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I. Providing a test tissue sample from a test subject.

Optionally: The test tissue sample comprises:

1. A mammary tissue component.

2. An tumor component, such as an epithelial tumor component.
3. A strom alor epithelial component.

Il. Generating atest image or test imaging data from the test tissue
sample including using a nonlinear optical imaging technique (e.g.,
MPM, FLIM, SLIM, and/or SHG techniques)

Optionally: The test image or test imaging data and comprises:

1. One or more FAD fluorescence intensity images.

2. One or more FAD fluorescence lifetime images.

3. One or more FLIM or SLIM images having a FAD fluorescence component.

\

lll. Analyzing the test image or test imaging data of the test tissue
sample by measuring: (i) Fluorescence intensities,

(iii) Fluorescence lifetime values or both of fluorescence from
endogenous FAD in said test tissue sample.

\

IV. Comparing the test image or test imaging data with a reference image
or reference imaging data corresponding to one or more reference
tissues.

Optionally: Further carrying out one or more steps of:

1. Determining the percentage differences between at least a portion of said

fluorescence intensities of said endogenous FAD in said test tissue sample

and a reference fluorescence value or set of reference fluorescence values.

2. Fitting temporal profiles of FAD fluorescence in said test tissue sample to

the expression and determining t,, 7, , 7,

1.(t)=) a,exp™"+c=a exp M +ayexp T tagexp U+ +c
i=0

3. Determining the percentage difference of the a first component of the
fluorescent lifetime (1, ), a second component of the fluorescent lifetime (t, )
or a weighted mean values (z,,,) of the fluorescent lifetime with a reference
fluorescence lifetime value or set of reference fluorescence lifetime value
values.

Figure 1
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1
USE OF ENDOGENOUS FLUORESCENCE TO
IDENTIFY INVADING METASTATIC BREAST
TUMOR CELLS

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims priority under 35 U.S.C. 119(e) to
U.S. Provisional Patent Application 60/892,687 filed Mar. 2,
2007, which is hereby incorporated by reference in its
entirety.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT

This invention was made with United States government
support awarded by the following agencies: NIH grants
CA076537 and EB000184. The United States government
has certain rights in the invention.

BACKGROUND OF INVENTION

Biomedical imaging plays a central role in a large number
of diagnostic and therapeutic procedures including visualiz-
ing external and internal anatomical and physiological struc-
tures, features, and systems; evaluating complex biological
events in the body at the organ, tissue, cellular, and molecular
levels, and {facilitating image guided surgery techniques.
Imaging allows physicians and other health care profession-
als to detect and diagnose the onset of disease, injury, and
other disorders at an early stage and to accurately monitor
progression or remission of a condition. Biomedical imaging
also enables delivery of targeted and minimally invasive
therapies for treating and managing a range of conditions. A
large number of applications of biomedical imaging have
matured into robust, widely used clinical techniques includ-
ing planar projection and tomographic x-ray imaging, mag-
netic resonance imaging, ultrasound imaging, and gamma ray
imaging.

Biomedical images are generated by detecting electromag-
netic radiation, nuclear radiation, acoustic waves, electrical
fields, and/or magnetic fields transmitted, emitted and/or
scattered by materials, where the materials can be biological
materials and/or materials introduced in the body such as
implants, contrast agents, infusions, tracers, etc. Modulation
of'energy (e.g., radiative, acoustic, etc.) and/or particles pro-
vided to a sample via interaction with materials such as bio-
logical molecules and tissue structures yields patterns of
transmitted, scattered or emitted radiation acoustic waves,
electrical fields or magnetic fields that contain useful ana-
tomical, physiological, and/or biochemical information.
Modulation may occur via mechanisms involving interac-
tions of endogenous materials in the sample and/or mecha-
nisms involving interactions of exogenous imaging agents
introduced to a sample to enhance the usefulness of the
acquired image, such as contrast agents, dyes, optically or
radiolabel materials, biomarkers, and other agents. Biomedi-
cal imaging has been demonstrated as generally useful for
providing images of surface and subsurface components of
tissue samples and also provides a means of real time moni-
toring of components of biological samples, in vivo and in
vitro.

Advanced optical imaging methods, such as confocal scan-
ning laser tomography and optical coherence tomography,
have emerged as valuable molecular imaging techniques for
visualizing biological processes at a cellular and subcellular
(e.g., molecular) levels. Established optical molecular imag-
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ing techniques are based on monitoring spatial variations in a
variety of optical parameters including the intensities, polar-
ization states, and frequencies of transmitted, reflected, and
emitted electromagnetic radiation. Given that many biologi-
cal materials of interest are highly turbid with respect to most
frequencies in the ultraviolet and visible regions of the elec-
tromagnetic spectrum, research is currently directed to devel-
oping and enhancing imaging techniques using near infrared
excitation radiation from about 700 nanometers to about 1200
nanometers corresponding to an “optical window” present in
many of these materials. Electromagnetic radiation of this
wavelength range is capable of substantial penetration (e.g.,
up to a millimeter) in many biological materials and is con-
siderably less phototoxic than visible and ultraviolet electro-
magnetic radiation. Infrared optical molecular imaging tech-
niques, therefore, offer the promise of providing
nondestructive and noninvasive imaging of subsurface bio-
logical structures in biological samples.

Recent advances in high intensity, mode locked near infra-
red laser optical sources make nonlinear optical imaging
methods, such as multiphoton (MP) microscopy and second
harmonic generation (SHG), an important class of infrared
molecular imaging methods for visualizing cellular and sub-
cellular structures in biological samples. Nonlinear imaging
techniques are particularly useful for providing high resolu-
tion images for probing physiology, morphology, cellular
microenvironments, and cell-extracellular matrix and cell-
cell interactions in intact tissues and living organisms. MP
microscopy uses a high intensity, temporally short laser pulse
to provide highly localized nonlinear excitation of fluores-
cence. In two photon fluorescence excitation techniques, for
example, absorption of two lower energy photons simulta-
neously excites an electronic transition in a fluorophor,
thereby causing radiative decay resulting in fluorescence
emission of a single higher energy photon. As the probability
of two photon absorption is relatively low (for example, as
compared to single photon absorption), excitation in this
technique is limited to a spatially confined focused region of
the excitation beam having a sufficiently high intensity of
photons. Second harmonic generation, in contrast, does not
arise from an absorptive process. Rather, the second harmonic
phenomenon results from a nonlinear scattering interaction of
radiation with a non-centrosymmetric environment of a
sample. In this technique, an intense laser field is provided to
the sample that induces a nonlinear, second order, polariza-
tion in the spatial orientation of molecules exposed to the
excitation radiation. The induced polarization results in gen-
eration of a coherent wave having a frequency that is exactly
two times that of the incident excitation radiation. In both MP
microscopy and SHG, a two dimensional image is typically
generated by detecting fluorescence or polarized light,
respectively, while the excitation beam is systematically
scanned across a given layer of the sample. Three dimen-
sional images are formed by scanning a plurality of layers at
different depths.

A number of advantages are provided by nonlinear tech-
niques relative to conventional linear optical imaging tech-
niques. First, these techniques are ideally suited for use of
infrared excitation radiation, particularly having wavelengths
in the optical window region from about 700 nanometers to
about 1200 nanometers of many biological samples. Thus,
nonlinear optical techniques are capable of penetrating and
imaging many types of tissues and typically do not lead to
significant photoinduced sample degradation during analysis.
Second, nonlinear optical imaging methods are capable of
providing images with enhanced axial resolution relative to
conventional optical imaging techniques due to the highly
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localized excitation arising from the nonlinear dependence of
excitation rate on illumination intensity. Third, some appli-
cations of nonlinear advanced optical techniques to biomedi-
cal imaging, such as second harmonic generation methods, do
not require exogenous labeling/staining. These techniques,
therefore, can eliminate the need for complex and invasive
labeling procedures common to conventional optical molecu-
lar imaging methods. Finally, different nonlinear techniques
may be combined and used in tandem to provide complemen-
tary information relating to tissue structure and composition.
For example, the combination of MP and SHG images pro-
vides enhanced cellular and subcellular information, as each
technique employs fundamentally different excitation pro-
cesses and, thus, provides substantially different contrast
mechanisms.

Given the demonstrated capabilities of nonlinear optical
imaging techniques for probing cellular and subcellular mor-
phology and composition, researchers are currently pursuing
applications of these techniques for detecting, diagnosing,
and monitoring the onset and progression of disease. Pro-
posed applications of nonlinear optical imaging include diag-
nosis of cancer and in situ evaluation of angiogenesis and
metastasis processes, and monitoring the progression of neu-
rodegenerative diseases such as Alzheimer’s disease.
Although the potential for such applications, including endo-
scopy and optical biopsy applications, is clear, these tech-
niques have not yet matured to the point so as to provide a
robust clinical tool. To develop this, and other important
applications of nonlinear optical imaging, histopathological
features and structural motifs in biomedical images that cor-
relate with specific disease conditions in human and animal
patients must be identified and characterized, particularly as a
function of the progression or remission of a disease. Further,
enhancements are also need to transform the instrumentation
used in nonlinear imaging techniques into a reliable instru-
ment capable of implementation in range of clinical applica-
tions.

SUMMARY OF THE INVENTION

The present invention broadly provides methods and sys-
tems for detecting, identifying, and characterizing conditions
in humans and in other animal subjects, including diseases
and other disorders, by analyzing fluorescence from endog-
enous flavin adenine dinucleotide (FAD) fluorophors present
in biological materials and samples. In particular embodi-
ments, the invention relates to conditions of the human breast
including cancers such as carcinoma. Methods and systems
are provided for detecting, locating, and characterizing
tumors, particularly epithelial tumors, via nonlinear optical
imaging techniques capable of accurately characterizing
fluorescence intensities and fluorescent lifetime parameters
from endogenous FAD fluorophors present in a test tissue
sample. Nonlinear optical imaging techniques beneficial in
the present invention include multiphoton microscopy
(MPM), multiphoton fluorescent lifetime imaging micros-
copy (FLIM), harmonic generation microscopy, and spectral
lifetime imaging microscopy (SLIM) techniques providing
high resolution multi dimensional imaging (including two-
dimensional and three-dimensional) of test tissue samples.
The methods and systems support versatile implementation
including providing in vivo analysis (including application to
a patient sample in situ over real time), and in vitro analysis
(including ex vivo as analogous to classical histopathology)
of'test tissue samples. Methods of the present invention have
applications for clinical pathology, optical biopsy and endo-
scopy. In some embodiments, for example, the present meth-
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ods analyze the fluorescent properties of endogenous FAD
biomarkers in biological materials and samples to identify
and characterize invading metastatic breast tumor cells.

The present invention further and preferably for some
applications provides noninvasive and nondestructive meth-
ods and systems that are capable of identifying and charac-
terizing cancer in non-fixed, non-sectioned, and/or non-
stained tissue, including excised tissue samples and tissues in
whole organisms. The present invention provides highly sen-
sitive, selective and specific methods that are capable of
directly evaluating subsurface tumor development and pro-
gression over the spectrum from a normal state to advanced
cancer states, including invasive and metastatic states. The
present methods and systems are capable of detecting and
characterizing (e.g., classifying, staging etc.) cancer in a
range of tissue types, including breast tissue and epithelial
tissue. In some specific applications, for example, the present
methods are utilized to support clinical diagnosis and treat-
ment in connection with epithelial tumor development, pro-
gression, local invasion and metastasis. Systems and methods
of'the present invention provide diagnostic information that is
different from, and can be complementary to, information
provided by other diagnostic platforms, such as mammogra-
phy, ultrasound and conventional histological staining tech-
niques. Methods of the present invention can be carried out
rapidly, in real time and, therefore, are useful tools to support
biopsy, surgical resection and other clinical diagnostic and
treatment procedures for cancer.

