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A METHOD AND A SYSTEM FOR DETECTION OF MALIGNANCY-ASSOCIATED CHANGES

BACKGROUND

[0001] Computer analysis of digital images of biological material is known as
image cytometry. In image cytometry, computer controlled cameras take magnified
images of cellular material then analyze the digital images to locate objects and
subsequently identify (classify) some of these objects as cells. The cells are then
examined for various purposes, such as determining whether the cells are healthy
or cancerous. Typically, biological material is first stained to increase visualization
of cellular structure or chemical composition. Certain stains or proteins bind
specifically, and proportionally, to certain parts of cells or their constituents, for
example, surface proteins or DNA. One example of this is Feulgen staining, which
proportionally binds a stain to the DNA, which means that the more DNA there is,
the darker the staining. Once DNA is stained proportionally, which in some
instances can be referred to as stoichiometrically, the total amount and relative

distribution of the DNA in the nucleus of a cell can be measured.

[0002] Image cytometry can be used to scan and analyze DNA stained cells to
determine whether, for example, the cells have malignancy associated changes
(MAC); MAC are changes associated with the spatial distribution of DNA in non-
cancerous cells, MAC changes appears more frequently when a cancer is present
in other cells. MAC is discussed, for example, in Finch, et al., Malignancy
Associated Changes in Buccal Smears, Acta Cytologica 15: 46-49 (1971); Klawe et
al., Malignancy Associated Changes (MAC) in Cells of Buccal Smears detected by
means of Objective Image Analysis, Acta Cytologica 18: 30-33 (1974); US Patent
no. 5,889,881; US Patent no. 6,026,174. However, it has been difficult to reliably
assess the presence of MAC. For example, DNA staining using the Feulgen

method may still be proportional, yet vary in overall darkness, from batch to batch
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due to minor variations in temperature, chemical concentrations, hydrolysis times,
chromatin compactness, or other factors.

Accordingly, there has gone unmet a need for improved computer-
implemented programs suitable for image cytometry that can correct or reduce
variations due to staining. There has also gone unmet a need for reliable methods of

detecting MAC in cells. The present invention provides these and other advantages.

SUMMARY

Computer-implemented, or automated image cytometry is a complex but
useful analytical tool. As discussed above, staining variations between samples make
it difficult to directly compare one sample to another, or to compare a sample to a
standard. Overcoming such staining variation enhances the ability to detect subtle
changes in DNA distribution in cell nuclei and, therefore, MAC. MAC provides the
potential to detect the probability of cancer in a patient without having to rely
exclusively on the presence of cancerous cells in the sample. This can make cancer
diagnosis or screening more practical, less invasive, less painful, less expensive, and
quicker. The present invention provides computers, methods, systems and the like
that provide for enhanced image analysis and thus enhanced detection of MAC. This,
in turn, increases the likelihood that cancer will be detected at an earlier, more
treatable stage and imposes less of a burden on cancer patients and on patients
undergoing cancer screening.

In one aspect, the present invention comprises computer-implemented
methods of photometrically correcting digital images for the analysis of cellular
features. The methods can comprise a) providing at least one digital image of a
sample of DNA stained cells, said sample comprising enough cells to determine a
reference population in said sample of cells having a certain DNA content, the digital
image comprising a plurality of individual pixels; b) determining a photometric
correction factor that adjusts the optical measurement value of the certain DNA
content cells of the sample substantially to a predetermined target value
corresponding to optical measurements within a reference data set, wherein the
photometric correction factor being determined based on a ratio of an experimental

constant to an optical measurement value of the certain DNA content derived from
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the reference population determined from the sample; c) applying the photometric
correction factor to individual pixels within said plurality of individual pixels, said
individual pixels comprising desired pixels of the digital image for each desired cell
in the sample to provide a normalized digital image; and d) calculating at least one
optical feature from the normalized digital image. The methods may optionally
comprise comparing optical features determined from the normalized digital image

to the reference data set to determine if the sample has malignancy-associated

changes.

In this and other embodiments (unless expressly stated otherwise or clear
from the context, all embodiments, aspects, features, etc., of the present invention can
be mixed and matched, combined and permuted in any desired manner), the certain
DNA content cells can be diploid cells and the photometric correction factor can be
determined such that the corrected DNA content measure of the diploid cells in the
sample and diploid cells in the reference data set have a relative value of about one
and a corrected DNA content measure of tetraploid cells has a relative value of about
two. The methods further can comprise determining whether the sample does
contain MAC. The optical measurement can comprise measuring an integrated
optical density (IOD) and the reference data set can comprise a target IOD, and the
photometric correction factor can be determined as target IOD/measured IOD, and

the digital image can comprise optical intensity information and the optical intensity

can be corrected by multiplying the optical intensity by the photometric correction
factor.

The methods further can comprise at least one of applying the photometric
correction factor to at least desired pixels in objects in the image and providing

adjusted pixel values for at least one of an optical density and an integrated optical

density. An improved correction coefficient can be provided by repeating at least b)
and c) at least one time as significantly more cells in the sample can be analyzed, for
example additional groups of about 200 more cells. At least d) and e) can also be

repeated, using the improved correction coefficient to provide improved adjusted
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pixel values and an improved determination of the at least one optical feature. The
stained DNA can be stained with Feulgen staining methods or otherwise with an

absorbance, fluorescence, etc., stain.

