropriate pair
of wavelengths to minimize the difference between the
relative change in the intensity of the light detected at those
wavelengths.

Optical Systems

[0054] An optical system for scanning a human breast
according to the present invention is shown in FIG. 1. Two
glass plates 10 are used to slightly compress the breast. Two
distance sensors 20 and 30 positioned next to the illumina-
tion 40 and collection fibers 50 measure the free space
between the compression plates and the breast. The differ-
ence between the plate separation and this free space yields
the breast thickness at each pixel. The distance between the
two plates is adjustable to fit different breast sizes, and it is
possible to rotate the whole assembly to allow for the
acquisition of breast images in the craniocaudal, oblique,
and mediolateral projections. The output of the distance
sensors (or, as an alternative, the optical signal detected by
the scanning collection fiber 50) is also used to detect the
proximity to the breast edge. By driving the scanner to the
next line using the driving circuit 60 when the detected
breast thickness becomes less than 1 cm (or when the optical
transillumination signal through the breast exceeds a given
threshold), the system only scans the area actually occupied
by the breast.

[0055] The light source can be a Xe arc lamp 70 (ORIEL
Instruments, Model No. 6258), and the light is passed
through a band-pass filter 80 to emit over the spectral range
680-880 nm. This continuous wave (CW) light source
provides a complete range for selection of optimal wave-
lengths. The lamp 80 is coupled through a F/1.0 condenser
and a converging lens (collectively shown as 90) to either or
both of the 3-5 mm diameter glass fiber bundles 40 and 100.
A fiber bundle 100, which is a fixed illumination fiber, can
be used for background spectroscopy. The collection fiber
50, a fiber bundle with an internal diameter of 3-5 mm and
a numerical aperture of 0.22, delivers the light to the
entrance slit of a 15 cm-f/4 spectrograph 110 (Roper Sci-
entific, VersArray: 5 12B) for the parallel measurement of
the whole spectrum at each pixel. The CCD camera chip 120
is appropriately binned to achieve the best compromise
between signal-to-noise ratio and spectral resolution. The
spectral data for the whole image is stored in a computer 130
and is post-processed. A display 140 displays an image of
the post-processed data.

Second-Derivative Imaging

[0056] Processing optical data from breast tissue using
spatial second derivatives further enhances the detection of
areas of higher light absorption in the breast. Light absorp-
tion 1is a function of concentration and oxygenation levels.
The second-derivative images at multiple wavelengths can
be used in spectral analysis, which improves the specificity
of optical mammography by discriminating between benign
and malignant breast lesions.

[0057] Optical data for second-derivative images were
acquired using a prototype designed and built by Siemens
Medical Engineering (Erlangen, Germany) shown in FIG. 2.
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Other devices can be used to acquire images. This prototype
did not feature a CW light source. Instead, four laser diodes
(690, 750, 788, and 856 nm) modulated at a frequency of 70
MHz were used as optical sources. The light from these
diodes was fed into optical fibers, which were joined to a
fiber coupler. The source and detector fibers are located on
opposite sides of the breast, which was slightly compressed
between two parallel glass plates. The light received from
the detector fibers passed through a photomultiplier tube and
analyzer to a computer. Amplitude and phase images were
obtained by scanning the source and detector fibers in
tandem. Two projections of each breast were typically
acquired, craniocaudal and oblique. The raw data was cor-
rected for edge effects arising from the variable thickness of
the breast between the two plates. The edge-corrected data
vield was used to create images based on an N-parameter,
defined as N(x,y)=ryac,/r(x,y)ac(x.y), where r, is the maxi-
mum thickness of the sample, ac, is the AC amplitude at a
pixel where the breast thickness is r,, ac(x,y) is the ampli-
tude measured at pixel (x,y), and r(x,y) is the breast thick-
ness at that pixel derived from the phase information, see S.
Fantini et al., Med. Phys. 23:149-57, 1996. A representative
N-image of the left breast, craniocaudal projection, for a
58-year old patient affected by invasive ductal carcinoma is
reported in FIG. 3. A line graph of N at y=3.2 cm is shown
in FIG. 4.

[0058] FIG. 5 is an image obtained by taking the second
derivative (N"). This image was generated by first smooth-
ing the N-image and then taking the sum of the second
derivatives at each pixel (i,)) calculated in the vertical (y),
horizontal (x), and two (x+y and x-y) diagonal directions,
which are defined as follows:

_ Niej= 2N+ Niey

()2
Ny jot — 2N + Ny
N[fj(y): i j+l (At;jz iLj-1
7
Niet et = 2N+ Niy i
Ni,;j(x+y):‘ i+1,7+1 - L 21 1,j-1
(A" +(4))
N: P _2N..+N._ .
Ni,;j(x_y):‘ i+1,j-1 L i=1,j+1

(A% + (4,

where i and j are the pixel indices in the x and y directions,
respectively, while A; and A; are the pixel size in the x and
y directions, respectively. Alternatively, instead of the sum
one can take the maximum value of the second derivative.

[0059] FIG. 6 shows a line graph of N" at y=3.2 cm. In
FIG. 5, areas with positive N" are set to white (by setting a
threshold at N"=0), areas with negative N" (corresponding to
regions of high optical absorption, and generally indicative
of lesions) are displayed in gray-scale, and the region
external to the breast is set to black. This image has
enhanced contrast and identifies those areas in the image
characterized by a local maximum. As FIG. 5 demonstrates,
the secondary peak at x=9 ¢cm is now greatly enhanced, and
an even smaller feature around x=6 cm is now visible.

Measurement of Oxygenation Levels

[0060] To a first approximation, a localized optical per-
turbation embedded in a turbid medium can be modeled
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using the first-order perturbative solution to the diffusion
equation. First-order perturbation applies to small optical
perturbations, where “small” means that the linear dimen-
sions of the perturbation are much smaller than the distance
r between the illumination and the collection points that
induce a small (with respect to 1) relative change in the
optical signal. This model is schematically illustrated in
FIG. 7 for a lesion embedded in a transilluminated human
breast, where the lesion is located at a distance r, from a
glass plate on the detector side and at a distance r-r, from a
glass plate on the source side of the breast model.