In one aspect, the invention provides a method of evaluat-
ing a test tissue sample for the diagnosis of cancer. A method
of this aspect comprises the steps of: (i) providing the test
tissue sample from a test subject, wherein the test tissue
sample comprises a mammary tissue component; (ii) gener-
ating a test image or test imaging data from the test tissue
sample using a nonlinear optical imaging technique; and (iii)
analyzing the test image or test imaging data of the test tissue
sample by measuring fluorescence intensities, fluorescence
lifetime values or both of fluorescence from FAD in the test
tissue sample, thereby evaluating the test tissue sample for the
diagnosis of cancer. In an embodiment, the test tissue sample
is a breast tissue sample and/or the test tissue sample is intact
and non-fixed. Evaluation of fluorescence information from
FAD in the present techniques is beneficial because it is an
endogenous fluorophor in a range of important tissues from
humans and other species and is present at concentrations
allowing for effective multiphoton fluorescence characteriza-
tion. Further, use of an endogenous fluorophor in the present
methods eliminates the need for providing imaging agents to
the sample, such as optical contrast agents or fluorescent
probes, thereby enabling sensitive optical evaluation without
requiring a change in the composition of the test tissue
sample.

In an embodiment, test image or test image data is gener-
ated comprising a FAD fluorescence image of a layer or
plurality of layers of the test tissue sample. Useful FAD
fluorescence images for the present methods include fluores-
cence intensity images of the test tissue sample and fluores-
cence lifetime images of the test tissue sample. Preferably for
some embodiments, a fluorescence intensity image and one or
more fluorescence lifetime images are generated, such as a
plurality of fluorescence lifetime images corresponding to
fluorescence from the test sample having different wave-
lengths, for example as generated using spectral lifetime
imaging techniques. Nonlinear microscopy techniques for
generating FAD fluorescence images useful in the present
methods include one or more of those selected from the group
consisting of multiphoton microscopy (MPM), multiphoton
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fluorescent lifetime imaging microscopy (FLIM), and spec-
tral lifetime imaging microscopy (SLIM). Methods of this
aspect of the present invention may further comprise the step
of generating additional images of the test tissue, including
images corresponding to different layers or regions of the test
tissue and images generated by different linear and/or non-
linear optical imaging techniques. Optionally, methods of this
embodiment include the step of comparing and/or combining
different images of the test tissue for the detection and/or
characterization of fluorescence from endogenous FAD in
test tissue.

In the context of this description, the expression “fluores-
cence intensity image” refers to a two-dimensional or three-
dimensional distribution of fluorescence intensity measure-
ments, or parameters derived from fluorescence intensity
measurements, wherein spatial information relating to the
positions of fluorophors in the test tissue sample or a layer or
plurality of layers of the test tissue sample is retained in the
image. In some embodiments, for example, the positions of
intensity values in a distribution of fluorescent intensity mea-
surements comprising a fluorescence intensity image corre-
late at least in part to the relative positions of the fluorophors
in the test tissue sample. In the context of this description, the
expression “fluorescence lifetime” refers to a temporal char-
acteristic of fluorescence from a fluorophor. Fluorescence
lifetime may be characterized by the functional dependence
of the fluorescence intensity observed upon excitation (e.g.,
pulsed excitation). Useful parameters for characterizing fluo-
rescence lifetime include an exponential function or series of
exponential functions having a primary component (e.g., T,)
and one or more higher components (e.g., T5, T3, Ta, - - . T,) a8
described in the following expression:

)= @

”
Z a;exp™’) ¢ = arexp L + azexp V2 +azexp VB + .. +c
=0

wherein I(t) is the fluorescence intensity as a function of
time, t is time, T, is a primary component of the fluorescence
lifetime, T,, T5 . . . T, are higher components of the fluores-
cence lifetime, a,, a, . . . a, are each constants independent of
each other, and ¢ is a constant. The expression, “fluorescence
lifetime image” refers to a two-dimensional or three-dimen-
sional distribution of fluorescence lifetime measurements, or
parameters derived from measurements of the temporal fluo-
rescence lifetimes, wherein spatial information relating to the
positions of fluorophors in the test tissue sample or a layer or
plurality of layers of the test tissue sample is retained in the
image. In some embodiments, for example, the positions of
fluorescence lifetime measurements in a distribution of fluo-
rescence lifetime measurements comprising a fluorescence
lifetime image correlate, at least in part, to the relative posi-
tions of the fluorophors in the test tissue sample.

Optionally, methods of this diagnostic aspect of the present
invention may further comprise the step of analyzing the test
image or test imaging data of the test tissue sample by com-
parison with one or more reference images or reference imag-
ing data corresponding to one or more reference tissues. In
some embodiments, for example, the analyzing step further
comprises one or more comparison steps selected from the
group consisting of: (i) comparing at least a portion of the
fluorescence intensities to a reference fluorescence intensity
value or set of reference fluorescence intensity values corre-
sponding to fluorescence from endogenous FAD in one or
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more reference tissues; and (ii) comparing at least a portion of
the fluorescence lifetime values to a reference fluorescence
lifetime value or set of reference fluorescence lifetime values
corresponding to fluorescence from endogenous FAD in the
one or more reference tissues. Comparison steps in certain
aspects of the present invention are useful for identifying and
characterizing intensities in a FAD fluorescence intensity
image or fluorescence lifetime measurements in a FAD fluo-
rescence lifetime image that can be quantitatively correlated
using the present methods generally with the stage or pro-
gression of cancer, and specifically with metastatic potential
and the presence of invading metastatic tumor cells. In
embodiments, further correlations are developed for associa-
tion of certain FAD fluorescence intensities or FAD fluores-
cence lifetimes in a test image with clinical terminology
including “benign” and “malignant.” In embodiments, FAD
fluorescence intensities or FAD fluorescence lifetimes in
fluorescence intensity and/or fluorescence lifetime images
acquired over a period of time are further used in the context
of informing a diagnostic assessment such as by noting the
qualitative and/or quantitative changes and/or rates of change
in onset, progression or remission of cancer. Therefore, the
methods of the present invention enable the use of measure-
ments and analysis of FAD fluorescence intensities or FAD
fluorescence lifetimes in certain diagnostic applications of
the present invention for assessing the presence or absence of
invasion, metastasis and/or metastatic potential.

Methods of some embodiments may further include the
step of identifying patterns of fluorescence intensities or fluo-
rescence lifetime measurements in test FAD fluorescence
intensity and fluorescence lifetime images that are correlated
by the present invention with the presence, onset, staging and
progression of cancer. In the context of this description, pat-
terns of the present methods include those comprising a plu-
rality of intensities or fluorescence lifetime measurements
having values that differ from a reference value or series of
reference values derived from FAD fluorescence images
acquired from reference tissue. In other embodiments, pat-
terns of the present methods include those comprising a plu-
rality of FAD intensities or fluorescence lifetime measure-
ments that have values relative to each other indicative of
presence, absence and stage of cancer in a test sample.

A variety of reference images, reference data and reference
tissues are useful in methods of the present invention. In an
embodiment, FAD fluorescence intensity and/or fluorescence
lifetime reference values can each independently relate to a
reference tissue having a normal condition (i.e., noncancer-
ous) or a disease condition at a particular disease stage or
historical time point. For example, FAD fluorescence inten-
sity and/or FAD fluorescence lifetime reference values can be
a previously assessed value from the same or different test
sample from the same patient or a different patient. When
reference values are derived from the same patient, there can
be a particular diagnostic advantage in such values serving as
an internal control, whether or not temporally synchronized
with the test tissue sample. In the specific example where
historical reference values reflect a disease state, the refer-
ence values can serve to evaluate the present test tissue
sample while also providing other information, e.g., regard-
ing the level or rate of change. When the reference values
reflect a disease state, there can be a diagnostic advantage in
facilitating a comparison of the reference image with the test
image to accurately assess the test sample. In a preferred
embodiment, greater diagnostic information is achieved by
accruing and evaluating multiple reference values corre-
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sponding to a plurality of FAD fluorescence references
images (e.g., FAD fluorescence intensity or lifetime images)
and/or reference image data.

In some embodiments, for example, a reference fluores-
cence intensity value or set of reference fluorescence intensity
values, and/or a reference fluorescence lifetime value or set of
reference fluorescence lifetime values are determined from
one or more reference tissues having a normal condition or
alternatively one or more reference tissues having a disease
condition. In an embodiment, the test tissue sample provides
one or more first stromal or epithelial regions suspected of a
cancerous condition; wherein the test tissue sample also
serves as the reference tissue, wherein the reference fluores-
cence intensity value or set of reference fluorescence intensity
fluorescence intensity values, the reference fluorescence life-
time value or set of reference fluorescence lifetime values or
both are determined from one or more second stromal or
epithelial regions of the test sample having a normal condi-
tion. In an embodiment, the test tissue sample provides one or
more stromal or epithelial regions suspected of a cancerous
condition; wherein the test tissue sample also serves as the
reference tissue, wherein the reference fluorescence intensity
value or set of reference fluorescence intensity values, the
fluorescence lifetime values or set of reference fluorescence
lifetime values or both are determined from one or more
tumor regions of the test sample. In an embodiment, the test
tissue sample provides one or more first tumor regions sus-
pected of an invasive state; wherein the test tissue sample also
serves as the reference tissue, wherein the reference fluores-
cence intensity value or set of reference fluorescence intensity
values, the reference fluorescence lifetime values or set of
reference fluorescence lifetime values or both are determined
from one or more second tumor regions having a noninvasive
state such as a primary tumor.

In some applications, the difference between intensities of
endogenous FAD fluorescence in the test tissue sample and
reference FAD fluorescence value or set of reference values
are determined and evaluated. In an embodiment useful for
characterizing cancer and/or tumor cells present in test tissue,
the present methods further comprises the steps of: (i) deter-
mining the percentage difference between at least a portion of
the fluorescence intensities of the endogenous FAD in the test
tissue sample and a reference FAD fluorescence value or set
of reference FAD fluorescence values; and (ii) identifying the
presence of invasive and/or metastatic cells in the test tissue
upon observing a percentage difference (Intensity Differ-
ence) between at least a portion of the fluorescence intensities
and the reference fluorescence intensity value or set of refer-
ence values greater than or equal to 50%. In an embodiment,
the percent difference between an individual fluorescence
intensity value (I,,) in a test image and a reference fluores-
cence intensity value (I,.) is defined using the following
expression:

Utest = Iref) (ID

Intensity Difference = x 100%

Ires

Optionally, the present methods include the step of generating
an image of intensity difference values. In some embodi-
ments, for example, observation of fluorescence intensities
for FAD proximate to and/or within a tumor mass in the test
tissue having values larger than fluorescence intensities of
FAD corresponding to the primary tumor mass in the test
tissue or other reference tissue provides an indication of pres-
ence, stage and or extent of invasive cells. In some embodi-
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ments, for example, observation of fluorescence intensities of
FAD proximate to and/or within a tumor mass in the test
tissue having values different than fluorescence intensities of
FAD corresponding to stromal or epithelial cells in the test
tissue or other reference tissue provides an indication of pres-
ence, stage and or extent of invasive cells. In some embodi-
ments, for example, this difference is used to identify the
sub-population of invasive cells relative to non-invasive cells
in the primary tumor mass; or relative to normal epithelial
cells or stromal cells (i.e. fibroblasts, immune cells, etc.).