[0008] The methods further can comprise providing at least one control, for
example providing at least one digital image of a known substance having a known
optical density. The control can be stained substantially simultangously with the
tissue sample if it is a stainable control. The methods further can comprise
determining a plurality of optical features from the adjusted pixel values, at least one
of the plurality of optical features determined using linear or non-linear functions.
The reference data set further can comprise digital images of reference cells. The
methods further can comprise applying the photometric correction factor to

substantially all pixels in objects in the image.

[0009] The sample can be from a patient potentially having a selected malignancy
and the sample can be from a non-associated tissue, and the patient can have an
internal cancer and the non-associated tissue can be an available or non-available
tissue. For example, the selected malignancy can be lung cancer and the non-
associated tissue can comprise buccal mucosa or the selected malignancy can be
breast cancer and the non-associated tissue can comprise at least one of buccal
mucosa, nipple aspirates, and ductal washings. The patient, and thus the

substantially non-cancerous tissue sample can be human.

[00010] In a further aspect, methods of making a dataset comprising discriminant
image cytometry features associated with MAC is provided. The methods comprise:
a) providing a digital cytometric image of a sample of cells comprising proportionally
stained DNA, the sample comprising enough cells to provide a DNA content
measure of cells that have a certain DNA content; b) analyzing the cells that have
the certain DNA content to determine at least one of an optical intensity, optical
density (OD) and an integrated optical density (I0D) value of the DNA content to

provide an initial DNA content measure; c) determining a photometric correction



10

15

20

WO 2004/021260 PCT/CA2003/001262

factor that adjusts the initial DNA content measure to provide a corrected DNA
content measure of the certain DNA content cells, which corrected DNA content
measure has a relative value substantially equal to a reference DNA content
measure for cells of substantially equivalent DNA content in a reference dataset, the
reference dataset comprising discriminant image cytometry features associated with
MAC; d) applying the photometric correction factor to at least desired pixels of the
image to normalize the image to provide adjusted pixel values on at least an optical
density scale; e) comparing optical features determined from the adjusted pixel
values to the reference dataset and determining therefrom that the sample can
comprise MAC; and, f) combining the optical features from the adjusted pixel values

with the reference dataset to provide an improved reference dataset.

[00011] The methods can further comprise pre-selecting the sample such that the
sample can be known to comprise MAC. The methods can also comprise
determining at least one shift in a cell population value that measures chromatin

distribution inside cellular nuclei within the cell population.

[00012] Methods of making a dataset comprising discriminant image cytometry
features associated with MAC are also provided. The methods can comprise: a)
providing a digital cytometric image of a tissue sample exhibiting MAC; b) analyzing
cells in the sample that have a certain DNA content to determine to determine at
least one of an optical intensity, optical density (OD) and an integrated optical
density (I0D) value of the DNA content to provide an initial DNA content measure;
c) determining a photometric correction factor that adjusts the initial DNA content
measure to provide a corrected DNA content measure of the certain DNA content
cells, which corrected DNA content measure has a relative value substantially equal
to a reference DNA content measure for cells of substantially equivalent DNA
content in a reference dataset, the reference dataset comprising discriminant image
cytometry features associated with MAC; d) applying the photometric correction
factor to at least desired pixels of the image to provide adjusted pixel values on at

least an optical density scale to provide an adjusted image comprising adjusted data
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representative of discriminant image cytometry features associated with MAC; and,
e) combining the adjusted data with the reference dataset to provide an improved

reference dataset.

[00013] In another aspect, computer-controlled systems are provided. The system
comprises an image cytometer that provides a digital image of a cell, and an
operably linked controller comprising computer-implemented programming
implementing methods as discussed herein. Computers comprising computer-
implemented programming, as well as computer-readable memories, implementing
methods or containing datasets or other information as discussed herein are also

provided. Datasets produced according to such methods are also provided.

[00014] These and other aspects, features and embodiments of the invention are
set forth within this application, including the following Detailed Description and
attached drawings. In addition, various references are set forth herein that discuss
in more detail certain systems, apparatus, methods and other information; all such
references are incorporated herein by reference in their entirety and for all their
teachings and disclosures, regardless of where the references may appear in this

application.

BRIEF DESCRIPTION OF THE DRAWINGS
[00015] Figure 1 depicts a flow chart for the determination of MAC.

[00016] Figure 2 depicts a flow chart directed to adjusting pixels in images from an

image cytometer.
[00017] Figure 3a depicts a DNA content histogram of cells from Buccal mucosa.

[00018] Figure 3b depicts a photometric correction of the DNA content histogram of
Figure 3a.

[00019] Figure 4 depicts in stylized fashion the cytometric imaging of a cell and an

optical density scan produced from the imaging.
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[00020] Figures 5a and 5b each depict a stylized digital image of the cell depicted
before (Figure 5a) and after (Figure 5b) computer-implemented image and feature

normalization.

[00021] Figure 6 depicts a decision tree flow chart to determine MAC in a cellular

sample.

DETAILED DESCRIPTION

[00022] For some cancers, such as melanoma (skin cancer), obtaining cells directly
from the cancer is not necessarily difficult nor invasive for the patient. However, for
many other cancers, obtaining cells directly from the cancer can be difficult and
invasive, for example for internal cancers such as breast cancer, lung cancer,
stomach cancer, and brain cancer. Accordingly, it would be advantageous to
provide computer-implemented systems capable of detecting cancer indirectly,
through the detection of MAC, in associated or non-associated tissues. The present
invention provides computer-implemented methods and computer systems that
measure MAC in associated or non-associated tissues, as well as finding other

features in digital images.