[0061] The absorption and reduced scattering coefficients
of the background medium (healthy breast tissue) are
denoted with 1, and Ap ', respectively, and the absorption
and scattering perturbations (associated with the tumor) with
Ap, and A/, respectively. This means that the absorption
and reduced scattering coefficients at the location of the
optical perturbation (tumor) are given by p.'+Au, and
o' +AL/, respectively. The relative intensity change Al/l,
(where I, is the unperturbed intensity measured in the
background medium) induced by the optical perturbation is
maximized (in absolute value) when the source, detector,
and the perturbation are collinear as shown in FIG. 7. The
first-order perturbative solution to the diffusion equation
leads to the following expression for this maximal intensity
change, see Boas et al., Appl. Opt. 36:75-92, 1997, which is
incorporated by reference herein:

(3/1;0] M
o \ 4T

1% Ayl 1 1

— | Apg + —S( Butaoity + —]( 3ioily + —H
ro(r—ro){ Ha 3/4(2) \/ HaOHso T \/ HaOHs0 (r—ro)

Aftpert)
Iy

[0062] V is the volume of the lesion, and the geometrical
parameters r and r, are defined in FIG. 7. The second term
inside the square bracket in Eq. (1), the scattering pertur-
bation term, is neglected on the basis of in vivo studies that
have shown that the scattering tumor-to-background contrast
is much smaller than the absorption contrast, see, e.g,
Fantini et al., App. Opt. 37:1982-89, 1998, which is incor-
porated herein by reference. Therefore, Eq. (1) reduces to:

Aftpert) )

Iy

_ 3rv "
max N _(47”'0("_"0)](#50 /Ja)

[0063] Asshown by Eq. (2), first-order perturbation theory
predicts that the maximal intensity effect of an optical
inclusion (for the case Ap'=0) is given by the product of a
wavelength-independent geometric factor and a wavelength-
dependent factor given by p,'ApL,.

[0064] In the new oximetry techniques, Eq. (2) is gener-
alized to predict the functional dependence of Al/l|,,. on
Ko Lo and Ap, beyond the limits of validity of the first-
order perturbation analysis. Specifically, in the case Ap'=0,
Eq. (2) is generalized to the case of spatially extended
objects that induce significant changes in the optical inten-
sity. This is accomplished by expressing Al/l ... only as a
function of the product p,'An,, and wavelength-independent
parameters that are related to the source-detector separation
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(r), and to the object-detector distance (r,), size (V), and
shape (s) of the object. Therefore, Al/I can be expressed
as:

O‘max

Al ) 3
— | =f0 . Vs, [Houa)

1o Imax

where f indicates an unknown function of its arguments.

[0065] As in the perturbation case, Al/l)|_,, is a mono-
tonic function of the product p_'Ap,. The wavelength depen-
dence of Al/lj|,.. only appears implicitly in the argument
LLo'ALL,, because the geometrical parameters 1, r,, V, and s are
independent of the wavelength. Consequently, because of
the monotonicity of AI/1,| . onp ,'Au,, if two wavelengths
A, and A, are selected such that Al *V=AlT,|.. 22,
then po'(h AR, (A)D=10'(A)AL,(A,). Therefore, the ratio of
the absorption perturbations at these two wavelengths is
given by the inverse of the ratio of the background reduced
scattering coeflicients at the same two wavelengths:

M) peoldr) @
Aua (A1) polds)

[0066] This analysis indicates that by appropriately choos-
ing the two wavelengths A, and A,, one can translate a
measurement of the background scattering ratio into a
measurement of the absorption-perturbation ratio associated
with the embedded inclusion. This result is relevant for the
near-infrared determination of the oxygen saturation of
hemoglobin in breast lesions because (1) the near-infrared
spectral properties of hemoglobin and breast tissue are such
that it is usually possible to identify two wavelengths at
which the tumor-induced intensity perturbations are similar,
and because (2) the oxygen saturation of hemoglobin is only
a function of the ratio of the optical absorption at two
wavelengths, see Fantini et al., Opt. Eng., 34:32-42, 1995. If
the absorption at the tumor location is given by the sum of
the contributions from the background (j1,,) and from the
tumor (1), then Ay, can be identified with the tumor
absorption (u, ®=Ay, . If, instead, the absotption at the tumor
location is only due to the tumor, then 1, V=p_,+Ay,. How-
ever, if Ap>>p, , (high-contrast tumor), it can still be main-
tained that Ap, is representative of the tumor absorption
(1, ~Ay,).

[0067] Here, the oxygen saturation of hemoglobin (SO,)
associated with the additional absorption Ay, is considered.
At least in the two cases mentioned above, SO, is represen-
tative of the tumor oxygenation. By assuming that Ay, is
solely due to hemoglobin, the expression for SO, in terms of
Ap, (X;) and Ap, () becomes the following:

enp(2) — enp (A1) A (A2) [ Apta(Ay) ®)

SO, = R
: [eap(A2) = Supo2(A2)] + [Empo2(A) — eup(A)]Ap (A2) [ Apt (A1)

where e, and e,,, are the molar extinction coefficients of
deoxy-hemoglobin and oxy-hemoglobin, respectively.

[0068] In practice, it may not be possible to identify two
wavelengths A, and A, that exactly satisfy the requirement
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that A/, P=ATT,|.... 2. In this case, the optimal pair
of wavelengths (A,,A,) minimizes the absolute value of the
difference AV, 2"-AI/y),...??. To correct, at least in
part, for a difference between AI/T| " and AUT,| 2,

the dependence AT, ™o ((MA.(\) given by Eq. (2)
is used to write:

Apaha) o) A/ Ty [02) ©
Apa ()~ o) aryl)

By combining Eqgs. (5) and (6), the lesion saturation is given
by:

()AL T [43) ™
epp(A2) = emp (/\1)7(11)
Hag(A2)AL /T |max
[emp(A2) — empo2(A2)] +
HooAAT /T [
Wo(AAL/T 1)

SO, =

5

[enpo2(A1) = emp(A1)]

which is the equation used to quantify the oxygenation level
of, e.g., a tumor, from measurements of (1) the background
(healthy tissue) reduced scattering coefficient [p_,'(M)], and
(2) the maximal relative change in the intensity caused by
the tumor (Al/T @y,

[0069] This approach is not exclusively based on first
order perturbation theory because the criterion to select the
two wavelengths A, and A, refers to situations that are
beyond the limits of applicability of first-order perturbation
theory. As a result, even if A/l )| does not show a linear
dependence on L. ,'Al,, as predicted by first-order perturba-
tion theory, these methods still provide accurate readings of
oxygenation levels, provided that two wavelengths A, and A,
can be identified such that AI/T,| . *V~AI/,| .. @2

[0070] In addition to seeking a pair of wavelengths that
minimize the intensity change induced by the inclusion, it is
preferable to use wavelengths that are not too close to one
another. The sensitivity of the oxygenation measurement is
degraded if the two near-infrared wavelengths are too close
to each other, see Sevick et al., Anal. Biochem. 195:330-51,
1991. To avoid this degradation, the criterion that |, —A, |>X
can be adopted to guarantee that the minimization of the
absolute value of the difference AI/Ty| ., *"-AT/T|, "
yields an appropriate pair of wavelengths. Possible values of
x include, e.g., any distance between and including 40 and
60 nm.

[0071] This approach has the potential of being more
robust in practical clinical measurements with respect to full
reconstruction schemes. The only information used by the
new method is (1) the spectrum of the background scattering
coefficient, p_'(A), (2) the background intensity, 1,(), and
(3) the maximum intensity change (Al), . caused by the
tumor. To best apply this method, the spectral measurements
should be conducted at a large number of wavelengths in the
range of 680 to 880 nm, for example continuously over this
spectral band.