In an embodiment useful for characterizing cancer and/or
tumor cells present in test tissue, temporal profiles of FAD
fluorescence in the test tissue sample are fit to Equation 1, as
defined above, and a primary lifetime component (<, ), and/or
higher lifetime components (e.g.,T,, T5 . . . T,.) are determined,
and optionally used to generate a fluorescence lifetime image
of' the test tissue sample. Optionally, the weighted mean val-
ues lifetime component (t,,) is determined using the deter-
mined primary and higher lifetime component values, for
example using the expression:

_ T M+ waTs T (I

=
wx)

wy+wy+ws o
1 2 3

Wherein w,, w,, w5, . .. W,. are weight factors, and option-
ally used to generate a fluorescence lifetime image of the test
tissue sample. In an embodiment, the weight factors in Equa-
tion III are calculated based on the best fit.

The first component (t,) of the fluorescent lifetime of the
endogenous FAD in the test tissue sample; the second com-
ponent (t,) of the fluorescent lifetime of the endogenous FAD
in the test tissue sample; and/or the weighted mean values
(T,,) of the fluorescent lifetime of the endogenous FAD in the
test tissue sample are evaluated by comparison with one or
more reference fluorescence lifetime values derived from
reference tissue. In an embodiment certain methods further
comprise the steps of (i) determining the percentage devia-
tions between at least a portion of the first components (t,),
second components (T,) or weighted mean values (t,,) and the
reference fluorescence lifetime value or set of reference life-
time values; and (ii) identifying the presence of invasive or
metastatic cells in the test tissue upon observing a percentage
difference (Lifetime Difference) between the first compo-
nents (t,), second components (t,) and/or weighted mean
values (t,,) and the reference fluorescence lifetime value or
set of reference fluorescence lifetime values greater than or
equal to 40% fort,, 10% for 2, and/or 50% fort,,. The present
methods may use lifetime differences of any one of T, T, T,,
and T,,, or any combinations of these parameters.

In an embodiment, the percent difference between a fluo-
rescence lifetime value (e.g., T, T,, T,,, €tc.) in a test image
and a reference fluorescence lifetime value (t,,) is defined
using the following expression:

(TTest = TRef) (V)

Lifetime Difference = x 100%

TRef

wherein T, canbeany one oft, T,, T,, T,,, €tc. for individual
FAD lifetime measurements and wherein T, -can be any one
of't,,7,, T,, etc. for reference lifetime values for a reference
tissue. In some embodiments, for example, observation of
second components (T, ) and weighted mean values (t,,) of the

fluorescent lifetime of endogenous FAD in the test tissue
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sample proximate to and/or within a tumor mass in the test
tissue sample having values larger than of second compo-
nents (T,) and weighted mean values (t,,) of the fluorescent
lifetime of endogenous FAD corresponding to the primary
tumor mass in the test tissue or other reference tissue provides
anindication of presence, stage and or extent of invasive cells.
In some embodiments, for example, observation of second
components (t,) and weighted mean values (t,,) of FAD
proximate to and/or within a tumor mass in the test tissue
having values different than the second components (t,) and
weighted mean values (t,,) of fluorescence lifetimes corre-
sponding to FAD associate with stromal or epithelial cells in
the test tissue or other reference tissue provides an indication
of presence, stage and/or extent of invasive cells. In some
embodiments, for example, this difference is used to identify
the sub-population of invasive cells relative to non-invasive
cells in the primary tumor mass; or relative to normal epithe-
lial cells or stromal cells (i.e. fibroblasts, immune cells, etc.).
Optionally, the methods of the present invention include the
step of generating an image of lifetime difference values
determined by the present methods.

Test images and test image data is generated in the present
invention by exciting endogenous FAD fluorophors and mea-
suring the resulting fluorescence from FAD fluorophors in a
test tissue sample. Imaging techniques employing multipho-
ton excitation allow the use of electromagnetic radiation in
the visible or near infrared radiation regions of the spectrum
for excitation that effectively penetrates many test tissue
samples without resulting in photoinduced degradation or
other unwanted changes of composition. In an embodiment,
for example, selective imaging of endogenous FAD is
achieved by multiphoton excitation using electromagnetic
radiation having wavelengths selected over the range of 860
nm to 940 nm, preferably for some applications 890 nanom-
eters, or the 2-photon cross section surrounding the excitation
maximum of 450 nm for FAD, and detection of fluorescence
having wavelengths selected over the range of 510 nm to 550
nm, preferably for some applications 530 nanometers. Mul-
tiphoton excitation also provides the benefit of accessing
superior image resolution in fluorescence intensity and fluo-
rescence lifetime images relative to conventional fluores-
cence excitation techniques.

Optionally, specific methods of the present invention fur-
ther comprise the step of generating one or more harmonic
generation image(s) of the test tissue sample using harmonic
generation microscopy (e.g., second harmonic generation,
third harmonic generation, fourth harmonic generation etc.).
In some embodiments, for example, harmonic generation
microscopy is used to generate a harmonic generation image
showing the distribution and structure of stromal collagen in
the test tissue sample. Such harmonic generation images pro-
vide complementary diagnostic information for the evalua-
tion of cancer in test tissue samples in some of the present
methods.

In another aspect, the invention provides a method of diag-
nosing breast cancer that is complementary to conventional
breast cancer screening and/or diagnostic techniques. In an
embodiment, methods of the present invention allow
improved identification and characterization of invasive
tumor cells and cells exhibiting metastatic potential. In an
embodiment, methods of the present invention allow
improved characterization of metastatic potential in cancer-
ous tissue, including epithelial tumors.

In some embodiments, FAD fluorescence intensity images
and/or FAD fluorescence lifetime images are analyzed using
statistical and or advanced signal processing techniques. FAD
fluorescence Images and/or image date is analyzed in some
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methods using statistical and or advanced signal processing
techniques capable of generated quantitative parameters that
can be correlated to the presence or absence of disease, and/or
the stage or identity of a disease, and/or potential clinical
outcomes. In specific embodiments of the present invention,
analysis of FAD fluorescence intensity and fluorescence life-
time images may be carried out by a doctor, other healthcare
professional, researcher, a computer or computer processor,
or any combination of these. In one embodiment providing a
partially or fully automated method, analysis of FAD fluores-
cence intensity and fluorescence lifetime images is carried
out via a computer-based technique. While it is preferred for
some specific applications of the present invention that a
computer be used to accomplish all the steps of the present
methods with final clinical staff oversight, it is contemplated
that a computer may be used to perform only a certain step or
selected series of steps in the present methods. The present
invention includes partial and fully automated methods for
evaluating and diagnosing cancer in tissues.

Methods of this aspect of the present invention are useful
for identitying the presence, absence or invasiveness of can-
cer and/or for assessing the composition, state, physical
dimensions, or progression of tumors and invasive tumor
components in a sample. In one embodiment of this aspect of
the present invention, a test tissue sample from a test subject
is provided that comprises a stromal or epithelial component.
Examples of particularly useful tissues for evaluation by the
present methods include breast, cervix, lung, prostate,
esophagus, colon, skin, eye, and other tissues. In embodi-
ments, tissue/cell components of epithelial, stromal, mesen-
chymal, neuronal, immune, vascular origin and certain extra-
cellular matrix components are apt for examination using the
present methods and systems.

In another specific aspect, the invention provides a method
for evaluating a tumor in a tissue sample for invasiveness or
metastatic potential comprising the steps: (i) obtaining a plu-
rality of test images from said tissue sample using one or more
nonlinear optical imaging techniques; said test images com-
prising a multiphoton intensity image of said test sample and
a fluorescence lifetime image of said test sample; (ii) analyz-
ing said multiphoton intensity image by measuring fluores-
cence intensities of endogenous FAD in said test tissue
sample; (iii) analyzing said fluorescence lifetime image by
measuring fluorescent lifetime values from endogenous FAD
in said test tissue sample; and (iv) comparing said fluores-
cence intensities and fluorescent lifetime values to a set of
reference values corresponding to endogenous FAD in said
one or more reference tissues; thereby evaluating a tumor for
invasiveness or metastatic potential. In an embodiment of this
aspect, the tumor is an epithelial tumor.

In another specific aspect, the invention provides a method
of'locating a tissue region associated with a cancer risk com-
prising the steps of: (i) providing a test tissue sample, (ii)
generating a test image or test imaging data from the test
tissue sample using a nonlinear optical imaging technique,
(iii) analyzing said test image or test imaging data of the test
tissue sample by measuring fluorescence intensities, fluores-
cent lifetime values or both from endogenous FAD in said test
tissue sample; (iv) comparing at least a portion of said fluo-
rescence intensities or fluorescent lifetime values to a refer-
ence value or set of reference values corresponding to endog-
enous FAD in said one or more reference tissues; and (v)
identifying fluorescence intensities or fluorescent lifetime
values different from said reference value or set of reference
values, and spatially orienting said fluorescence intensities or
fluorescent lifetime values that are different from said refer-
ence value or set of reference values with respect to the
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corresponding tissue sample or a three-dimensional represen-
tation of the tissue sample; thereby locating said tissue region
associated with said cancer risk. In an embodiment of this
aspect, the tissue region associated with said cancer risk is a
region containing invading metastatic tumor cells.

Without wishing to be bound by any particular theory, there
can be discussion herein of beliefs or understandings of
underlying principles relating to the invention. It is recog-
nized that regardless of the ultimate correctness of any
mechanistic explanation or hypothesis, an embodiment of the
invention can nonetheless be operative and useful.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1. provides a schematic diagram illustrating a method
of the present invention for evaluating a test tissue for the
identification, diagnosis and treatment of cancer, for example
breast cancer.

FIG. 2. High mammary collagen density promotes tumor
formation. (a) Histology of mammary glands from 10-week-
old wild-type and heterozygous Collal™¢ mice showing
increased stromal collagen and hypercellularity associated
with the Collal™ mouse model. Scale bar=25 um. (b)
Significantly increased tumor incidence in collagen dense
(Collal) mammary glands. (¢) Whole mount preparations of
the 4th inguinal mammary glands from PyVT/wt and PyVT/
Collal mice at 10 weeks of age. Quantitative analysis of the
area of hyperplasia from three pairs of glands calculated from
a common threshold value set with density slicing in Image]
software revealed a greater than 1.5-fold increase in hyper-
plasia associated with increased stromal collagen (t-test:
p=0.03). Additionally, at age-matched time points, tumors in
mice with dense stroma not only displayed more hyperplastic
area but also tumor regions that grew out away from the gland
(arrow in c¢; and d). (e) Low (i-ii) and high (iii-iv) magnifica-
tion images of H&E stained histology sections from 10 week
old mice showing increased collagen in PyVT/Collal tumors
(ii and iv) and a more invasive phenotype when compared to
PyVT/wt (i and iii) tumors. Scale bars=50 pm (i-ii) and 25 pm
(iii-iv).