[00023] Associated tissue as used herein means a biological sample that typically
contains cells of the tissue being tested. For example, lung sputum typically
contains exfoliated cells from lung. When testing for lung cancer, a sputum sample
would be considered an associated tissue. Another example of associated tissue
would be a breast aspirate or breast ductal-washing when used for the detection of

breast cancer.

[00024] Non-associated tissue as used herein means a biological sample that does
not typically contain cells of the tissue being tested. For example, if sputum were
used to detect breast cancer, a breast aspirate was used to detection lung cancer or
buccal mucosa (the inner lining of the lips, cheeks or mouth) was used to detect
lung cancer, these would be considered non-associated tissues.
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[00025] Figure 1 depicts one embodiment of a flow chart for obtaining a sample and
analyzing it for MAC. Initially, a sample of cells such as Buccal mucosa cells are
obtained 102 from a patient suspected of having cancer. The cells are then fixed
104 in suspension and then deposited 106, for example in a dispersed or
approximate monolayer, on a receiving surface, such as microscope slide. Other
preparation protocols can be used if desired. Stained DNA as used herein means
proportionately stained DNA, created, for example, by binding a visible, fluorescent
or other stain, antibody, label, or other marker that allows the total amount of DNA
and, typically, the spatial distribution of DNA in a cell hucleus to be measured. An
example of such a stain is the Feulgen method employing thionin as a stain.
Generally, the DNA is stained such that the amount of DNA, and typically its spatial
distribution and various cellular features such as size, shape, texture, etc., can be
measured based on the interaction between light and the sample. Such interaction
may take the form of transmission (e.g., DNA absorbance stains), emission (e.g.,
fluorescent stains such as propidium iodide, etc., or luminesced), reflection or other

emanation to assess cellular features.

[00026] The DNA is then stained 108 stoichiometrically, or otherwise proportionally,
such that the amount of DNA and the spatial distribution of DNA can be determined
on a cell by cell basis by scanning and analyzing the stain, by devices such as an
image cytometer. The sample can be any sample of cells, typically cells in vitro but

also in vivo or in situ.

[00027] Control sample as used herein means a sample of biological or artificial
material with known properties such as a cell line, normal epithelial cells, a
previously analyzed sample, or calibration beads. Control samples can be used to
provide quality control for some aspect of the method, including the measurement
system. A control sample could for example be cells that are known {o contain MAC
or that are known not to contain MAC. Such biological controls can contain growing
cells. In such cases, although the dominant cell population will typically be diploid,

some cells may be undergoing mitosis during which DNA synthesis occurs. Prior to
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completion of mitosis a tetraploid cell exists, which has twice the DNA. These
tetraploid cells typically divide into two daughter cells. Certain control samples may
be stained 110 and processed with test samples and be used to indicate method
errors such as overall staining. Similarly, control samples may be used to indioaté
problems in the measurement system, for example, in the measurement of cellular
features. The samples and control samples are then imaged 112 at a photometric
and spatial resolution sufficient to discern cell features from the digital images such

as size, shape, texture, DNA content and DNA distribution.

[00028] For example, in some embodiments, the image cytometer provides a digital
or pixelated image of the cells where each pixel is approximately 0.36 micrometer
across, which gives an area, 0.36 um x 0.36um of approximately 0.1 pmz. Normal
cells vary widely in size, so the number of pixels in the digital image corresponding
to the nucleus or cell also varies accordingly. For example, normal epithelial cell
nuclei are approximately 8-10 um in diameter so a digital image of a typical nucleus
at this resolution can have approximately 900 pixels (30 x 30). Larger and smaller

cells, as well as larger or smaller pixels sizes, can also be used as desired.

[00029] A photometric correction factor 114 is then calculated. The factor can be
calculated independently for each test sample, for groups of samples, or otherwise

as desired.

[00030] Optical intensity (Ol) as used herein means the measurement of the raw
amount of light emanated by a sample, for example via transmission, reflection,
fluorescence, luminescence, or other approaches. Ol indicates the raw light

measured on a pixel by pixel basis for the digital image of an object.

[00031] Optical density (OD) is used herein means the measurement of OD
computed as the logarithm of the ratio of Ol of the local background (typically a
relatively large value) divided by the Ol an object image pixel (a value that is less
than background). OD = log (Ol_background/Ol_object_pixel)
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[00032] Integrated Optical Density (IOD) as used herein means the sum of ODs for
two or more pixels of the object image. For example an IOD may be calculated as
summed ODs down a line of image pixels or the sum of all pixel OD values for a

portion of a image, such as a DNA stained nucleus.

[00033] The amount of DNA inside a cell nucleus is measured by determining the
proportion of the light transmitted through the stained nucleus (other systems such
as reflectivity or fluorescence can also be used, if desired). A histogram or other
representation of the DNA content, such as optical density, is then provided for a
plurality of cells in the sample. In certain embodiments, two hundred to several
thousand cells per sample are collected and analyzed. The sample is then
analyzed, for example, using a histogram, to identify cells with various amounts of
DNA, and more particularly to identify the integrated optical density (IOD) of the
diploid peak or other target population having a known or expected amount of DNA.
[00034] Reference population as used herein means a sub-population of cells in a
sample as determined by at least one cellular feature. For example, size, shape or
texture alone or in combination can identify a population of normal epithelial cells.
Such a reference population could be used to determine a reference quantity such
as a reference 10D. The sample used to determine a reference population may
also include a control sample such as cells that are intentionally added to the

sample, such as a cell line, other cells or material with known properties.