O‘max

O‘max

[0072] The reduced scattering coefficient of the back-
ground medium as a function of wavelength, p,'(A), can be
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measured by averaging time-resolved measurements at sev-
eral breast locations. Because of the featureless scattering
spectrum, measurements at a few discrete wavelengths A,
can be effectively extrapolated to yield a continuous spec-
trum of p (1), as demonstrated by Bevilacqua et al., Appl.
Opt. 39:6498-507. 2000. With respect to the measurement of
the background intensity I,(A) in the presence of a hetero-
geneous background such as breast tissue, it can be appro-
priate to consider an average background intensity over a
specifically selected breast area rather than the intensity
measured at a particular breast location.

[0073] Tt is also possible to use the transmitted light
images to provide information concerning the relative oxy-
genation level of the detected optical inhomogeneities. Mul-
tiple second-derivative images taken at different wave-
lengths may be used to calculate a relative oxygenation
index. In particular, pseudo variations in the concentrations
of oxy-hemoglobin (A[HbO,]) and deoxy-hemoglobin
(A[Hb]*) may be determined and then combined to calculate
a relative oxygenation index according to the following
equations:

®

[Z N"(A)empor (A )][Z 52Hb(1')]
[ZN Ai)ens(A; )][ SHboz‘/\ enp /1)]

A[HOO,] #= -
(Z ozl )](Z e )] (Z empor(Ai)ems (A )]

©
[Z N Qens )][Z Epoa )]

i

[ " (Ai)enpoa( H][Z upo2(Ai)emp (A )]

i

A[Hb] 4= ,
(Z Spoa(Ai )](2 Eﬁb(/\i)] - (Z 2p02(A)epp () l

A[HbO;, ] = (10)

Oxygenation [ndex = m .

[0074] Here, i is the wavelength index, and €, o, and e,
are the molar extinction coefficients of oxy-hemoglobin and
deoxy-hemoglobin, respectively. The stars in A{lHbO, * and
A[Hb]* refer to indicative (or pseudo) values for the spatial
changes in the concentrations of oxy-hemoglobin and
deoxy-hemoglobin associated with the spatial changes in the
optical absorption coeflicient Ap,. The actual spatial changes
ATHbO, ] and A[Hb] would be obtained by replacing N"(A,)
with Ap,(2,) in Egs. (8) and (9). At least in the first-order
perturbation limit, it can be shown that there is a direct
proportionality between N" and Ap,, which is the basis for
using N" in Egs. (8) and (9). However, the proportionality
between N" and Ay, does not hold for the strong perturbation
on the optical data caused by relatively large breast tumors.
For this reason, stars in A{fHbO,]* and A[Hb] are used, the
ratio of Eq. (10) may be known as a relative oxygenation
index rather than oxygen saturation of hemoglobin.

Diagnosing Cancer

[0075] The imaging and absolute oxygenation level quan-
tification techniques described herein can be used in various
combinations to diagnose the presence of cancer, for
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example, in human breasts. For example, one can use any
one or two of the N,N", or oxygenation level images, or one
can use all three images of a given tissue sample. Combining
these techniques, and comparing their results, affords
enhanced images supported by quantitative measurements
that improve diagnostic potential.

[0076] Optical mammography of human breasts is per-
formed using a system such as that shown in FIG. 2. Two
projections of each breast are typically acquired, craniocau-
dal and oblique, by illuminating the breasts with multiple
wavelengths, preferably with at least some of the wave-
lengths in the range of 680 to 880 nm. Amplitude and phase
images are obtained by scanning the source and detector
fibers in tandem, and the raw data was corrected for edge
effects arising from the variable thickness of the breast
between the two plates. Second-derivative images such as
FIG. 5 are generated for each breast. These images display
differences in light absorption with enhanced contrast, and
inclusions with high absorption, such as lesions, can be
identified. For example, in FIG. 5, the feature located at
x=12 cm is a lesion that represents a region of interest.

[0077] The oxygenation levels in the identified regions of
interest are quantitatively assessed. To perform the quanti-
tative assessment, a pair of wavelengths is selected to
minimize the intensity change induced by the region of
interest. Since it is preferable to use wavelengths that are not
too close to one another, a boundary condition of, e.g., 40
nm of separation in the two wavelengths is applied. Using
these two wavelengths, Eq. (7) is applied to compute the
absolute oxygenation level within the region of interest. This
absolute oxygenation level improves the ability to distin-
guish between malignant and benign inclusions. Because
measurements of the partial pressure of oxygen in tumors
have shown that hypoxic or anoxic conditions often exist in
malignant tumors, but not in benign lesions, a low oxygen-
ation level of the region of interest is an indicator of its
malignancy. Differences of 5% to 15% in oxygenation levels
between normal and malignant tissue have been observed,
see, M. J. Holboke et al., J. of Biomed. Opt. 5, 237-247,
2000; Tromberg et al., Neoplasia 2, 26-40, 2000; Tromberg
et al., Philos. Trnas. R. Soc. London 352, 661-668, 1997.

[0078] The invention is further described in the following
examples, which do not limit the scope of the invention
described in the claims.

EXAMPLES

Test Samples and Apparatus

[0079] Inclusions were comprised of a mixture of General
Electric silicones, model No. RTV615 (clear) and model No.
RTV11 (white). The white silicone was used as the scatter-
ing material and black India ink was used as the absorber.
Two different mixtures were prepared with different optical
properties, (the first with p,~0.05-0.06 cm™ and u/'~9-10
cm  and the second with p,~0.11-0.15 em™ and p'~9-10
cm over the wavelength range of 752-840 nm considered)
to cover a range of A, that is representative of the expected
absorption contrast of breast lesions in vivo.

[0080] The optical characterization of the inclusions was
performed using the arrangement shown in FIG. 8. The
silicone mixtures were formed into two cylindrically shaped
blocks (one to characterize each mixture) of 11 cm diameter
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and 9 cm height. A frequency-domain, near-infrared spec-
trometer (OxiplexTs, ISS, Inc., Champaign, 111.) housed and
controlled the laser sources and optical detectors used to
obtain the measurements. The sources were laser diodes at
six discrete wavelengths (752, 778, 786, 813, 830, and 840
nm) and the optical detector was a photomultiplier tube
(Hamamatsu Photonics R928). The sources were intensity-
modulated at a frequency of 110 MHz, electronically mul-
tiplexed at a rate of about 10 Hz to time-share the detector,
and were coupled to 400 um core-diameter optical fibers that
were collected into a fiber bundle with rectangular cross-
section 1.2 mm in width and 3 mm in length. The detector
was coupled to another fiber bundle of circular cross-section,
3 mm internal diameter. The detector fiber bundle remained
fixed and was in contact with the surface of the silicone
blocks, while the end of the source bundle was brought close
to the surface of the blocks (<0.25 mm away). The starting
distance between the source and detector fibers was 1 cm
(x-direction). The source fiber was then moved in the
negative x-direction defined in FIG. 8 (away from the
detector fiber) at a rate of 0.65 mm/s. Data was acquired at
every 0.5 s providing a measurement every 325 um over a
total traveled distance of 2 cm. The amplitude (AC), average
value (DC), and phase of the detected modulated intensity
were recorded and translated into measurements of the
reduced scattering and absorption coefficients by employing
a multi-distance method based on the diffusion equation and
semi-infinite boundary conditions, see Fantini et al., J. Opt.
Soc. Am. 11:2128, 1994, which is incorporated herein by
reference.