FIG. 3. Tumor Associated Collagen Signatures (TACS)
and Increased Local Invasion with High Collagen Density. (a)
Example of TACS-1 (i-iii). A region of locally dense collagen
(1) near a small tumor region (ii) that is within the globally
increased collagen region surrounding tumors, resulting from
increased SHG (collagen) signal intensity (iii; 3D surface plot
of luminescence (Lum) showing an ~3-fold signal increase at
TACS-1). Example of TACS-2 (iv-v), showing straightened
(taut) collagen fibers stretched around and constraining an
expanded epithelial tumor volume. At regions of TACS-2,
quantitative analysis® of fiber angles relative to the tumor
boundary shows a distribution of fibers around 0° that corre-
lates to non-invading regions of tumor cells. Example of
TACS-3 (vi), showing radially aligned collagen fibers, reor-
ganized by tumor cells, at regions of tumor cell invasion. At
regions of TACS-3, quantitative analysis®®> of fiber angles
relative to the tumor boundary shows a distribution of fibers
around 90° that correlates with local invasion of tumor cells.
(b) TACS-1 in 8 week old normal (wt; i-i1) and collagen dense
(Collal; iii-iv) tumors showing more developed TACS-1
associated with density (early transition between TACS-1 and
-2) while showing very early TACS-1 formation in wild-type
tumors (yellow arrowheads; white arrowhead indicates a
TACS-1 region that is not shown since it is out of the focal
plane). The displayed tumor regions (i and iii) are at a Az=40
um from collagen signatures (ii and iv). Note the increased
endogenous cellular autofluorescence associated with tumor
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cells in collagen-dense tissues when PyVT/wt (ii) and PyV'T/
Collal (iv) tumors were imaged sequentially at the same
power settings (ii versus iv). Representative of n=4 pairs of
tumors. (¢) Tumors were imaged and MPE (red) and SHG
(green) signals were separated. Top panels: 8 week old tumors
showing early TACS-3 regions and some local invasion in
collagen dense tumors (PyVT/Collal) while PyVT/wt
tumors were still primarily bound by collagen (TACS-2) and
non-invasive. Bottom panels: 10 week old tumors from dense
tissues (PyVT/Collal) displayed further regions of TACS-3
progression and an invasive phenotype, compared to control
tissues (PyVT/wt) that were largely non-invasive and had
little collagen reorganization. Representative of n=6 tumors
from each background. (d) Quantitative analysis of collagen
fiber angles relative to the tumor boundary for 8 week (top)
and 10 week (bottom) old animals. PyVT/wt animals dis-
played little TACS-3 and are primarily non-invasive with only
23% (8 weeks) and 24% (10 weeks) of their fibrils having
angles outside of the TACS-2 distribution around 0° (i.e.
<~15° or >15°). In contrast PyVT/Collal tumors had some
regions of TACS-3 (distribution around 90°) and local inva-
sion with 46% of the fibril distributed outside of the TACS-2
distribution (0°) at 8 weeks. At 10 weeks, PyVT/Collal
tumors were more invasive and had a broader distribution of
TACS-3 with 51% of fiber angles outside of the TACS-2
distribution. Calculated from =185 of tumor regions from
Z6 separate tumors. All scale bars=25 um.

FIG. 4. FLIM and SLIM Analysis of Invading Tumor Cells.
(a) Multiphoton intensity and fluorescence lifetime imaging
microscopy (FLIM) images of the stroma near a tumor (top)
and the tumor and stromal components (bottom) from wild-
type tumors showing the utility of FLIM to image tumor cells,
stromal cells, and extracellular matrix components. Note the
increased intensity and fluorescent lifetimes of stromal cells
(quantified in ¢) and the low lifetime of collagen (matching
system response, i.e. no actual lifetime). The grayscale map in
(a) represents the weighted average of the two-term model
components [T, =(a,T,+a,T,)/(a,+a,)] using the equation
shown in (c). (b) Multiphoton spectral lifetime imaging
microscopy (SLIM) analysis of the emission spectrum from
endogenous fluorescence resulting from excitation at 890 nm.
The emission signals were separated by 10 nm spectral steps
over 16 channels (10 channels are displayed) and the photons
collected in each channel used to generate fluorescence life-
time images and signals for each channel plotted with SLIM-
Plotter (shown). Emission from collagen (at half of the input
wavelength) showed a very strong and sharp signal with a no
appreciable decay (lifetime) confirming the SHG nature of
the collagen signal (top). Emission spectra of endogenous
fluorescence from tumor and stromal cells showed that the
only substantial emission signal is at 530 nm, indicating that
the source of the autofluorescence signal is FAD, and not
NADH or tryptophan®, with lifetime values from the 530
channel matching values obtained with FLIM. (¢) Quantita-
tive analysis of fluorescent lifetime components from tumor
and stromal (subscript s) cells using the equation shown. Note
the increase in the second (long) component and weighted
mean values component (see equation above) for stromal
cells when compared to cells from the primary tumor mass.
Note, 230 measurements per tumor image from 4 indepen-
dent tumors were used to calculate lifetime values for tumor
cells in the primary tumor mass while Z6 measurements per
tumor image from 4 independent tumors were used for stro-
mal cells. (d) Intensity and FLLIM images of cells away from
and near invasive TACS-3 regions showing increased fluores-
cent intensity and lifetime near invasive regions (left side of
images). (¢) FLIM images of tumors from 10 week old PyV'T/
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wt and PyVT/Collal animals confirming the increased
TACS-3 for collagen dense tumors shown in FIG. 2. Note the
increased fluorescent lifetimes for invading cells (right panel)
quantified in f. Like stromal cells the second (long) and mean
component are increased in invading cells. However, the short
component is also increased in invading cells when compared
to cells in the primary tumor mass. Note, 45 measurements for
cells within the primary tumor mass and 45 measurements for
invading cells adjacent to the tumor primary tumor mass were
used to calculate lifetime values. (g) The second (long) com-
ponent from cells with the primary tumor mass, invading
tumor cells, and stromal cells showing a progressive increase
as cells move from a primary epithelial tumor phenotype to a
more mesenchymal phenotype. (h) 3D tumor cell invasion
assay showing that tumor explants from collagen dense
tumors (PyVT/Collal) resulted in more invasion into 3D
collagen gels and colony formation after 10 days than
explants from PyVT/wt tumors (mean +SEM; n=4 PyVT/wt
and n=14 PyVT/Collal tumor explants from four sibling
mice). *Indicates a statistically significant (p<0.05) differ-
ence following analysis with 1-way Analysis of Variance
(ANOVA) with a post-hoc Tukey-Kramer test for ¢, f, and g,
and a paired t-test for h.

FIG. 5. Increased Metastasis Associated with Dense Stro-
mal Collagen. (a) Combined and signal separated MPE/SHG
images of late stage (15 week) invasive PyVT/wt and PyV'T/
Collal tumors. Note that tumors arising in either wt or
Collal backgrounds are invasive at 15 weeks and display
significant regions of TACS-3. Scale bars=25 pm. (b)
Increased lung metastasis at 15 weeks in mice that formed
tumors in collagen-dense mammary glands (PyVT/Collal)
when compared to mice that formed tumors in control glands
(PyVT/wt). (¢) Tumor cells extracted from collagen dense
tumors (PyVT/Collal) showed increased migration when
compared to tumor cells from control tumors (PyVT/wt) as
measured by transwell migration assays with serum as the
chemotractant. *Indicates a statistically significant (p<0.05)
following analysis with paired t-tests.

FIG. 6. Multiphoton Spectral Lifetime Imaging Micros-
copy (SLIM) Analysis of Live Tumors. Multiphoton fluores-
cence lifetime imaging microscopy (FLIM) demonstrates the
measurable fluorescence lifetimes of live tumor cells as
already shown. Using SLIM, the fluorescence lifetimes fol-
lowing 890 nm two-photon excitation of live 3D tumors are
measured within a defined spectra, allowing identification of
the emitting fluorophore and noise removal from adjacent
spectra. For instance, examination of the 440-450 nm emis-
sion spectra from SLIM confirms the presence of collagen
bounding tumor cells. For an 890 nm two-photon excitation
the SHG signal is maximal at 445 nm and has no lifetime
(dark). Additionally, the maximal emission signal from tumor
cells is 535 nm, indicating the emission results from excita-
tion of the endogenous fluorophore FAD. Greyscale bar=0 to
1 ns.

DETAILED DESCRIPTION OF THE INVENTION

Referring to the drawings, like numerals indicate like ele-
ments and the same number appearing in more than one
drawing refers to the same element. In general the terms and
phrases used herein have their art-recognized meaning, which
can be found by reference to standard texts, journal references
and contexts known to those skilled in the art. The following
definitions are provided to clarify their specific use in the
context of the invention.

In the context of this description, the term “nonlinear”
refers to photonic processes, such as fluorescence excitation
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or SHG scattering, that exhibit a rate that depends nonlinearly
on the intensity of incident electromagnetic radiation. Non-
linear optical imaging methods useful in the present invention
include, but are not limited to, MP microscopy (two photon
excitation, three photon excitation, etc.), multiphoton fluo-
rescent lifetime imaging microscopy (FLIM), spectral life-
time imaging microscopy (SLIM), and harmonic generation
microscopy (second harmonic generation, third harmonic
generation, fourth harmonic generation, etc.).

When used herein, the term “tissue sample” can refer to a
portion of tissue from an animal subject. The sample can be
intact and in situ, for example as part of atissue or organ while
remaining attached to the living animal. Alternatively, the
sample can be an excised tissue portion which can optionally
be further processed. In an embodiment, the excised sample is
fixed. In an embodiment, the excised sample is stained, e.g.,
using conventional histopathology techniques. In an embodi-
ment, the excised sample is frozen. In a particular embodi-
ment, the sample is a mammalian breast tissue sample or
epithelial tissue sample. In a preferred embodiment, the
sample is a live or excised breast tissue portion which is
structurally intact (e.g., unsectioned), unfixed, and unstained.

When used herein, the term “test tissue sample” generally
refers to a tissue sample from a subject where a condition of
the sample or the subject is unknown or suspected and it is
desired to ascertain such condition. For example, a test tissue
sample can be a breast sample from which a breast cancer
diagnosis is to be determined. A tissue sample may be an
excised tissue or a tissue that is part of an organism.

When used herein, the term “reference tissue sample” gen-
erally refers to a tissue sample for which a condition has been
ascertained. For example, the reference could correspond to a
sample having a known positive condition or a known nega-
tive condition, or a stage of a disease or normal physiological
process, thus serving as a control or point of comparison in
the evaluation of a different sample. A reference tissue sample
may be an excised tissue or a tissue that is part of an organism.

When used herein, the term “reference value” indicates a
value that has been assessed and serves as a point of compari-
son relative to a test fluorescence intensity or fluorescence
lifetime value. For example, a reference value can be an
amount or qualitative state as seen in a normal condition, a
diseased condition, or as seen in a point along a continuum of
conditions. Reference values include, but are not limited to,
reference fluorescence values, reference fluorescence life-
time values, and values derived from these.

When used herein, the term “diagnosis” and other root
word derivatives are as understood in the art and are further
intended to include a general monitoring, characterizing and/
oridentifying a state of health or disease. The term is meant to
encompass the concept of prognosis. For example, the diag-
nosis of breast cancer can include an initial determination
and/or one or more subsequent assessments regardless of the
outcome of a previous finding. The term does not necessarily
imply a defined level of certainty regarding the prediction of
a particular status or outcome.