[00035] Reference 10D as used herein means an IOD value derived from a
reference population. The reference 10D value may be measured from the mean,
mode, median or other value derived from the reference population. For illustration
purposes, such a reference IOD may be indicated on a histogram such as the 10D

of DNA stained cells versus frequency.

[00036] Typically, the sample’s diploid peak represents the most dominant
population of cells, however, other reference points derived from a reference

population, such as a tetraploid peak could also be used. As discussed herein, for
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a variety of reasons, staining variations can occur from sample to sample, or
between batches of samples. It is therefore desirable to adjust for these staining
variations, using a process that normalizes or otherwise adjusts the images of the
cells in these samples so that their DNA content, DNA distribution, or other cellular

features can be directly compared.

[00037] Target 10D as used herein means an experimental constant such as an
IOD value that is chosen for convenience, computational ease or other practical
consideration, for example an 10D of 100. A target IOD could also be derived from
a control sample, reference population or other useful material with known or
expected characteristics. Other target references are also suitable, such as target
Ols or target ODs.

[00038] To accomplish image normalization, a photometric correction factor is
calculated for each desired sample. For example, assuming that the IOD measured
at the diploid peak of a test sample (reference population) is 120, the photometric
correction factor is calculated as the target IOD/measured 10D of that reference
population. In this instance the calculation would be 100/120 yielding a photometric
correction factor for this test sample of approximately 0.833. This photometric
correction value provides an approach to normalize digital images and therefore
correct for DNA content as well as other cellular features (as used herein, cellular
features refers to optical features determined from images of cells) due for example

to staining variance.

[00039] Reference data set as used herein means any known data set comprising
information such as images of cell nuclei, or features calculated from images of cell
nuclei such as size, shape, texture, etc., alone or in combination to indicate the
presence of MAC. Such reference data set may be stored in computer memory, on
disk or any other useful data storage medium. For example, a reference data set
could be a collection of cell features, or combination of cell features, or be the result

of discriminant functional analysis as measured on a variety of samples taken from
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non-cancerous individuals. Such a reference data set could be used for example in

comparing the MAC value of test samples.

[00040] The optical density or other optical strength measurement on the reference

data set is correlated to the sample under examination.

[00041] Suitable optical features for the discrimination of MAC can be determined in
the lab, or can be determined by reference to articles and patents such as those
cited above, Finch, et al.; Klawe et al.; US Patent no. 5,889,881; US Patent no.
6,026,174.

[00042] Digital image normalization 116 is then performed by applying the
photometric correction factor to the OD of each desired pixel or group of pixels of
the digital image for each desired cell in the test sample. In this manner the digital
image is normalized 116 and subsequently, every desired cellular feature calculated
from the normalized digital image is automatically normalized. These normalized
cellular features can be used to analyze and classify cells 118, and to compare the
presence of MAC between non-cancerous individuals as represented by a reference
data set and the test sample. The photometric correction factor can be applied to
cells segmented, or otherwise separated, from the remainder of the image, or on all
objects in the image, or otherwise to the image as desired. In terms of optical
density, objects are indicated in the image by a pixel or a group of pixels that
measure greater than background. Objects also include pixels that themselves may
not be of such optical density, but are located within a structure or established
boundary such as the perimeter of the nucleus. For example, pixels corresponding
to substantially empty cytoplasm within a cell may have a low optical density, and
thus be substantially similar to background optical density, yet still be within an
object because they are located within the cellular membrane, which membrane can
be identified by routine segmentation techniques. Although OD is discussed in
some detail, similar methods as described may be applied to correct a digital image

and to normalize a digital image represented as Ol or 10D. Similarly, although
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certain examples discuss OD and absorbance stains, derivation of a photometric
correction factor (as an example of a correction factor that may be applied to correct
for staining variation for the Feulgen method, using digital image normalization), the
computerized methods discussed herein provide general methods and algorithms to
reduce method variables, such as staining, and more particularly to provide
improved assessment of DNA and thus MAC (for example to be used diagnostically,

to detect of cancer, assess wellness, etc.).

[00043] Applying the photometric correction factor, which can also be termed an
adjustment coefficient, to desired pixels in the object in the image provides adjusted
pixel values on at least an optical density scale and thus provides an adjusted
image. The data or optical features from the adjusted pixel values can then be
compared to the optical features in the reference data set to discriminate the optical
features in the sample and determine therefrom whether the sample comprises
MAC. If desired, the photometric correction factor can also be determined and/or
applied to provide adjusted pixel values on an optical intensity scale, which is
identified as the global feature normalization 116 in Figure 1. Images can then be
classified 118 and MAC can be measured on the sample cells 120. If desired, in
addition the MAC expression data can be compared and thresholded 122 against

population statistics to correct for normal expression patterns within the cells.

[00044] Figure 2 depicts a flow chart directed to an embodiment of the feature
normalization or correction aspect of the present invention. Initially, at least one
digital image of cytological material captured at sufficient photometric and spatial
resolution suitable for the intended analysis is provided 202. The image can be of
any appropriate suspect tissue. Certain aspects of the methods and systems of the
present invention can be applied both to samples comprising either or both
cancerous or non-cancerous tissues although for the determination of MAC the
tissue will typically be selected from substantially non-cancerous tissues. The

sample comprises enough cells having proportionally stained DNA to provide a
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measure of cellular features such as size, shape, texture, DNA content, etc., and

identify certain reference populations of the cells.