[0081] The background medium was comprised of a mix-
ture of 1 liter of Liposyn 10% (Abbott Laboratories, North
Chicago, Ill.) and 8 liters of deionized water and was
contained in a rectangular vessel with dimensions of 27 cm
width, 32 cm length, and 13 cm height. Again, the ISS
frequency-domain spectrometer was used to perform the
measurements. The experimental arrangement was similar
to that used in FIG. 8 except the ends of the source and fiber
bundles were fully immersed in the Liposyn mixture to
simulate an infinite medium. Acquisition times, laser mul-
tiplexing rate and source-displacement speed (with the
detector remaining fixed) were also the same as in the
inclusion characterization. The AC, DC and phase data were
used in the diffusion model for light propagation in an
infinite, highly scattering medium to determine the back-
ground reduced scattering (1" and absorption coeflicients
(Lyo). Measurements of ., over the wavelengths used
ranged from 0.02 cm™ to 0.04 cm™ and those of 1 ranged
from 10 cm™ to 12 em™" and were chosen to match typical
absorption and scattering coeflicients in breast tissue for this
wavelength range [, (breast)~0.03 em™ and p_'(breast)~12
cm™], see Heusmann et al., J. Biomed Opt. 1:425-34, 1996;
Heusman et al., Proc. SPIE 2389:788-808, 1995; Kélzer et
al., Proc. SPIE 2326:143-52, 1995.

[0082] The experimental procedure to investigate the
dependence of Al/| ... on ',oAp, was based on the arrange-
ment shown in FIG. 9. The laser diodes 10 were employed
at the same six wavelengths used previously to determine
the optical properties of the inclusion material and the
background (752, 778, 786, 813, 830, and 840 nm). In this
arrangement, the source fiber bundle 20 and detector fiber
bundle 30 were arranged collinearly and their ends were
fully immersed in the formerly characterized background
medium to simulate an infinite geometry. The detector fiber
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bundle 30 fed the optical signals into the analyzer 40. The
source-detector separation for these experiments remained a
constant 6 cm, which is representative of the thickness of a
slightly compressed breast. Inclusions of different sizes and
shapes were then suspended in the medium equidistant from
the source and detector using Pasteur pipettes to hold them
in place. The pipettes were filled with background medium
to reduce the optical perturbation they might cause.

[0083] The inclusion material was formed into irregular
shapes (by cutting cylindrical shapes with razor blades) and
into a 10 cm-long cylinder using the two different mixtures,
thus creating two different sets of the same sizes and shapes.
The cylinder had a diameter of 1.0 cm, while the irregular
shapes were created to have the same volumes as spheres
with 0.9 cm diameter (V-0.43 cm®) and 1.4 cm diameter
(V=1.31 ecm?), respectively. The source and detector optical
fibers were scanned together over a 14 cm distance in the
x-direction (as shown in FIG. 9) beginning at a distance of
approximately 7 cm from the center of the inclusion in the
x-direction. Scanning was performed at a rate of 0.65 mm/s
and data was acquired every 0.88 s, providing a data point
every 572 pm.

Methods

[0084] Estimates of the optical signals were calculated
using an analytical solution to the diffusion equation for a
spherical inclusion embedded in an infinite turbid medium,
see Boas et al., Proc. Natl. Acad. Sci. 51:4887-91, 1994, This
solution was implemented in a PMI (photon migration
imaging) sofiware package developed by D. A. Boas et al.
at Massachusetts General Hospital, Charlestown, Mass., as
part of publicly available software, http://www.nmr.mgh-
Jharvard.edu/DOT/toolbox htm. Two types of theoretical
analysis were performed.

[0085] The first analysis was aimed at determining
whether the dependence of Al/I | . on p,, 1, and Ay, is
well approximated by a function of the product i ,'Ap, even
outside of the perturbation regime, as in the cases of spheres
having a diameter that is not much smaller than the source-
detector separation and for values of Ay, that are not much
smaller than . This assessed whether AI/I |, in the case
where Ap/'=0 here, was independent of p ., and was not
affected by u ' and Ay, separately, but only by their product
Wo'Ap,. This analysis was carried out for two sphere diam-
eters (1.4 and 3.0 cm) in the case where the sphere is
equidistant from the source and detector scanning lines
(sphere center is 3.0 cm from either fiber in the collinear
case). For the smaller sphere (1.4 ¢cm in diameter), a 1.5-cm
off-center position was also analyzed, where the distances
from the sphere center to the source and detector fibers were
1.5 and 4.5 cm respectively, in the collinear condition.

[0086] The second analysis was aimed at testing the new
methods for measuring tumor oxygenation. In this analysis,
the background absorption and scattering spectra, [1,,(A) and
uo'(A) respectively, were set equal to typical absorption and
reduced scattering spectra for breast tissue. The absorption
spectra were determined by combining the absorption con-
tributions from typical concentrations of oxy-hemoglobin
(~4.4 uM, deoxy-hemoglobin (~2.7 uM), water (~39.5%
v/v), and lipids (~60.5% v/v) in healthy breast tissue, as
reported by Quaresima et al., Photochem. Photobiol. 67:4-
14, 1998. In the spectral region considered (680-880 nm),
u ranged from 0.023 em™! (at 680 nm) to 0.076 cm™ (at 880
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nm). The background scattering spectrum was estimated
from data reported by Cubeddu et al.,, Appl. Phys. Lett.
74:874-76, 1999, for two healthy human subjects. In the
spectral region considered (680-880 nm), u,' ranged from
10.0 cm™ (at 680 nm) to 7.8 em™" (at 880 nm).

[0087] In addition, spherical lesions with no scattering
contrast (Ap'=0) were also considered with an absorption
contrast provided by a hemoglobin concentration of 60 uM
(corresponding to Ap,=0.12 cm™" at 800 nm). As in the first
analysis, two sphere diameters (1.4 and 3.0 c¢m) in the
centered case were analyzed (sphere half-way between the
source and detector scanning lines), along with one sphere
diameter (1.4 cm) in the off-center case (sphere 1.5 cm
off-center). The maximum relative change in the optical
signal induced by the spherical lesion (AI/1,|_,,) was cal-
culated at nine wavelengths (680, 720, 730, 758, 768, 776,
800, 840, and 880 nm) as a function of hemoglobin satura-
tion values within the sphere over the range 0-100%. This
choice of wavelengths covered the 680-880 nm diagnostic
window and included the local maxima and minima in the
deoxy-hemoglobin absorption spectrum (730 and 758 nm,
respectively) and the local minimum in the oxy-hemoglobin
absorption spectrum (680 nm).