When used herein, the term “cancerous” is as generally
understood in the art. For example, the term can refer to a
clinical condition of an unregulated or misregulated cell or
tumor wherein there is an abnormal ability to proliferate,
differentiate, and or migrate. The term is intended to address
a variety of stages of disease progression. Thus the term
precancerous is envisioned as encompassed within the con-
ceptual scope whether viewed as a distinct earlier stage with
a different potential and/or different level of disease signifi-
cance relative to cancerous or viewed as part of a connected
pathway or continuum. In a particular example, a cancerous
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condition can include having a prepalpable breast mass,
wherein the mass is a tumor or suspected tumor.

When used herein, the term “intact” refers to material that
has generally not been substantially disrupted. For example,
the term can indicate a tissue sample that has not been sec-
tioned.

When used herein, the term “in situ” refers to material that
is in the natural or original position or place. For example, a
breast tissue sample can be examined, relatively non-inva-
sively, by imaging the sample while it remains in the breast.

When used herein, the term “excised” refers to material
that has been removed from its natural location. For example,
a breast tissue biopsy specimen is excised to facilitate its
examination.

As used herein the following abbreviations apply: extra-
cellular matrix (ECM); green fluorescent protein (GFP); mul-
tiphoton laser scanning microscopy (MPLSM); multiphoton
excitation (MPE); fluorescence lifetime imaging microscopy
(FLIM); second harmonic generation (SHG); nicotinamide
adenine dinucleotide (NAD(P)H referred to here as NADH);
and flavin adenine dinucleotide (FAD).

Human breast carcinoma cells frequently display changes
in cellular metabolism that result in intrinsic autofluorescent
signals. An aspect of the present invention takes advantage of
the discovery that endogenous FAD fluorophors are useful
biomarkers for evaluating cancer by identifying and charac-
terizing tumors and other tissues, including breast tissue.
Multiphoton microscopy (MPM), multiphoton fluorescence
lifetime imaging microscopy (FLIM), and spectral lifetime
imaging microscopy (SLIM) have been used to characterize
the source of endogenous fluorescence from FAD biomark-
ers, thereby enabling its use for the evaluation of cancer in test
tissue. For example, excitation at 890 nm in unfixed,
unstained fresh mouse mammary tumors and subsequent
SLIM analysis of fluorescence from tumors confirms the
source of fluorescent emission used in the present methods is
from endogenous FAD biomarkers. Analysis of changes in
fluorescent intensity and lifetime components resulting from
FAD fluorescence in test tissue are observed to increase in
invading cells when compared to cells in the primary tumor
mass. These measurable changes in endogenous fluorescent
properties are used in the present methods to identify, char-
acterize, and stage mammary tumors in animal models,
human breast tumors and other test tissues.

Preferably for some embodiments, images comprising
FAD fluorescence intensities and fluorescence lifetime values
corresponding to test tissue are analyzed in real time to iden-
tify and assess the metastatic potential of invading cells in
tumors. In this manner fluorescent intensities and fluorescent
lifetime measurements from fluorescence of FAD within
tumor cells are used to detect and stage human breast carci-
noma. The methods of the present invention are especially
useful for evaluating epithelial tumors which comprise nearly
90% of human tumors

FIG. 1 provides a schematic diagram illustrating a method
of the present invention for evaluating a test tissue for the
identification, diagnosis and treatment of cancer, for example
breast cancer. As shown in FIG. 1, a test tissue sample from a
test subject is provided, which optionally comprises a mam-
mary tissue component, a tumor component (e.g., a epithelial
tumor component) and/or a stromal component. A test image
or test image data is generated by exciting endogenous FAD
present in the test tissue sample and observing fluorescence
from FAD. Optionally, the test image comprises one or more
fluorescence intensity images, fluorescence lifetime images,
FLIM images and SLIM images. The test image or image data
is analyzed by measuring fluorescence intensities and/or fluo-
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rescence lifetime values from fluorescence from endogenous
FAD in the test tissue sample. In some embodiments, analysis
of' the test image or image data is carried out via comparison
to one or more reference values from a reference tissue, such
as one or more reference FAD fluorescence intensity values
and/or one or more reference FAD fluorescence lifetime val-
ues. Comparison steps in the present invention optionally
include the step of fitting temporal profiles of FAD fluores-
cence to Equation I, as provided above, and determining one
or more parameters selected from the group consisting of a
first component of the fluorescent lifetime (t,), a second
component of the fluorescent lifetime (t,) or a weighted mean
values (t,,) of the fluorescent lifetime. Useful reference val-
ues include reference fluorescence intensity values and refer-
ence fluorescence lifetime values acquired by observing FAD
fluorescence in reference tissue including the test tissue
sample itself and reference tissue having a tumor component.

Moreover, changes in fluorescent intensity and lifetime
components are increased in invading cells when compared to
cells in the primary tumor mass. The changes in endogenous
fluorescent properties can be used to help identify, character-
ize, and stage mammary tumors in animal models and human
breast tumors.

The invention is further described by the following non-
limiting Examples.

EXAMPLE 1

Collagen Density Promotes Mammary Tumor
Initiation and Progression

Abstract

Mammographically dense breast tissue is one of the great-
est risk factors for developing breast carcinoma. Despite the
strong clinical correlation, breast density has not been caus-
ally linked to tumorigenesis, largely because no animal sys-
tem has existed for studying breast tissue density. Thus, the
influence of the extracellular-matrix on breast carcinoma
development and the underlying molecular mechanisms are
not understood. Importantly, areas of high breast density are
associated with increased stromal collagen. In this Example
we demonstrate that increased stromal collagen in mouse
mammary tissue increases tumor formation ~3-fold and
results in a more invasive phenotype. Using nonlinear optical
imaging approaches we demonstrate that local invasion is
facilitated by stromal collagen re-organization and that this
behavior is increased in collagen dense tissues. Additionally,
we identify a metabolic signature in invading metastatic
tumor cells and show that increased lung metastases result
from tumors that progressed in a collagen-dense microenvi-
ronment. Hence, this Example provides the first data causally
linking increased stromal collagen to tumor formation and
metastasis.
Introduction

Mammographically dense breast tissue is linked to a
greater than four-fold increased risk of breast carcinoma’,
and is one of the greatest independent risk factors for breast
cancer™. Forinstance, breast density in more than 50% ofthe
tissue may account for up to 30% of breast cancers, while
BRCA1 and BRCA2 mutations, though conferring a greater
relative risk, account for only 5% of breast cancers (see Boyd
etal® and references therein). Furthermore, high breast tissue
density is associated with a shift to more malignant tumors®,
and ductal carcinoma in situ (DCIS), a local precursor to
some invasive breast cancers, arises overwhelmingly in dense
regions of the breast.® Breast tissue density, which is addi-
tionally increased with hormone replacement therapy’, is
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further linked to an increased likelihood of DCIS®®, invasive
breast carcinoma®?®, lymphatic and vascular invasion'®, and
~three-fold greater risk of developing a second breast carci-
noma’. However, although there is considerable correlative
data identifying breast density as a risk factor for developing
carcinoma, the molecular mechanisms driving breast density-
related tumor formation and progression remain largely
unknown.

Importantly, areas of increased breast density are not only
associated with increased epithelial and stromal cellularity*-
13, but also significantly increased fibrillar collagen deposi-
tion>*%*3, In addition it has been reported that levels of total
collagen increase as radiographic breast tissue density
increases®'?. This is significant since tissue microenviron-
ments play an important role in maintaining normal cellular
behavior'***, and stroma surrounding breast epithelial cells
is believed to be critically involved in epithelial transforma-
tion, carcinoma growth, and metastasis'®°. Consistent with
this concept, adipose-derived type VI collagen promotes
tumor growth?°, while disturbing the epithelial-stromal inter-
action by disrupting the f1-integrin in mammary epithelial
cells inhibits tumorigenesis>'. A less considered aspect of the
complexity ofthe epithelial-stromal interaction is the fact that
the stroma is a dynamic mechanical microenvironment, with
dense collagenous stroma transmitting multi-axial deforma-
tions to breast cells during tissue deformation and increasing
resistance to cellular contractility. Such mechanical signals
arising from increased density or rigidity of the microenvi-
ronment play a role in the transformed phenotype of breast
epithelial cells*>**. Hence, although tumor formation is a
multistep process involving genetic alterations of the epithe-
lial cell, it has become clear that the epithelial-stromal inter-
action plays a crucial role in tumor formation and progres-
sion. Therefore, due to the increased stroma associated with
breast tissue density we hypothesized that increasing col-
lagen density in the mammary gland would promote tumori-
genesis. Although there is a strong correlative link between
breast density and carcinoma, to date collagen density has not
been causally linked to tumorigenesis, largely because stud-
ies utilizing animal models with different stromal density
have not been previously performed. Here we demonstrate
that mammary tumor formation, invasion, and metastasis are
enhanced in collagen-dense stroma in a transgenic mouse
model.

Results
Increased Tumor Incidence in Collagen Dense Mammary
Tissues

In order to develop a murine tumor model possessing col-
lagen-dense mammary tissue, we examined the mammary
tissues from Collal”“® transgenic mice (FIG. 2a). These
mice carry mutations near the highly conserved matrix met-
alloproteinase (MMP) cleavage site for type I collagen (be-
tween Gly,,s and Ile 4 of the al(I) chain) that make the
collagen resistant to human collagenase digestion®*.
Although an additional cleavage site on type I collagen is
vulnerable to rodent collagenase (often termed rat collage-
nase) and the collagen is susceptible to other proteases®®,
these are not sufficient to achieve the proper balance of col-
lagen synthesis and degradation, resulting in excessive col-
lagen accumulation in the skin, uterus, and bone®*. These
phenotypes raised the possibility that the mammary gland,
which undergoes dynamic changes in collagen deposition
and degradation during development, puberty, and estrous,
would rapidly accumulate excess stromal collagen. To
explore this possibility, we previously analyzed mammary
glands from wild-type, heterozygous, and homozygous
Collal™*¢ mice and reported a greater than 2.5 fold increase

20

25

30

35

40

45

50

55

60

65

18

in stromal collagen associated with heterozygous and
homozygous mice® (FIG. 2a).