[00045] Cells are analyzed to group object images 204 based on one or more
cellular features or combination of cellular features (e.g., to define a reference
population). The reference population, for example diploid cells, are then analyzed
206 to determine a reference 10D measured from a population value such as the

mean, mode, peak or median 10D of that reference population.

[00046] Next, an adjustment coefficient, such as the photométric correction factor is
determined 208. In this example, a photometric correction factor is calculated from
a target |0D/reference 10D. Subsequently this photometric correction factor is
applied to desired pixels of each desired digital image from the sample 210. This
example (photometric correction factor) of an adjustment coefficient in this instance
will normalize the desired digital images thus correcting for differences in optical
density or darkness of the stain due to staining variations or other artifacts, as
opposed to differences in optical density due to the amount of DNA in the cell. The
desired pixels are typically all pixels or desired groups of pixels within an object
boundary, such as the digital image of a cell nucleus, although larger or smaller

subsets can be selected if desired.

[00047] Next, 212, cellular features are calculated from the adjusted pixels
(normalized images). As a result of image normalization, all cellular features
calculated from a normalized image are automatically corrected. These corrected
features are then used alone or in combination to form classifiers that further
identify cells or groups of cells. Values derived from cells or groups of cells
accomplished by classifiers are then compared to a reference data set 214 to
determine diagnostic information such as the presence or absence of MAC in one
or more of the cells in the sample. The determination of MAC can include analyzing
cellular features or combinations of cellular features for individual cells or

populations of cells which in turn may be compared with a reference data set. The
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determination of MAC then provides for determining whether malignancy is
indicated in the patient; if the patient exhibits increased characteristics of MAC, then
the patient has an increased possibility of having a cancer such as lung cancer,

breast cancer, skin cancer, brain cancer or other cancers.

[00048] Figures 3a and 3b provide graphs depicting integrated optical density (DNA
content) histograms before and after correction. As depicted in Figures 3 and 4, the
optical assessment can be based upon the integrated optical density of the cells. In
alternative embodiments, optical assessment can be based upon optical density,
optical intensity, or the integrated optical density of desired pixels, such as those in

a line, column or other useful combination.

[00049] In Figure 3a the DNA content histogram 301 of the cells has a diploid
region 302 that extends two SD on each side of its peak 305. In the sample
depicted, the majority of the cells fall into the diploid region 302. Some cells are in
DNA synthesis 303 and still others have completed DNA synthesis and fall in
tetraploid region 304. Based on stoichiometry, (and assuming linearity for the
measuring device), the value of peak population 10D 304 is twice the peak value
IOD of the diploid peak 305; non-linear relationships can be established if desired,
and the various methods herein adopted accordingly. The peak 10D of the control

sample (reference) is identified as 306.

[00050] Figure 3b depicts the DNA histogram of Figure 3a corrected by a
photometric correction factor such that the DNA diploid peak 305 is corrected
downwardly by twenty percent to match the target 10D value 306. Therefore this
test sample requires a photometric correction factor of approximately 0.833 (i.e.,
100/120), which can subsequently be applied to the IOD measurement of every
desired cell represented in the histogram 301, thereby providing the corrected |10Ds

for all desired cells in the test sample as represented by 307.
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[00051] The relative intensity values of a reference population of the sample and
the target 10D are thus rendered substantially equivalent with regard to the optical

density of the cells on the basis of the amount of DNA in the cells.

[00052] The statistical accuracy of the histogram will vary as additional data is
collected. Accordingly, in some embodiments, the sample 10D can be corrected
iteratively. Such iteration can continue, if desired, until certain conditions are met.
For example, the photometric correction may be performed after groups of two
hundred cells are accumulated in the diploid region or peak and continued until two
thousand cells from the sample are located in this region. One advantage of this
on-the-fly process is that the image acquisition and thresholding can be madified to
reduce the acquisition of debris and or otherwise improve the efficiency of data

collection and analysis.

[00053] Figure 4 depicts an example of determining a cell texture feature. The
optical density (OD) is measured along the digital image 402 of a cell nucleus and
pixel ODs are summed along the line 404 . The line of integration 404 as depicted
is moving across the image in the direction of the arrow indicated by 406, from left
to right, so as to build a profile 408 and when completed is illustrated as the

completed profile 410.

[00054] Figures 5a and 5b provide corresponding views of a stylized digital image
502, 516 of a DNA stained cell nucleus such as that scanned in Figure 4.

[00055] In the representative digital image 502 of Figure 5a, all image pixels have
an optical density (OD). A representative group of pixels 506, having the same OD
are illustrated as being distributed over the digital image. Analysis line 504
indicates a column of pixels that are to be summed, thus generating an integrated
optical density (IOD) for that column. As the analysis line 504 moves across the
digital image 502, the [OD values for each column are calculated and are presented
in histogram 508. The table 510, below, shows numeric representation of these

10D values taken from the digital image 502 and represented by the histogram 508.
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[00056] Various cellular features can be calculated from a digital image. In this
example, the numeric differences between adjacent columns of 10D values are
summed and each of these values is squared. 10D differences from neighbor to
neighbor in histogram 510 are calculated (e.g., the difference between Ato B is 120
— 72 = 48). Then, in this representative cell feature calculation, these differences
are squared and summed to produce a single representative feature value 512,

which in this instance, is a cellular feature having a value of 12,056.

[00057] If a correction factor, such as the 0.833 from figure 4, were applied by
multiplying this squared and summed value (12,056), a new feature value 514

would result, with a value of 10,043.