Testing of the Method

[0088] FIG. 10 shows a table of the results of the mea-
surements of the optical properties of the inclusions and
background medium. The range of Ay, is from 0.014 cm™
to 0.12 cm™ when considering both silicone mixtures, while
the range of Ay, is from -0.5 to -2.8 cm™'. Given the
background optical properties of the order of 0.02 cm™ for
1o and 9 cm™" for ', the absorption perturbations are
about 70-600% of the background absorption, while the
scattering perturbations, in absolute value, do not exceed
31% of the background reduced scattering coeflicient. These
conditions are representative of the range of optical contrast
offered by tumors in the human breast in vivo.

[0089] FIG. 11 shows a typical result of the optical
intensity (I) measured during a linear scan across the object
location at x=0. Because Ap, >0, there is a decrease in
detected intensity as the source-detector pair approaches the
inclusion during the scan. The background value (I,) and the
maximum (in absolute value) intensity change |Al|,,.. are
indicated in FIG. 11. The spectrum of (Al),,../1,(A), is then
used to guide the choice of the two wavelengths A, and A,
that are used to measure the oxygenation of the embedded
object according to Eq. (7).

[0090] The experimental results for -Al/I,| .. as a func-
tion of the product p_o'Ap, are reported in FIG. 12 for the
irregularly shaped inclusions, and in FIG. 13 for the cylin-
drical inclusion. In both cases, the fact that the experimental
data of Al/Iy|,.., for a range of values of 1 ,' and Ay, (see
Table 1) are distributed along a single curve as a function of
the product p'Ap, is indicative of the dependence of
AT | o 0N g'Agt,.. In FIGS. 14 and 15, the functions of
1 'Ap, are represented by continuous lines. These experi-
ments confirm that Al/Iy| ... is only a function of the product
1o'AL, even for objects with a relatively large size, cylin-
drical or irregular shape, and relatively high absorption
contrast. Furthermore, Al/I varies monotonically with
Hyo'AlL,.

[0091] FIG. 16 shows the calculated dependence of -Al/
on the product p_o'Au,, for a spherical object embedded

O‘max

I(.‘max
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in a uniform turbid medium. As described above, two
spheres (diameters of 1.4 and 3.0 cm) were examined for the
case where the sphere was equidistant from the source and
detector fibers, and one sphere (diameter of 1.4 cm) for the
off-axis case where the sphere was 1.5 cm off the mid-line
between source and detector. The absorption coeflicient of
the background medium (u,,) is 0.06 cm™, and the scatter-
ing perturbation (Ap.") was set to zero. In all three cases
considered, Al/l,|,, . was not separately dependent on p '
and Ap,, but it only depended, monotonically, on their
product (see FIG. 14). Furthermore, FIG. 15 shows that
AU/ |0 Was weakly dependent on p,, over the range of
optical properties of interest.

Computation of Oxygenation Levels

[0092] The values of A/l at nine wavelengths (680,
720, 730, 758, 768, 776, 800, 840, and 880 nm) were
computed for a spherical inclusion in a case that mimics a
realistic condition in optical mammography. As described
above, the background scattering and absorption spectra
were set equal to representative spectra for healthy breast
tissue obtained from literature data, see R Cubbedu et al.,
Appl. Phys. Lett. 74:874-76, 1999; Quaresima et al., Pho-
tochem. Photobiol. 67:414, 1998, which are incorporated by
reference herein. Because of the results shown in FIG. 15,
the background absorption spectrum plays a minor role in
the determination of Al/ly,,.... The hemoglobin concentra-
tion of the embedded lesion was set to a value 60 uM higher
than that in the background, and the hemoglobin saturation
of the sphere was varied over the range 0-100%.

[0093] The resulting spectra of the product p,'Ap, for SO,
values of 0, 20, 40, 60, 80, and 100% are reported in FIG.
16. On the basis of Eq. (3), the spectra of FIG. 16 are
representative of the spectra of Al/Iy|.... The hemoglobin
saturation in the different lesions were compared: (1) by
using Eq. (5) and a ratio Ap (A,)/Au (M) computed with
perturbation theory [Eq. (2)] from the intensity change
A1}, measured at two fixed wavelengths; and (2) by
using the new methods [Eq. (7)] at two wavelengths that are
at least 40 nm apart and that minimize the absolute value of
the difference Al (r0)~AlT|max (M) Both approaches
take the background reduced scattering coeflicient as input,
which was known in our theoretical computations, and
which can be measured with time-resolved methods in a
practical implementation to the human breast. The results of
the perturbation analysis for a number of wavelength pairs
are shown in FIG. 17 for a 1.4 cm-diameter sphere (on the
mid-line between source and detector), in FIG. 18 for a 3.0
cm-diameter sphere (on the mid-line between source and
detector), and in FIG. 19 for a 1.4 cm diameter sphere off the
mid-line by 1.5 ¢cm. The results of the new methods are
shown in FIG. 20 (sphere diameter: 1.4 cm; on the mid-
line), FIG. 21 (sphere diameter: 3.0 cm; on the mid-line),
and FIG. 22 (sphere diameter: 1.4 cm; 1.5 cm off the
mid-line).

[0094] The improved fit obtained to the actual oxygen-
ation levels using the new methods is evident by comparing
FIGS. 22-24 to FIGS. 19-21. None of the lines obtained
using prior art perturbation analysis for a pair of wave-
lengths achieved a comparable fit to lines obtained using the
new methods with a selected pair of wavelengths. These
results show that the new methods provided accurate mea-
surements of the oxygenation of spherical regions over the
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full range of oxygenation values and independent of the size
and location of the sphere. The wavelength pairs that mini-
mize the difference between A/, and AI/,|,..%?
(which is the criterion used to select the particular wave-
length pairs in FIGS. 22, 23, and 24) for the cases of SO,
equal to 0, 20, 40, 60, 80, and 100% are indicated in FIG.
16. In FIG. 16, the wavelengths used are shown by the
dashed lines, and the symbols identify the wavelength pairs
that minimize the difference between AL/L| " and
AV P for each value of SO,.