With a defined model for breast tissue density in place, we
set out to test the hypothesis that increased mammary col-
lagen density increases tumor formation. Mammary tumors
were initiated with the polyomavirus middle-T (PyVT) trans-
gene. This breast tumor model correlates well with many
features of human cancer, progresses from hyperplasia to
adenoma to early and late carcinoma®S, and is reliably inva-
sive and metastatic?®. When mice carrying the PyVT trans-
gene under the control of the mammary epithelial-specific
MMTV promoter were crossed with heterozygous
Collal”™”*¢ mice, we observed an approximately three-fold
increase in early tumor formation in collagen-dense tissues
(FIG. 2b). This trend of increased tumor incidence in col-
lagen-dense glands continued through week 15 (FIG. 2b),
with two additional PyVT/Collal mice requiring euthanasia
by week 13 due to excessive tumor burden (not shown).
Consistent with these observations, quantitative analysis of
whole mounts of the 4th mammary gland (n=3 pairs) show
significantly increased areas of hyperplasia (FIG. 2¢) with
collagen-dense tissues showing increased growth out from
the gland (FIG. 2¢ arrowhead and FIG. 24d). Furthermore,
tumors progressing in collagen-dense tissues at 10 weeks had
amore invasive morphology (FIG. 2¢). Of note is the fact that
tumors arising in collagen dense mammary tissue retain
increased collagen density (FIG. 2e and confirmed with col-
lagen selective picrosirius red staining: not shown). In fact,
collagen levels in PyVT/Collal tumor-bearing glands appear
to be increased relative to non-tumor bearing collagen dense
glands (FIG. 2e). This observation possibly indicates an
amplified shift in the unbalance between collagen synthesis
and degradation in the Collal mice following tumor initia-
tion, and may represent an increased desmoplastic response.
Changes in the Tumor-Stromal Interaction Associated with
Increased Stromal Collagen

Collagen content, fiber structure, and organization are
potentially key determinants of tumor cell behavior®>?’.
Therefore, to better understand the tumor-stromal interac-
tions associated with collagen density we employed nonlin-
ear optical imaging of intact live tumors. Multiphoton laser-
scanning microscopy (MPLSM) was used to simultaneously
generate intrinsic signals from cellular autofluorescence by
multiphoton excitation (MPE) and fibrillar collagen by sec-
ond harmonic generation (SHG)?*-**-3°, Using this approach
we previously defined®® three Tumor-Associated Collagen
Signatures (TACS; FIG. 3a) in mammary tumors from both
Wnt-1 and PyVT transgenic mice. Specifically, TACS-1: the
presence of locally dense collagen (FIG. 3a-i) within the
globally increased collagen concentration surrounding
tumors, indicated by increased signal intensity (FIG. 3a-iii) at
a region near the tumor, which serves as a reliable hallmark
for locating small tumor regions (FIG. 3a-ii); TACS-2:
straightened (taut) collagen fibers stretched around the tumor,
constraining the tumor volume (FIG. 3a-iv and -v); and
TACS-3: identification of radially aligned collagen fibers that
facilitate local invasion (FIG. 3a-vi). With TACS-3, a distri-
bution of collagen fiber angles around 90° relative to the
tumor boundary was indicative of high levels oflocal invasion
while a distribution around 0° was associated with non-invad-
ing regions of the tumor®’. In comparing tumors in the wild-
type and heterozygous Collal”™#¢ backgrounds carrying the
MMTV-PyVT transgene, we identified critical differences in
the temporal progression in density-associated tumors (FIG.
3b-d). At 8 weeks of age, TACS-1 formation in wild-type
tumors (FIG. 3bi-ii;) was not yet well developed, and tumors
were primarily non-invasive with collagen fibers distributed
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around 0° (FIG. 3c¢-d). In contrast, collagen-dense tumors
(PyVT/Collal) displayed more developed TACS-1 with
increased collagen signal and more straightened fibers, indi-
cating early progression to TACS-2 (FIG. 3biii-iv) and some
regions of TACS-3 (FIG. 3¢). Dense tissues (PyVT/Collal)
began to show regions of local invasion at 8 weeks (FIG. 3c¢;
highlighted with arrowhead) corresponding to an increased
frequency of reorganized collagen fibers with a peak realign-
ment near 90° (FIG. 3d). By 10 weeks of age this difference
was enhanced. While tumors from PyVT/wt animals were
still largely non-invasive, tumors that arose in collagen-dense
tissues continued to have more collagen signal, enhanced
realignment to TACS-3, and increased local invasion (FIGS.
3¢ and d), supporting histological findings shown in FIG. 2e.
Moreover, this shift in the temporal onset of TACS-3 to an
earlier occurrence in collagen-dense tumors indicates the
more advanced and invasive state of these tumors.

In concert with changes in the alignment of stromal col-
lagen and increased local invasion, higher cellular autofluo-
rescence intensity was observed in stromal cells and invading
tumor cells when compared to cells in the primary tumor mass
(FIGS. 3 and 4). To examine these progression-associated
changes in more detail, we imaged the tumors with multipho-
ton fluorescence lifetime imaging microscopy (FLIM) and
spectral lifetime imaging microscopy (SLIM). Using these
techniques, we were able to further confirm the presence of
collagen, which has a theoretical zero lifetime that experi-
mentally equals the system signal response due to back-
ground noise (100 ns (dark) in FIG. 4a). The spectral prop-
erties of the endogenous cellular fluorophore identify it as
FAD (FIG. 4b and FIG. 6).

Exploiting cellular FAD as an endogenous biomarker to
visualize cells, we further explored the difference in FAD
signal between stromal and tumor cells, using FLIM. Differ-
ences in the fluorescence lifetime of FAD between primary
tumor cells and stromal cells were greyscale mapped (FIG.
4a) and quantified (FIG. 4¢). Stromal cells possessed a higher
second component (T,) and weighted mean values (t,,) of the
fluorescent lifetime, allowing stromal cells to be easily dif-
ferentiated from epithelial tumor cells (FIGS. 4a and ¢). Inter-
estingly, invading cells displayed a fluorescent intensity more
closely resembling stromal cells than cells from the primary
tumor mass (FIGS. 44 and e). Consistent with this finding,
changes in fluorescent intensity and fluorescent lifetimes of
NADH and tryptophan have also been associated with cells of
differing metastatic potential®'. Because invading tumor cells
commonly undergo an epithelial-to-mesenchymal transition
(EMT), itis possible that shifts in the fluorescent lifetime may
be indicative of EMT. In fact, higher FAD fluorescent inten-
sity was observed in cells near invading regions when com-
pared to non-invading regions (FI1G. 4d) while invading tumor
cells showed a longer FAD fluorescent lifetime (FIG.
4e—right panel), having higher first (t,), second (T,), and
weighted mean values (t,,) lifetime components (FIG. 4f),
and could be differentiated from stromal cells and cells in the
primary tumor mass. Additionally, examination of T, values
indicates a progressive increase in lifetimes from cells within
the tumor mass to invading cells to stromal cells (FIG. 4g)
supporting the idea that an EMT may be taking place.
Increased Invasion and Metastasis Associated with Dense
Stromal Collagen

In addition to identifying key differences in measurable
fluorescent intensity and lifetime associated with invading
cells, FLIM analysis confirmed results shown in FI1G. 3 dem-
onstrating a shift towards TACS-3 and increased local inva-
sion with higher collagen density (see FIG. 4¢). Invading cells
associated with TACS-3 could be clearly differentiated in
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collagen-dense tissues (FIG. 4e-right panel) while PyVT/wt
tumors (FIG. 4e-left panel) were non-invasive at this stage
(week 10). Confirmation of increased invasion in tumors that
arose in collagen-dense tissue was obtained by examining
invasion from tumor explants into 3D collagen gels. Tumor
explants of defined size were placed into 3D collagen gels and
the number of distant colonies was counted. After 10 days in
culture, explants from collagen-dense tissues resulted in sig-
nificantly more colonies (FIG. 4%) corroborating data from
live tissues (FIGS. 3 and 4) that tumors associated with col-
lagen dense tissues are more invasive.

Examination of later stage tumors (week 15) demonstrated
that both PyVT/wt and PyVT/Collal tumors were invasive
and possessed regions of TACS-3 mediated invasion (FIG.
5a), confirming an earlier report that late stage wild-type
PyVT tumors have invasiveness associated with TACS-3%°.
Moreover, since the MMTV-PyVT tumor model reliably
results in lung metastases we examined lung tissue in late
stage mice (week 15). In animals in which tumors were ini-
tiated and progressed in a collagen-dense microenvironment,
significantly increased lung metastases were observed (FIG.
5b). This raised the possibility that increased lung metastasis
may be the result of a more invasive and migratory cell popu-
lation, or may result from the earlier onset of invasiveness as
seen in FIGS. 2-4. To address this question, we isolated tumor
cells and performed migration assays over the first 24 hours
following tumor harvest. Tumor cells isolated from collagen-
dense tissues were in fact more migratory (FIG. 5¢), indicat-
ing that the earlier onset of invasiveness is likely not the sole
cause for increased metastasis but that the tumor cells them-
selves are more invasive (FIG. 4/) and migratory (FIG. 5¢).
Discussion

Although the increased risk for breast carcinoma associ-
ated with collagen-dense breast tissue has been described’,
little is known of the molecular mechanisms underlying
increased collagen deposition and its influence on the inter-
actions between stromal collagen, fibroblasts, and epithelial
cells, nor how increased collagen affects tumorigenesis. This
is due in large part to the fact that no animal model system had
previously existed to study these phenomena in vivo. Herein
we demonstrate that mice with increased stromal collagen
have increased mammary tumors that are more invasive and
metastatic, consistent with reports of the human carcinoma
progression.

We previously described the use of collagen alignment to
quantify local invasion with the level of TACS-2 (alignment
tangential to the tumor boundary at a 0° angle) and TACS3
(alignment radial to the tumor boundary at an angle of 90°)
providing a novel quantitative assessment of tumor progres-
sion?®. In this study, the analysis of collagen radial alignment
in samples from 8 and 10 week tumors demonstrates a tran-
sition from TACS-2 to TACS-3. We observe a broad distribu-
tion of fiber angles away from zero but not yet tightly grouped
at the radial alignment (90°) associated with a high degree of
local invasion previously reported for 15 week tumors®’. This
result suggests that the move toward invasive behavior is a
transitional process increasing with time. We find that tumor
cells in collagen-dense tumors are not only more invasive and
metastatic in vivo, but were also more invasive and migratory
in vitro (FIG. 4% and FIG. 5c¢), indicating that the increased
invasiveness is not only the result of earlier tumorigenesis that
had more time to progress, but also due to tumor cells that are
fundamentally more invasive because they arose within col-
lagen-dense tissues. This finding suggests that cellular behav-
ior is altered by epigenetic changes signaled from the col-
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lagen-dense stroma, consistent with findings that increased
collagen density alters epithelial cell signaling and behavior
in vitro®.

The data of this Example demonstrates that increased stro-
mal collagen in the mammary gland is part of a mechanism
that results in increased tumorigenesis and a more invasive
phenotype. This may be the result of two likely mechanisms.
The first is that increased breast density is associated with a
stiffer extracellular matrix resulting in high local mechanical
loads and higher resistance to cellular contractility for breast
epithelial cells. Such changes in the physical microenviron-
ment has been shown to alter focal adhesion and Rho GTPase
signaling, resulting in a more transformed phenotype®*=>. A
second, and more indirect mechanism, may be the influence
of'increased stromal collagen on mammary fibroblasts that in
turn influence epithelial cells. Stromal fibroblasts can regu-
late epithelial cells in part through secretion of specific
soluble growth factors and chemokines'®**-**, For instance,
TGF-f has been associated with reactive stroma, fibrosis, and
epithelial cell invasion®, while numerous studies indicate
that the epidermal growth factor (e.g. EGFR, HER-2/neuw/
ErbB2, ErbB3 etc.), insulin-like growth factor (e.g. IGF-I,
IGFBP3, etc.), and hapatocyte growth/scatter factor (HGF/
SF, c-Met) systems are important not only in the normal
mammary gland but also during tumorigenesis and metasta-
sis>**%3° Furthermore, the IGF family has been implicated
in association with dense breast tissue'>*>*!' with both
local'® and circulating****! levels of IGF-I positively corre-
lated with breast tissue density. In fact, both of these mecha-
nisms are plausible and are likely to be acting in concert with
one another to produce fundamental changes in both the
breast epithelial and stromal cells. Since both adhesion-me-
diated and growth factor-mediated signaling pathways are
often interrelated***?, understanding each of these possible
mechanisms and their convergence is likely to be of great
importance to understanding breast tissue density-related car-
cinoma.