[00058] Figure 5b shows an adjusted digital image 516 obtained by normalizing or
photometrically correcting digital image 502. The image was corrected by adjusting
the pixel OD, and the summed 10D, by the photometric correction factor (0.833)

before feature calculation.

[00059] Figure 5b shows each desired pixel OD in the digital image 502 being
multiplied by the 0.833 correction factor to produce the normalized digital image
516. This process is further seen for the representative pixel values having ODs
520 being corrected so as to produce OD values 518 in the processed digital image
516. Once the correction factor has been applied to every desired pixel of the
digital image 502, (a process called global image normalization) the resulting digital

image 516 is said to be normalized.

[00060] As in Figure 5a, the OD values for each column of pixels in the normalized
digital image 516 of Figure 5b are summed to produce an 10D for that column. This
is further represented by the 10D histogram 520 appearing below the digital image.
The same calculations applied in Figure 5a are then applied to the 10D values
derived from the normalized digital image 516, represented in the 10D histogram
520, and in numeric form represented in table 522. The calculations in this

instance, for the same representative cellular feature, produce a value 524 of 8,400
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which is different and more representative than the value 512 of 12056 or the
directly corrected feature 514 having a value of 10043. Cellular features calculated
subsequent to image normalization are automatically normalized and therefore
more closely represent the optical aspects of the image free from variations due to
staining. These normalized (or corrected) cellular features maintain their
discriminating power to better allow differences between samples to be measured.
Such photometric correction and digital image normalization may have particular
applicability when trying to measure subtle cellular features such as malignancy-
associated changes as indicated in part by the measurement of the spatial
distribution of DNA in cell nuclei. Similarly, in addition to correcting for staining
variation, the general method provides approaches to calculate adjustment

coefficients to help correct for other method-related variables.

[00061] Similar to the adjustment of image data, a reference data set can contain
images or features that may subsequently be normalized, adjusted, updated, either
discretely or continuously, as additional information is obtained from normal or MAC
cells (or other characteristic under investigation). Thus, if desired, both the
reference data set and the sample images can be updated on the fly, discretely or

continuously, or otherwise as desired.

[00062] Figure 6 depicts a flow chart comprising computation steps for the
determination of MAC, for example, in buccal mucosa for the detection of fung
cancer. This depiction illustrates the calculation of one type of cellular feature,
many other cellular features are typically calculated and are grouped to form
discriminate functions (e.g., cell classifiers) that allow decisions to be made, for
example, shape, size and the illustrated cellular texture feature may be used to
identify a type of cell such as an epithelial cell. In Figure 8, image data collection
602 is followed by determination of a reference population 603 and the calculation
of the photometric correction factor 604, discussed more fully elsewhere herein, for
example with reference to Figures 1 and 2, and also further below. Decision point

606 determines whether at least one selected criterion is met. If met, then, in the
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embodiment depicted, the image is subjected to global image normalization 608
followed by feature calculation 610. Decision point 612 determines whether the
object is a cell or an artifact, and if it is a cell, then the cell is analyzed at decision
point 614 to determine whether it is the type of cell being sought, for example, a
normal epithelial cell having diploid characteristics. In the embodiment shown, MAC
score(s) are then computed, cell by cell 616, and slide by slide 618, based on
population statistics. Statistics calculated for the slide, such as a MAC score may
be compared to a reference data set indicated by step 619 and a result 620 is
derived to indicate the presence or absence of MAC in the sample or to derive other

diagnostic information.

[00063] Turning to a further discussion of certain embodiments, the present
invention is directed to computer-implemented methods for the determination of
cellular or more generally optical features that are useful in image recognition or for
other purposes. In certain embodiments, the methods comprise analysis, and
capture if desired, of digital cytometric images of a substantially non-cancerous
tissue sample. The tissue sample can be obtained, for example, via biopsy, from
resected tissue, fine needle aspirates, from sputum, tissue scrapings, nipple
aspirates, or otherwise as desired. The sample can be obtained from a potential
cancer patient, from a patient as part of follow-up to monitor treatment, from a
patient to detect residual disease or to assess wellness, or to screen a high risk
group, such as smokers, or otherwise as desired. The methods can also be applied

to all tissue and to various other species.

[00064] The sample comprises enough cells to determine a reference population of
cells having a certain DNA content. The cells are typically proportionally stained
such that the amount of stain is proportional to the amount of DNA in the cells.
Examples of such stoichiometric stains include Feulgen stains and other stains,

labels, markers, etc.



10

15

20

WO 2004/021260 PCT/CA2003/001262

20

[00065] In certain aspects, the present invention provides a reference data set
containing MAC-indicative features wherein the reference data set is created over
time via the accumulation of data from MAC-exhibiting cells. The digitized images
of the cells are normalized according to the methods discussed herein before or as
they are incorporated into the reference data set o provide an improved dataset.
Thus, in addition to the methods of determining MAC, the present invention
additionally provides computer-implemented programming, computer-readable
memories, and computers containing such programming and memories (as used
herein, computers or controllers include individual computers, computers that are
part of a network, computers with peripherals, or any other logic-implementing
device suitable for use with the present invention). Thus, the reference data set

comprises discriminate imaging cytometry features that are associated with MAC.