‘max

Additional Computational Methods

[0095] The new techniques discussed above quantify the
oxygen saturation associated with Au_, i.e., with the addi-
tional absorption at the tumor location with respect to the
background tissue [see Eq. (5)]. These techniques are useful
where (1) the absorption at the tumor location results from
the sum of the background (healthy tissue) absorption (u,q)
plus the tumor contribution (u,“=Aw,), or if (2) the tumor
absorption p, " is equal to p,+Au,, and Ap>>p,, (high-
contrast tumor). In the case where h,©=n_+Ap , but Ap,_ is
not much greater than u_,, the tumor saturation SO, is
more appropriately given by:

Faold2) + RApus (A1) (1D
Hao(A1) + Apip(Ar)

[enp(A2) — npo2(A2)] +

Hao(A2) + RApa (A1)
o) + Aa(Ay)

emp(A2) —emp(Ay)
SOY =

[enpo2(Ar) — emp(Ay)]

where R=Ap,(h,)/Ap,(h,). Because R is on the order of
W' (A V(A 1t is typically close to 1. Consequently,
SOX? given by Eq. (11) tends to the background saturation
(SO, in the limit Ap,—0 and to the saturation based on
Ay, (SO.) in the limit Ay >>J1,. The derivative of SO,®
with respect to Au,(A,) at constant R is given by:

[ asoy ] 12)
aru ),
[#a0(A2) + R ptap(A1)]
[emp (A1) = eupo2(A1) = emp (A1 )Enp02(A2)]
{lemp(A2) = rpo2(A2)][e0 (A1) +
ApaAD]+ [emo2 (A1) — om0 [Hao(A2) + RApL(A)]}

[0096] Equation (12) shows that for any given value of R,
the sign of the derivative of SO, with respect to Ap,(A,) is
independent of Ap(A,). As a result, SO, monotonically
increases (or decreases) from SO, to SO, as the tumor
contrast increases. This is graphically shown in FIG. 23 for
the case SO,=70%, p,,(800 nm)=0.02 cm™" (a reasonable
estimate of the background hemoglobin absorption in breast
tissue), and SO, values of 0, 20, 40, 60, 80, and 100%.
Therefore, the sign of SO,*—80,™, which indicates
whether the tumor is more oxygenated or less oxygenated
than the background healthy tissue, is accurately given by
the sign of SO,—S0,“ independent of the tumor contrast.
Furthermore, FIG, 23 indicates that for Ap,>0.1 cm™ and
tumor saturation values greater than 40%, SO, and SO,
differ by no more than ~5%. Using an estimate of Ap,(A;),
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for instance on the basis of Eq. (2), can provide a refinement
of the tumor saturation measurement from the values of SO,
(obtained using the new methods) and SO, (measured on
healthy breast tissue). This use of such an estimate is
appropriate where the tumor absorption is better represented
by n,o+Ap, then by Ap,.

In Vivo Results

[0097] The techniques and methods discussed above have
been applied to produce images of in vivo tumors in human
tissue. For example, FIGS. 2441 to 24¢2 show left cranio-
caudal (Icc) and left oblique views (lob) of a 3.0 cm invasive
ductal carcinoma in the left breast of a 53-year-old patient.
The location of the lesion is known from x-ray mammog-
raphy, and the nature of the lesion is known from biopsy or
physical examination. FIGS. 24al and a2 show intensity
(N) images of light transmitted through the breast. FIGS.
24h1 and b2 show second-derivative (N") images of the
transmitted image; and FIGS. 24¢1 and ¢2 show the relative
oxygenation index of the features.

[0098] The second derivative image is generated by pro-
cessing the N-image through a low-pass-filter (smoothing),
calculating the spatial second derivative of N at each pixel
in four directions (horizontal, vertical, two diagonals), tak-
ing the minimum of the four directional second derivatives
to enhance the detection of directional structures such as
blood vessels, displaying on a gray scale the pixels associ-
ated with a negative second derivative (i.e., those corre-
sponding to absorbance maxima), and setting the positive-
second-derivative pixels to white.

[0099] The cancer is detected in the left craniocaudal (lcc)
view of the intensity image (FIG. 24al), together with a
conspicuous blood vessel, but is not readily visible in the left
oblique (lob) view (FIG. 24a2). The image contrast is
enhanced in the second-derivative (N") images (FIGS. 2451
and 52), which display negative second-derivative values
(gray areas) at the cancer location in both lcc and lob views.
However, additional inhomogeneities (most likely associ-
ated with blood vessels) appear in the second-derivative
images (2451 and b2) that were not visible in the intensity
images (FIG. 24al and a2). The increased sensitivity
afforded by the second-derivative images may be effectively
complemented by the functional information provided by
the oxygenation index images. In this case, the tumor
location corresponds to areas of lowest oxygenation index in
both the lcc and lob views (see FIGS. 24¢1 and ¢2).

[0100] FIGS. 25a to 25¢ show left cranio-caudal (Icc)
views of a 1.5 benign mastopathy in the left breast of a
62-year-old patient. FIG. 25a shows an intensity (N) image
of light transmitted through the breast. FIG. 255 shows a
second-derivative (N") image of the transmitted image; and
FIG. 25¢ shows the relative oxygenation index of the
features. The mastopathy is visible in both the intensity
image (FIG. 254) and the second-derivative image (FIG.
25b). However, oxygenation level of the mastopathy is
relatively high, as shown in the oxygenation level image
(FIG. 25c¢), indicating that the tumor is benign.

[0101] FIGS. 26a to 26¢ show a right oblique (rob) view
of benign inflammation in a breast of a 65-year-old patient.
FIG. 264 shows an intensity (N) image of light transmitted
through the breast. FIG. 265 shows a second-derivative (N")
image of the transmitted image; and FIG. 26¢ shows the
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relative oxygenation index of the features. The inflammation
shows up as the dominant feature in the N-image as well as
in the N"-image, but structural information is much more
defined in the N"-image. Furthermore, the oxygenation
index image shows the highest value of oxygenation in the
region of the inflammation, and lower oxygenation values
elsewhere, indicating that the inflammation is benign.

Other Embodiments

[0102] Ttis to be understood that while the invention has
been described in conjunction with the detailed description
thereof, the foregoing description is intended to illustrate
and not limit the scope of the invention, which is defined by
the scope of the appended claims. Other aspects, advantages,
and modifications are within the scope of the following
claims. For example, the new techniques can be used to
image brain tissue and assess brain activity by measuring
absolute levels of oxygenation, or to image muscle tissue
and identify ischemic or underperfused tissue regions.

What is claimed is:
1. A system comprising:

(a) a light source for illuminating a tissue sample;

(b) a detector for detecting light transmitted through the
sample; and

(c) a processor for calculating spatial second derivatives
of products of sample thicknesses and intensities of the
transmitted light.

2. The system of claim 1, wherein the light source

comprises a laser diode.

3. The system of claim 1, wherein the light source
illuminates the sample with light having at least two wave-
lengths.

4. The system of claim 1, wherein the light source
illuminates the sample with light having at least one wave-
length in the near infrared spectrum.