In conclusion, increased collagen density increases tum-
origenesis, local invasion, and metastasis, causally linking
increased stromal collagen to tumor formation and progres-
sion. Imaging with combined MPE and SHG in tumors allows
visualization of cellular autofluorescence and defined col-
lagen structures that identify key differences associated with
high collagen density and may provide useful diagnostic tools
to rapidly assess fresh tissue biopsies. Furthermore, imaging
live tissues with FLIM and SLIM confirms results obtained
with MPE/SHG and identifies significant differences in fluo-
rescence lifetimes that are indicative of invasive cells. Thus,
FLIM and SLIM provide effective tools to evaluate the inva-
siveness of tumor cells in mammary tissues.

Methods

Mice. The University of Wisconsin animal use and care
committee approved this study. Breeding pairs of Col1al™~
mice®* in the B6/129 background were obtained from Jack-
son Laboratory. Male FVB Polyomavirus middle-T mice
under the control of the mammary specific MMTYV promoter
were originally obtained from Dr. Amy Moser (University of
Wisconsin) and are abbreviated PyVT following the Jackson
Laboratory (from which they originated) nomenclature, but
are also commonly abbreviated as PyMT or PyV MT.
Collal™’#¢ homozygote males were crossed to C57BL/6
females to generate heterozygous females that were crossed
to PyVT males to generate mice with normal and collagen
dense mammary tissues carrying the polyoma transgene.
Genotyping by PCR was performed on DNA extracted from
tail biopsies (Wizard SV Genomic DNA Purification System,
Promega, Madison, Wis.) using primers indicated in the strain
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information provided by The Jackson Laboratory. Mice were
examined for palpable tumors starting at seven weeks of age
and euthanized at 15 weeks or when the tumor burden became
excessive.

Histology and Mammary Gland Whole Mounts. Selected
mammary tissues and tumors were fixed in 4% paraformal-
dehyde in PBS followed by paraffin-embedding. Addition-
ally, all tissues imaged with multiphoton microscopy were
subsequently fixed and processed for histology. Tissue sec-
tions were stained with hematoxylin and eosin (H&E) with
adjacent sections stained with the selective collagen stain,
picrosirius red. Mammary whole mounts were prepared by
fixing tissues in Carnoy’s solution (10% glacial acetic acid/
30% chloroform/60% absolute ethanol), followed by rehy-
dration and staining with carmine alum. Tissues were then
dehydrated, cleared with xylene, and mounted.

Multiphoton Laser-Scanning Microscopy (MPLSM). For
live tissue imaging by multiphoton excitation (MPE) and
second harmonic generation (SHG), mammary tumors were
harvested and live tissue maintained in buffered media at 37°
C. All tissues were imaged immediately following tissue har-
vest using an Optical Workstation® that was constructed
around a Nikon Eclipse TE300. A 5 W mode-locked Ti:sap-
phire laser (Millennium/Tsunami, Spectra-Physics, Moun-
tain View, Calif.) excitation source producing around 100 fs
pulse widths and tuned to 890 nm was utilized to generate
both MPE and SHG. The beam was focused onto the sample
with a Nikon 60x Plan Apo water-immersion lens (N.A.=1.2).
All SHG imaging was detected from the back-scattered SHG
signal*®, and the presence of collagen confirmed in our tissues
using fluorescence lifetime imaging microscopy (FLIM) on
the same optical workstation, since the SHG from collagen
has no lifetime. Furthermore, due to the fundamentally dif-
ferent physical behavior of MPE and SHG, signals could be
discriminated by filtering the emission signal. We used a 464
nm (cut-on) long pass to isolate the emission from autofluo-
rescence from the conserved 445 nm SHG emission. A 445
nm (narrow band pass) filter was therefore used to isolate the
SHG emission. Acquisition was performed with WiscScan a
software acquisition package developed at LOCI (Laboratory
for Optical and Computational Instrumentation, University of
Wisconsin, Madison, Wis.) and image analysis for MPE/SHG
was performed with Image] and VisBio software. For
TACS-1 image analysis additional surface rendering plug-ins
for Image] were utilized (see http://rsb.info.nih.gov/ij/). For
TACS-2 and -3, Image] was used to quantify the collagen
fiber angle relative to the tumor. The tumor boundary was
defined and the angle relative to the tangent of tumor bound-
ary was measured every 10 microns as previously reported>.

Fluorescence and Spectral Lifetime Imaging Microscopy
(FLIM and SLIM). FLIM was performed on live tissue with
the Optical workstation described above as previously
described®’. Briefly, the 5 W Ti:sapphire laser (Millennium/
Tsunami, Spectra-Physics, Mountain View, Calif.) was tuned
to 890 nm with the beam focused onto the sample with a
Nikon 60x Plan Apo water-immersion lens (N.A.=1.2).
Intensity and FLIM data were collected by a H7422 GaAsP
photon-counting PMT (Hamamatsu, Bridgewater, N.J.) con-
nected to a time correlated single photon counting (TCSPC)
system (SPC-730, Becker & Hickl, Berlin, Germany). Mul-
tiphoton SLIM was performed using a second generation
system that evolved from a previously described instrument
49 built around an inverted microscope (Eclipse TE2000,
Nikon, Melville, N.Y.). Briefly, an 8-W solid-state Ti:Sap-
phire mode-locking laser (Coherent Mira, Coherent, Santa
Clara, Calif.) was used to generate pulse widths of approxi-
mately 120 fs at a repetition rate of 76 MHz. Intensity and
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fluorescence lifetime data were collected over 16 individual
10 nm spectral-width channel using a 16-anode photon count-
ing linear PMT array (PML-16, Becker & Hickl) connected to
a TCSPC system (SPC-830, Becker&Hickl). Fluorescent
lifetime analysis from FLIM and SLIM was carried out with
SPClImage (Becker & Hickl) as well as with a LOCI created
computational tool, SlimPlotter, which allows visualization
and analysis of the lifetimes by spectral channel.

3D Invasion Assay. Uniform sized tumor explants were
harvested from intact tumors using a tissue biopsy punch (3
mm diameter), rinsed with PBS (containing 100 units peni-
cillin/100 ug streptomycin/0.25 ug/mL amphotericin B), and
placed into 2.0 mg/mL collagen gels (BDBioscience, San
Diego, Calif.) that were neutralized with 2xHEPES buffer.
Tumors were maintained in collagen gels floated in DMEM
containing 5% FBS, penicillin (100 units), streptomycin (100
ug), and amphotericin B (0.25 ug/mL) for 10 days over which
time the number of distant multicellular colonies were
counted.

Lung metastasis. Lungs from PyVT/wt and PyVT/Collal
mice (as well as wt/wt and wt/Collal as negative controls)
were harvested at 15 weeks, fixed in formalin, and processed
for histology. Sections were cut every 50 um through the
entire tissue and sections stained with hematoxylin and eosin.
Total lung metastases over all sections were then counted.

Isolation of tumor cells and migration assay. Tumors from
PyVT/wt and PyVT/Collal backgrounds we minced and
digested with 2 mg/ml collagenase and 10 pg/ml. hyalu-
ronidase in DMEM containing penicillin (100 units), strep-
tomycin (100 ug), and amphotericin B (0.25 ug/mL). Follow-
ing gentle shaking at37° C. for three hours, cell were pelleted,
washed, and plated in DMEM containing 5% FBS. Thirty-six
hours post-harvest the tumor cells were transferred in to Tran-
swell plates (Corning Inc., Corning, N.Y.) using serum and
soluable collagen containing media as the chemotractant

Statistical Analysis. For multi-group comparisons, one-
way Analysis of Variance (ANOVA) with a post-hoc Tukey-
Kramer test was used. For two-group comparisons t-testing
was performed.

Statements Regarding Incorporation by Reference
and Variations

All references throughout this application, for example
patent documents including issued or granted patents or
equivalents; patent application publications; and non-patent
literature documents or other source material; are hereby
incorporated by reference herein in their entireties, as though
individually incorporated by reference, to the extent each
reference is at least partially not inconsistent with the disclo-
sure in this application (for example, a reference that is par-
tially inconsistent is incorporated by reference except for the
partially inconsistent portion of the reference).

U.S. Pat. No. 6,687,000, issued on Feb. 3, 2004, relates to
instrumentation and methods for characterizing properties of
flourophores in samples, including fluorescent lifetimes and
fluorescent lifetime related parameters, which is hereby
incorporated by reference in its entirety. U.S. Patent publica-
tion No. 2008/0015448, published Jan. 17, 2008, relates to
methods and systems for detecting, diagnosing and charac-
terizing cancer using nonlinear optical techniques, which is
hereby incorporated by reference in its entirety.

The terms and expressions which have been employed
herein are used as terms of description and not of limitation,
and there is no intention in the use of such terms and expres-
sions of excluding any equivalents of the features shown and
described or portions thereof, but it is recognized that various
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modifications are possible within the scope of the invention
claimed. Thus, it should be understood that although the
present invention has been specifically disclosed by preferred
embodiments, exemplary embodiments and optional fea-
tures, modification and variation of the concepts herein dis-
closed may be resorted to by those skilled in the art, and that
such modifications and variations are considered to be within
the scope of this invention as defined by the appended claims.
The specific embodiments provided herein are examples of
useful embodiments of the present invention and it will be
apparent to one skilled in the art that the present invention
may be carried out using a large number of variations of the
devices, device components, methods steps set forth in the
present description. As will be obvious to one of skill in the
art, methods and devices useful for the present methods can
include a large number of optional composition and process-
ing elements and steps.

When a group of substituents is disclosed herein, it is
understood that all individual members of that group and all
subgroups, including any isomers, enantiomers, and diaste-
reomers of the group members, are disclosed separately.
When a Markush group or other grouping is used herein, all
individual members of the group and all combinations and
subcombinations possible of the group are intended to be
individually included in the disclosure.

Whenever a range is given in the specification, for
example, a temperature range, a time range, or a composition
or concentration range, all intermediate ranges and sub-
ranges, as well as all individual values included in the ranges
given are intended to be included in the disclosure. It will be
understood that any subranges or individual values in a range
or subrange that are included in the description herein can be
excluded from the claims herein.

All patents and publications mentioned in the specification
are indicative of the levels of skill of those skilled in the art to
which the invention pertains. References cited herein are
incorporated by reference herein in their entirety to indicate
the state of the art as of their publication or filing date and it
is intended that this information can be employed herein, if
needed, to exclude specific embodiments that are in the prior
art. For example, when composition of matter are claimed, it
should be understood that compounds known and available in
the art prior to Applicant’s invention, including compounds
for which an enabling disclosure is provided in the references
cited herein, are not intended to be included in the composi-
tion of matter claims herein.

Asused herein, “comprising” is synonymous with “includ-
ing,” “containing,” or “characterized by,” and is inclusive or
open-ended and does not exclude additional, unrecited ele-
ments or method steps. As used herein, “consisting of”
excludes any element, step, or ingredient not specified in the
claim element. As used herein, “consisting essentially of”
does not exclude materials or steps that do not materially
affect the basic and novel characteristics of the claim. In each
instance herein any of the terms “comprising”, “consisting
essentially of” and “consisting of” may be replaced with
either of the other two terms. The invention illustratively
described herein suitably may be practiced in the absence of
any element or elements, limitation or limitations which is not
specifically disclosed herein.