[00066] The photometric correction factor adjusts the optical measurements such
that the diploid cells have a DNA content value that is relatively the same as the
reference data set, for example each being set at one or one hundred, for a diploid
cell with a tetraploid peak being set at two or two hundred. Thus, the optical
measurements of the certain DNA content cells a adjusted substantially to a
predetermined target value corresponding to optical measurements within a
reference data set that comprises optical measurements indicating the presence or
absence of MAC. In addition, the reference data set can contain the discriminant
features for the MAC either directly or by reference to a data set with such features
(for example, the photometric correction factor either can be applied directly to the
MAC-containing reference data set itself, or via an intermediate data set(s) against
which both the sample and the MAC data set are normalized). This conforms the
staining level of the new sample to the level of staining observed or averaged or

otherwise obtained in the sample data set.

[00067] The photometric correction factor is then applied to any desired pixels in
the image to provide adjusted pixels values on at least an optical density scale to

provide a normalized digital image. Typically, the desired pixels are located in
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objects, which indicates anything within the image that has an intensity level below
background (i.e., transmits less than background) or within any area, such as a
cellular membrane or other partial or fully circumferential perimeter. For example, in
images of nuclei, nucleol‘i, or cytoplasm, some of the images may have an intensity
level or optical density that is substantially the same as background yet the pixels
are located within an object and thus are actually part of a cell. Typically, the
adjusted pixel values are first calculated on the optical density scale and then, if
desired, on an optical intensity scale. This then provides an adjusted image. Next,
data or optical features from the adjusted pixel values or image are compared to the
reference data set to discriminate the optical features in the sample. From such
optical features, the possibility that the sample comprises MAC can be determined.
In other words, optical features are calculated from the normalized digital image,
then the optical features determined from the normalized image are compared to

the reference data set to determine whether the sample comprises MAC.

[00068] Typically, the optical intensity, optical density, IOD, corrected DNA content
measure, etc., may be corrected by multiplying the given measure or value by the
photometric correction factor. The optical measurement can comprise measuring
an integrated optical density (IOD), the reference data set can comprise a target
IOD, and the photometric correction factor can be determined as target
[OD/measured |OD. The digital image can comprise optical intensity information
and the optical intensity can corrected by multiplying the optical intensity by the

photometric correction factor.

[00069] In certain embodiments various features of the methods can be applied
iteratively. For example, the analyzing the DNA content cells to determine the initial
DNA content measure and the determining of the photometric correction factor can
be repeated at least once as a desired number of additional cells are scanned or
imaged and thus ready for analysis. For example, such groups of cells can
comprise about fifty, one hundred, two hundred, five hundred, or one thousand

more cells in the sample are imaged.
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[00070] If desired, the features of applying the photometric correction factor to the
desired pixels in the objects and comparing the data from the adjusted pixel values
to the referenced data set can also be repeated with each iteration. If desired, the
iterative repetition of the various aspects of the methods can be iterated on a one to
one ratio, or certain features can be iterated more often or less often than other
features. Such iteration can provide improved adjusted pixel values and an
improved determination of at least one optical feature associated with MAC and

preferably a plurality of optical features associated with MAC.

[00071] Typically, the adjustment applies the photometric correction factor to
substantially all pixels in objects in the image, further preferably all pixels in such
objects. If desired, the correction photometric correction factor can be applied to all

pixels in the image whether in objects or not.

[00072] In certain embodiments, one or more controls can be provided. The
controls provide at least one pixelated cytometric image of a known substance
having a known optical density. The controls can either be maintained separately
from the sample or can be stained simultaneously or sequentially with the sample.
The control may or may not be a stainable substance. The optical features
associated with MAC can be determined using either non-linear or linear functions.
Other functions can also be used if desired. The determination of MAC can
comprise determining at least one shift in a cell population value that measures

chromatin distribution cellular nuclei within cellular population.

[00073] In some embodiments, the patient can be suspected of having a specific,
selected malignancy and the sample can be from an associated or non-associated
tissue. For example, the selected malignancy can be an internal cancer, which
indicates a cancer that is located within the person and not easily reachable without
invasive actions by the surgeon. Exemplary internal cancers include lung and
breast cancer, but do not include skin or lip_cancer (unless the melanoma or lip

cancer is located deep under the skin thus requiring disruption of significant healthy
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tissue or causing significant discomfort to the patient to obtain a sample of the
cancer). Available tissue indicates tissues that are readily available to the surgeon,
for example, skin, buccal mucosa, nipple aspirates, and ductal washings. In some
embodiments, the collective malignancy is lung cancer and the non-associated
tissue is buccal mucosa, while in other embodiments, the selected malignancy is
breast cancer and the non-associated tissue is any one of buccal mucosa, nipple
aspirates, and ductile washings The patient can be any suitable animal, but is

typically human.

[00074] In addition the present invention provides computer-controlled systems
comprising an image cytometer that provides pixelated images of a cell and an
operably linked controller comprising computer-implemented programming that

implements the methods discussed herein. Also provided are the computers or

~ controllers themselves, as well as computer memories containing and implementing

the procedures discussed herein and/or containing or implementing the reference

data set as discussed herein.

[00075] All terms used herein are used in accordance with their ordinary meanings
unless the context or definition indicates otherwise. Also unless indicated
otherwise, except within the claims, the use of "or" includes "and" and vice-versa.
Non-limiting terms are not to be construed as limiting unless expressly stated (for
example, "including,"” "having," and "comprising” mean "including without limitation"

unless expressly stated otherwise).