5. The system of claim 1, wherein the detector comprises
a photomultiplier tube or an avalanche photodiode.

6. The system of claim 1, wherein the processor is a
computer.

7. The system of claim 1, wherein the spatial second
derivatives, N"(x,y), are calculated from an equation N(x,
y)=ryacy/r(x,y)ac(x,y), wherein

x and y are respective x- and y-coordinates of the coplanar
locations;

1, is a maximum thickness of the sample;

ac, is the intensity at the location where the thickness of
the sample is r;

r(x,y) is the thickness of the sample at location (x.y);
ac(x,y) is the intensity at location (x,y); and

N(x,y) is dimensionless number at a location (x,y).

8. The system of claim 1, further comprising (d) a monitor
to display an image of the spatial second derivates.

9. The system of claim 1, further comprising (d) a
computer-readable medium to store values of the spatial
second derivatives.

10. A computer-readable medium comprising computer-
readable instructions for causing a computer system to:
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(a) receive data from a tissue sample that represent
measures of thicknesses of the sample and intensities of
light transmitted through the sample; and

(b) calculate spatial second derivatives of products of the
thicknesses of the sample and intensities of the trans-
mitted light to generate values that represent an image
of the sample.

11. The computer-readable medium of claim 10, further
comprising computer-readable instructions for causing the
computer system calculate a spatial second derivative from
an equation N(x,y)=rsac,/r(X.y)ac(x,y) to generate values,
N"(x,y), wherein

x and y are respective x- and y-coordinates of the values;
t, 18 @ maximum thickness of the sample;

ac, 1s the intensity at a location where the thickness of the
sample is ry;

r(x,y) is the thickness of the sample at location (x,y); and

ac(x,y) is the intensity at location (X,y).

12. A computer-readable medium comprising computer-
readable instructions for causing a computer system to:

(a) receive data from a sample representing measures of
intensities of light transmitted through the sample for at
least two wavelengths of light;

(b) select a pair of wavelengths to minimize a difference
between relative changes in the intensities of the light
transmitted through a region of the sample, wherein the
relative changes in intensities of the light are measured
relative to a background intensity of light transmitted
through the sample; and

(c) process the relative changes in intensities of the light
at the pair of wavelengths using measures of a back-
ground reduced scattering coeflicient of the sample at
the pair of wavelengths and molar extinction coeffi-
cients for deoxy-hemoglobin and oxy-hemoglobin to
generate data values represent an absolute level of
oxygenation of the region of the sample.

13. The computer-readable medium of claim 12, further
comprising computer-readable instructions for causing the
computer system to generates values of the absolute level of
oxygenation, SO,, of the region of the sample using a
formula

KA/ 1y 1o
WoQAT/T [08)

HloOAT [Io w2t
Q)AL /T [11)

emp(A2) — eap(dy)

S0, =

[eap(A2) = empo2(A2)] + [empo2 (A1) — epp(dy )]

wherein:

AlTg| e is @ maximum value of a relative change in
intensity at a first wavelength in the pair of wave-
lengths;

AT, is a maximum value of a relative change in
intensity at a second wavelength in the pair of wave-
lengths;
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Hi(Ay)
Hiold2)

is a ratio of the background reduced scattering coeflicient
at the first wavelength to the background reduced
scattering coeflicient at the second wavelength;

€mp(hy) and e, (h,) are the molar extinction coefficients
for deoxy-hemoglobin at the first and second wave-
lengths; and

€mpoa(M) and egy0,(A,) are the molar extinction coefhi-
cients for oxy-hemoglobin at the first and second
wavelengths.
14. A method of detecting a region of a tissue sample
having an optical absorption level different from a back-
ground optical absorption level, the method comprising:

(a) obtaining thicknesses of the sample and intensities of
light transmitted through the sample at a plurality of
locations;

(b) calculating spatial second derivatives of products of
the sample thicknesses and the intensities of the trans-
mitted light at the locations; and

(c) comparing the spatial second derivatives to detect a
region of the sample having an optical absorption level
different from a background level of optical absorption
in the sample.

15. The method of claim 14, where the tissue sample is
selected from the group consisting of breast tissue, brain
tissue, and muscle tissue.

16. The method of claim 14, wherein the optical absorp-
tion is a characteristic of absorption of light by hemoglobin
in the sample.

17. The method of claim 14, wherein the region of the
sample having an optical absorption level different from the
background level of optical absorption within the sample
comprises a lesion, tumor, or cancerous tissue.

18. The method of claim 14, wherein the transmitted light
is generated by coplanar sources and wherein the plurality of
locations are coplanar.

19. The method of claim 18, wherein the spatial second
derivatives, N"(x,y), are calculated from an equation N(x,
y)=tsac,y/r(x,y)ac(x,y), wherein

x and y are respective x- and y-coordinates of the coplanar
locations;

t, is a maximum thickness of the sample;

ac, is an intensity at the location where the thickness of
the sample is ry;

r(x.y) is a thickness of the sample at location (x,y);
ac(x,y) is an intensity at location (x,y); and

N(x,y) is a dimensionless number at a location (x,y).
20. The method of claim 14, further comprising;

(d) illuminating the sample with light; and

(e) detecting light transmitted through the sample at a
plurality of locations.
21. The method of claim 20, wherein the light comprises
light having at least two wavelengths.
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22. The method of claim 20, wherein the light comprises
light having at least one wavelength in the near infrared
spectrum.

23. The method of claim 14, further comprising;

(f) displaying an image of the spatial second derivatives
at the plurality of locations.
24. The method of claim 14, further comprising;

(f) storing values of the spatial second derivatives in a
computer-readable medium.
25. A method of calculating an absolute oxygenation level
of a region of a tissue sample, the method comprising:

(a) selecting a pair of wavelengths of light to minimize a
difference between relative changes in intensity of light
transmitted through a region of the sample, wherein
relative changes in intensity of the light are measured
relative to a background intensity of light transmitted
through the sample;

(b) obtaining measures of background reduced scattering
coeflicients of the sample at the pair of wavelengths;
and

(c) calculating an absolute oxygenation level of the region
of the sample using the relative changes in intensity of
the light at the pair of wavelengths and the measures of
the background reduced scattering coeflicients of the
sample at the pair of wavelengths.

26. The method of claim 25, wherein the tissue sample is
selected from the group consisting of breast tissue, brain
tissue, and muscle tissue.

27. The method of claim 25, wherein the region of the
sample comprises a lesion, tumor, or cancerous tissue.

28. The method of claim 25, wherein the pair of wave-
lengths of light are in the near infrared spectrum.

29, The method of c¢laim 25, wherein the difference
between the relative changes in intensity is zero.