One of ordinary skill in the art will appreciate that starting
materials, biological materials, reagents, synthetic methods,
purification methods, analytical methods, assay methods, and
biological methods other than those specifically exemplified
can be employed in the practice of the invention without
resort to undue experimentation. All art-known functional
equivalents, of any such materials and methods are intended
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to be included in this invention. The terms and expressions
which have been employed are used as terms of description
and not of limitation, and there is no intention that in the use
of'such terms and expressions of excluding any equivalents of
the features shown and described or portions thereof, but it is
recognized that various modifications are possible within the
scope of the invention claimed. Thus, it should be understood
that although the present invention has been specifically dis-
closed by preferred embodiments and optional features,
modification and variation of the concepts herein disclosed
may be resorted to by those skilled in the art, and that such
modifications and variations are considered to be within the
scope of this invention as defined by the appended claims.
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We claim:

1. A method of evaluating a test tissue sample for the
diagnosis of cancer, said method comprising the steps of:

a) providing the test tissue sample from a test subject,
wherein said test tissue sample comprises a mammary
tissue component;

b) generating a test image or test imaging data from the test
tissue sample using a nonlinear optical imaging tech-
nique;

¢) analyzing said test image or test imaging data of the test
tissue sample by measuring fluorescence intensities,
fluorescence lifetime values or both from endogenous
FAD in said test tissue sample;

d) comparing said test image or test imaging data with a
reference image or reference imaging data correspond-
ing to endogenous FAD in one or more reference tissues;
and

d) identifying the presence of invasive or metastatic cells
relative to non-invasive cells or normal cells within the
test tissue sample, thereby evaluating said test tissue
sample for the diagnosis of cancer.

2. The method of claim 1 wherein said nonlinear optical
imaging technique is selected from the group consisting of
multiphoton microscopy (MPM), multiphoton fluorescent
lifetime imaging microscopy (FLIM), second harmonic gen-
eration, and multiphoton spectral lifetime imaging micros-
copy (SLIM).

3. The method of claim 1 wherein said test tissue sample is
a breast tissue sample.

4. The method of claim 1 wherein said test tissue sample is
intact and non-fixed.

5. The method of claim 1 wherein said test image or test
imaging data from the test tissue sample comprises one or
more of:

a. a FAD intensity image of said test sample;

b. a FAD fluorescence lifetime image of said test sample;

and

c. asecond harmonic generation intensity image of said test
sample.
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6. The method of claim 1 wherein said test image or test
imaging data from the test tissue sample comprises a plurality
of fluorescence lifetime images corresponding to fluores-
cence from said test sample having different wavelengths.

7. The method of claim 1 wherein said comparing step
further comprises one or more comparison steps selected
from the group consisting of:

a. comparing at least a portion of said fluorescence inten-
sities to a reference fluorescence intensity value or set of
reference fluorescence intensity values corresponding to
endogenous FAD in said one or more reference tissues;
and

b. comparing at least a portion of said fluorescence lifetime
values to a reference fluorescence lifetime value or set of
reference fluorescence lifetime values corresponding to
endogenous FAD in said one or more reference tissues.

8. The method of claim 7 wherein said reference fluores-
cence intensity value or set of reference fluorescence intensity
values, said reference fluorescence lifetime values or set of
reference fluorescence lifetime values or both are determined
from one or more reference tissues having a normal condi-
tion.

9. The method of claim 7 wherein said reference fluores-
cence intensity value or set of reference fluorescence intensity
values, said reference fluorescence lifetime values or set of
reference fluorescence lifetime values or both are determined
from one or more reference tissues having a disease condi-
tion.

10. The method of claim 7 wherein said test tissue sample
provides one or more first stromal or epithelial regions sus-
pected of a cancerous condition; wherein the test tissue
sample also serves as said one or more reference tissues,
wherein said reference fluorescence intensity value or set of
reference fluorescence intensity values, said reference fluo-
rescence lifetime values or set of reference fluorescence life-
time values or both are determined from one or more second
stromal or epithelial regions of said test sample having a
normal condition.

11. The method of claim 7 wherein said test tissue sample
provides one or more stromal or epithelial regions suspected
of'a cancerous condition; wherein the test tissue sample also
serves as said one or more reference tissues, wherein said
reference fluorescence intensity value or set of reference fluo-
rescence intensity values, said reference fluorescence lifetime
values or set of reference fluorescence lifetime values or both
are determined from one or more tumor regions of said test
tissue sample.

12. The method of claim 7 wherein said test tissue sample
provides one or more first tumor regions suspected of an
invasive state; wherein the test tissue sample also serves as
said one or more reference tissues, wherein said reference
fluorescence intensity value or set of reference fluorescence
intensity values, said reference fluorescence lifetime values
or set of reference fluorescence lifetime values or both are
determined from one or more second tumor regions having a
noninvasive state.

13. The method of claim 7 further comprising the steps of:

a. determining the percentage differences between at least
a portion of said fluorescence intensities of said endog-
enous FAD in said test tissue sample and said reference
fluorescence intensity value or set of reference fluores-
cence intensity values; and

b. identifying the presence of invasive or metastatic cells in
said test tissue upon observing a percentage difference
between at least a portion of said fluorescence intensities
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and said reference fluorescence intensity value or set of
reference fluorescence intensity values greater than or
equal to 50%.
14. The method of claim 7 further comprising the steps of:
a. fitting temporal profiles of FAD fluorescence in said test
tissue sample to the expression:

n
Ir() = Z aiexp ™™ 4 ¢ = ajexpT + apexp /2 + azexp VB 4+ ¢
=0

b. determining one or more fluorescence lifetime values

selected from the group consisting of:

1. a first component of the fluorescent lifetime (t,) of
FAD in said test tissue sample;

ii. a second component of the fluorescent lifetime (t,) of
FAD in said test tissue sample; and

iii. weighted mean values (z,,) of the fluorescent lifetime
of said endogenous FAD in said test tissue sample.

15. The method of claim 14 further comprising the step of
determining the differences of the first components of the
fluorescent lifetime (7, ), the second components of the fluo-
rescent lifetime (t,) or the weighted mean values (t,,) of the
fluorescent lifetime and said reference fluorescence lifetime
value or set of reference fluorescence lifetime values.

16. The method of claim 14 further comprising one or more
additional steps of:

a. determining the percentage differences between at least

a portion of the first components (t,), the second com-
ponents (T,) or the weighted mean values (t,,) and said
reference fluorescence lifetime value or set of reference
fluorescence lifetime values; and

b. identifying the presence of invasive or metastatic cells in

said test tissue upon observing a difference between at
least a portion of the first components (t,), the second
components (T,) or the weighted mean values (t,,) and
said reference fluorescence lifetime value or set of ref-
erence fluorescence lifetime values greater than or equal
to 40% for t,, 10% for t,, or 50% for<,,.

17. The method of claim 1 wherein said test tissue sample
is from a first species and said one or more reference tissues
are from said first species or from a second species that is
different from said first species.

18. The method of claim 17 wherein said first species is
human.

19. The method of claim 1 wherein said step of generating
a test image or test imaging data from the test tissue sample
comprises exposing said test tissue sample to electromagnetic
radiation having wavelengths selected over the range of 860
nm to 940 nm.

20. The method of claim 1 wherein said step of generating
a test image or test imaging data from the test tissue sample
comprises detecting fluorescence from said test tissue sample
having wavelengths selected over the range of 510 nm to 550
nm.
21. The method of claim 1 further comprising the step of
generating a second harmonic generation image or image
data of said test tissue sample, wherein said second harmonic
generation image or image data provides an image of collagen
in said test tissue sample.

22. The method of claim 1 comprising: a method of iden-
tifying the presence of cancer cells in said test tissue sample;
amethod of distinguishing benign and invasive cancer cells in
said test tissue sample; or a method of characterizing the stage
of cancer in said test tissue sample.
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23. A method for evaluating a tumor in a tissue sample for
invasiveness or metastatic potential, said method comprising
the steps of:

a.

o

obtaining a plurality of test images from said test tissue
sample using one or more nonlinear optical imaging
techniques; said test images comprising a multiphoton
intensity image of said test tissue sample and a fluores-
cence lifetime image of said test tissue sample;

. analyzing said multiphoton intensity image by measur-

ing fluorescence intensities of endogenous FAD in said
test tissue sample;

.analyzing said fluorescence lifetime image by measuring

fluorescent lifetime values from endogenous FAD in
said test tissue sample;

. comparing said fluorescence intensities and fluorescent

lifetime values of said test tissue to a set of reference
values corresponding to endogenous FAD in one or
more reference tissues; and

. identifying the presence of invasive or metastatic cells

relative to non-invasive cells or normal cells within the
test tissue sample; thereby evaluating a tumor for inva-
siveness or metastatic potential.

24. The method of claim 23 wherein said tumor is an
epithelial tumor.

25. A method of locating a tissue region associated with a
cancer risk, said method comprising the steps of:

a.

providing a test tissue sample;

b. generating a test image or test imaging data from the test

C.

tissue sample using a nonlinear optical imaging tech-
nique,

analyzing said test image or test imaging data of the test
tissue sample by measuring fluorescence intensities,
fluorescent lifetime values or both from endogenous
FAD in said test tissue sample;

. comparing at least a portion of said fluorescence inten-

sities or fluorescent lifetime values to a reference value
or set of reference values corresponding to endogenous
FAD in one or more reference tissues; and

. identifying fluorescence intensities or fluorescent life-

time values that are different from said reference value
or set of reference values; thereby identifying the pres-
ence of invasive or metastatic cells relative to non-inva-
sive cells or normal cells within the test tissue sample,
and spatially orienting said fluorescence intensities or
fluorescent lifetime values that are different from said
reference value or set of reference values with respect to
the corresponding tissue sample or a three-dimensional
representation of the tissue sample; thereby locating said
tissue region associated with said cancer risk.

26. The method of claim 25 wherein said tissue region
associated with said cancer risk is a region having invading
metastatic tumor cells.
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27. A method of evaluating a test tissue sample for the
diagnosis of cancer, said method comprising the steps of:
A. providing the test tissue sample from a test subject,

wherein said test tissue sample comprises a mammary
tissue component;

B. generating a test image or test imaging data from the test

tissue sample using a nonlinear optical imaging tech-
nique; and

C. analyzing said test image or test imaging data of the test

tissue sample by:

i. measuring fluorescence intensities, fluorescence life-
time values or both from endogenous FAD in said test
tissue sample,

ii. comparing at least a portion of said fluorescence
intensities, said fluorescence lifetime values or both
with a reference value or set of reference values cor-
responding to endogenous FAD in one or more refer-
ence tissues; and

1. identifying the presence of invasive or metastatic cells
in said test tissue sample upon observing:

a. apercentage difference greater than or equal to 50%
between at least a portion of said fluorescence
intensities of said endogenous FAD in said test
tissue sample and a reference fluorescence inten-
sity value or set of reference fluorescence intensity
values corresponding to endogenous FAD in one or
more reference tissues; or

b. a temporal profile of FAD fluorescence in said test
tissue sample fitted to the expression:

n

Ir() = Z aiexp ™™ 4 ¢ = ajexpT + apexp /2 + azexp VB 4+ ¢

i=0

and

where there is a percentage difference greater than
or equal to 40% for T, 10% for t,, or 50% for <,
between at least a portion of first components (T, ),
second components (T,) or weighted mean values
(t,,) of said fluorescent lifetime value of said
endogenous FAD in said test tissue sample and a
reference fluorescence lifetime value or set of ref-
erence fluorescence lifetime values corresponding
to endogenous FAD in one or more reference tis-
sues, thereby evaluating said test tissue sample for
the diagnosis of cancer.