[00076] The scope of the present invention includes both means plus function and
step plus function concepts. However, the terms set forth in this application are not
to be interpreted in the claims as indicating a "means plus function” relationship
unless the word "means” is specifically recited in a claim, and are to be interpreted
in the claims as indicating a "means plus function" relationship where the word
"means" is specifically recited in a claim. Similarly, the terms set forth in this

application are not to be interpreted in method or process claims as indicating a
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"step plus function” relationship unless the word "step" is specifically recited in the
claims, and are to be interpreted in the claims as indicating a "step plus function”

relationship where the word "step" is specifically recited in a claim.

[00077] From the foregoing, it will be appreciated that, although specific
embodiments of the invention have been discussed herein for purposes of
illustration, various modifications may be made without deviating from the spirit and
scope of the invention. Accordingly, the invention includes such modifications as
well as all permutations and combinations of the subject matter set forth herein and

is not limited except as by the appended claims.
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THE CLAIMS DEFINING THE INVENTION ARE AS FOLLOWS:

1. A computer-implemented method of photometrically correcting digital

images for the analysis of cellular features, comprising:

a) providing at least one digital image of a sample of DNA stained
5 cells, the sample comprising enough cells to determine a reference
population in said sample of cells having a certain DNA content,

the digital image comprising a plurality of individual pixels;

b) determining a photometric correction factor that adjusts an optical
measurement value of the certain DNA content cells of the sample
10 substantially to a predetermined target value corresponding to
optical measurements within a reference data set, wherein the
photometric correction factor being determined based on a ratio of
an experimental constant to an optical measurement value of the
certain DNA content derived from the reference population

15 determined from the sample;

c) applying the photometric correction factor to individual pixels
within said plurality of individual pixels, said individual pixels
comprising desired pixels of the digital image for each desired cell

in the sample to provide a normalized digital image; and

20 d) calculating at least one optical feature from the normalized digital
image.
2. The method of claim 1, further comprising determining if the sample has

malignancy-associated changes by comparing the at least one optical feature

determined from the normalized digital image to the reference data set.
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3. The method of claim 1 or 2, wherein the reference data set comprises at
least one of images of cell nuclei and features calculated from images of cell

nuclei.

4. The method of claim 1 or 2, wherein the reference data set comprises at
least one of a collection of cell features, a combination of cell features, and a

result of discriminant functional analysis.

5. The method of claim 1 or 2, wherein the reference data set comprises a

collection of cell features associated with malignancy-associated changes.

6. The method of any one of claims 1 to 5, wherein the reference data set is

stored on a data storage medium.

7. The method of any one of claims 1 to 6, wherein the optical measurement
value of the certain DNA is at least one of an integrated optical density value, an
optical density value, and an optical intensity value of the certain DNA content,

and is derived from the reference population determined from the sample.

8. The method of any one of claims 1 to 7, wherein the experimental constant
is chosen for at least one of convenience, computational ease, and other practical

consideration.

9. The method of any one of claims 1 to 8, wherein the experimental constant
is chosen from the group consisting of an integrated optical density value, an
optical density value, and an optical intensity value, and is derived from at least
one of a control sample, a reference data set, and a material with known

characteristics.

10.  The method of any one of claims 1 to 9, wherein said photometric

correction factor adjusts optical measurements such that the ratio of the DNA
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content value of the cells of the sample to the DNA content value of the cells of

the reference data set is about 1 for diploid cells and about 2 for tetraploid cells.

11.  The method of any one of claims 1 to 10, wherein the desired pixels
comprise one of substantially all the pixels within an object boundary and a

desired groups of pixels within the object boundary.

12, The method of claim 11, wherein the object boundary is the perimeter of a

nucleus.

13. The method of any one of claims 1 to 12, further comprising applying the

photometric correction factor to substantially all pixels in the digital image.

14.  The method of any one of claims 1 to 13, further comprising performing at

least one of steps b) and c) iteratively.

15.  The method of any one of claims 1 to 13, further comprising performing at
least one of steps b) and c) iteratively as significantly more cells in the sample are

analyzed to provide an improved photometric correction factor.
16.  The method of claim 15, further comprising performing step d) iteratively.

17. The method of any one of claims 1 to 15, further comprising performing

step d) using at least one of a non-linear function and a linear function.

18.  The method of any one of claims 1 to 17, wherein the stained DNA is

stained proportionately.

19.  The method of claim 18, wherein the stained DNA is stained with a

Feulgen staining method.

20. The method of claim 19, wherein the stained DNA is stained with at least

one of an absorbance stain, a fluorescence stain, an antibody, and a label.
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21.  The method of any one of claims 1 to 20, further comprising providing a
control comprising at least one image of a known substance having a known

optical density.

22.  The method of claim 21, further comprising at least one of staining said
control substantially simultaneously with the sample and staining said control

substantially sequentially with the sample.

23.  The method of claim 22, wherein the sample is from a patient potentially

having a selected malignancy and the sample is from a non-associated tissue.

24, The method of claim 23, wherein the selected malignancy is an internal

cancer and the non-associated tissue is an available tissue.

25.  The method of claim 24, wherein the selected malignancy is lung cancer
and the non-associated tissue comprises at least one of a buccal mucosa, a nipple

aspirate, and a ductal washing.

26.  The method of claim 24, wherein the selected malignancy is breast cancer
and the non-associated tissue comprises at least one of a buccal mucosa and a

sputum.
27. A system comprising;
an image cytometer that provides a digital image of a cell; and

a computer linked to the cytometer and comprising a computer-readable
medium storing computer-implemented programming implementing the

method of any one of claims 1 to 26.

28. A computer comprising a computer-readable medium storing computer-

implemented programming implementing the method of any one of claims 1 to

26.
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