30. The method of claim 25, wherein the absolute oxy-
genation level of the region is calculated using a formula

2
HoADAL Iy ln
KoAAT/T [a
[P

H0@A AT /Ty [ma
[enp(A2) — mp02(A2)] + [Emp02 (A1) — £hp(A1 )] #0170@)
Hio(dp)AL [T |mz}x

emp(A2) —emp(dy)

SO, =

wherein:
SO, is the oxygenation level of the region;

ATy O (is a maximum value of a relative change in
intensity at a first wavelength in the pair of wave-
lengths;

ATy, is @ maximum value of a relative change in
intensity at a second wavelength in the pair of wave-
lengths;

HyolA1)
Ho(d2)
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is a ratio of a background reduced scattering coeflicient at
the first wavelength to a background reduced scattering
coeflicient at the second wavelength;

€ms(M) and e,(A,) are molar extinction coefficients for
deoxy-hemoglobin at the first and second wavelengths;
and

€mpo2(M) and e, 0,(A,) are molar extinction coeflicients
for oxy-hemoglobin at the first and second wave-
lengths.

31. The method of claim 25, further comprising;

(d) illuminating the sample with a plurality of wave-
lengths of light; and

(e) detecting light transmitted through the sample at a
plurality of locations.

32. The method of claim 25, further comprising (d)
displaying an image of the absolute oxygenation level of the
region at the plurality of locations.

33. The method of claim 25, further comprising (d)
storing values of the absolute oxygenation level of the
region in a computer-readable medium.

34. A method of determining whether a tumor in a tissue
sample is malignant or benign, the method comprising:

(a) selecting two wavelengths of light to minimize a
difference between relative changes in intensity of light
transmitted through the tumor for the two wavelengths,
wherein the relative changes in intensity of the light for
each wavelength are measured relative to a background
intensity of light transmitted through the sample;

(b) obtaining measures of background reduced scattering
coeflicients of the sample at the two wavelengths;

(¢) calculating an absolute oxygenation level of the tumor
in the sample by using the relative changes in intensity
of the light for the two wavelengths and the measures
of the background reduced scattering coefficients of the
sample for the two wavelengths; and

(d) determining whether the tumor is malignant or benign
based on the value of calculated absolute oxygenation
level.

35. The method of claim 34, wherein the tissue sample is
selected from the group consisting of breast tissue, brain
tissue, and muscle tissue.

36. The method of claim 34, wherein the two wavelengths
of light are in the near infrared spectrum.

37. The method of claim 34, wherein the difference
between the relative changes in intensity is zero.

38. The method of claim 34, wherein the absolute oxy-
genation level of the tumor is calculated using a formula

Ui QDA [y [k
HiolAAI /1 [k

HloAI Iy [a3
Hio(A)AI T nd

eup(A2) — enp(dy)
S0, =

[enp(A2) — €rpo2(A2)] + [eHpo2(A1) — €mp(A1)]
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wherein:

SO, is the oxygenation level of the tumor;

AT, O is a maximum value of the relative change in
intensity at a first wavelength in the pair of wave-
lengths;

AlTg| e’ is @ maximum value of the relative change in
intensity at a second wavelength in the pair of wave-
lengths;

HaoAr)
Hig(A2)

is a ratio of the background reduced scattering coeflicient
at the first wavelength to the background reduced
scattering coeflicient at the second wavelength;

€M) and €y, (2,) are molar extinction coefficients for
deoxy-hemoglobin at the first and second wavelengths;
and

€mox(M) and e, (A,) are molar extinction coeflicients
for oxy-hemoglobin at the first and second wave-
lengths.

39. The method of claim 34, further comprising;

(e) illuminating the sample with a plurality of wave-
lengths of light; and

(D) detecting light transmitted through the sample at a
plurality of locations.
40. The method of claim 39, further comprising (g)

displaying an image of the absolute oxygenation level at the
plurality of locations within the tissue sample.

41. The method of claim 34, further comprising, (e)

storing values of the absolute oxygenation level of the tumor
in a computer-readable medium.

42. A method of determining whether a tumor in a tissue

sample is malignant or benign, the method comprising:

(a) obtaining thicknesses of the sample and intensities of
light transmitted through the sample at a plurality of
locations for two wavelengths of light;

(b) calculating spatial second derivatives of products of
the sample thicknesses and the intensities of the trans-
mitted light at the locations for the two wavelengths of
light;

(c) calculating an oxygenation level of the tumor based on
the spatial second derivatives for the two wavelengths
of light, the molar extinction coeflicients of oxy-hemo-
globin for the two the wavelengths of light, the molar
extinction coeflicients of hemoglobin for the two wave-
lengths of light, relative changes in intensity of the light
for the two wavelengths of light and the measures of the
background reduced scattering coeflicients of the
sample for the two wavelengths of light; and

(d) calculating an oxygenation level of non-tumor regions
of the tissue sample based on the spatial second deriva-
tives for the two wavelengths of light, the molar
extinction coefficients of oxy-hemoglobin for the two
wavelengths of light, the molar extinction coeflicients
of hemoglobin for the two wavelengths of light, rela-
tive changes in intensity of the light for the two
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wavelengths of light, and the measures of the back-
ground reduced scattering coeflicients of the sample for
the two wavelengths of light; and

(e) comparing the oxygenation level of the tumor with the
oxygenation level of non-tumor regions of the sample
to determine whether the tumor is malignant or benign.

43. The method of claim 42, wherein the tissue sample is
selected from the group consisting of breast tissue, brain
tissue, and muscle tissue.

44. The method of claim 42, wherein the two wavelengths
of light are in the near infrared spectrum.

45. The method of claim 42, wherein the oxygenation
level of a region of the sample is calculated using a formula

A[HbBO,]"

OLz ———M—
A[HbO,]* + A[Hb]*’

wherein

[Z N"(ADenpo2(A; )][Z e (i )]
[Z N ()emn(A ][Z Erpo2(Aen (A )]

AHO, ) = -
(Z S0z (/1;)](2 Slqu(li)] - (Z SHMZ(AI)SHb(Ai)]
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-continued

[ZN” sHb/\)][ > o )]
[ A)enpo2(A ][ZSHbOZ(Ai)SHb(Ai)]

i

A[Hb]" = 5
(Z Ehpori )](Z g /\x)] (Z EHboz(/\i)EHb(Ai)]

and wherein:
OL is the oxygenation level of the tumor;
1 1s a wavelength index for the two wavelengths;

€02 and €5, are the molar extinction coeflicients of
oxy-hemoglobin and deoxy-hemoglobin, respectively;

A[HbO,]* and A[Hb]* are relative values for the spatial
changes in the concentrations of oxy-hemoglobin and
deoxy-hemoglobin, respectively, and

N" is a spatial second derivative of an intensity of
transmitted light.
46. The method of claim 42, further comprising;

(B) illuminating the sample with a plurality of wavelengths
of light; and

g) detecting light transmitted through the sample at a
plurality of locations.

47. The method of claim 42, further comprising, (f)
displaying an image of oxygenation levels at the plurality of
locations within the tissue sample.

48. The method of claim 42, further comprising, (f)
storing values of oxygenation levels at a plurality of loca-
tions within the tissue sample in a computer-readable
medium.
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