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(57) Analyseur d’¢chantillon cytologique constitu¢ d’un (57) A cytological specimen analyzer includes an 1image
apparell de saisie d’'images, d'un 1mageur et d’une capture apparatus, a mapper and a screening station. The
station de visualisation. L’ 1tmageur recoit des images  mapper receives digital images of regions of a slide
numeriques correspondant a diverses régions d’une containing a cytological specimen and determines 1f each
preparation microscopique contenant un ¢chantillon of the regions contains cytological material. The mapper
cytologique, et 1l détermine s1 chacune de ces régions analyzes the image of each region, pixel by pixel, and 1f
contient du matéeriel cytologique. L imageur analyse, the region contains cytological material then the
pixel par pixel, I'tmage de chaque région et s1 elle coordinates of the region are stored along with a focal
contient du materiel cytologique ses coordonnees sont  position for the region and a value indicative of the
enregistrees en méme temps que sa position focale et amount of cytological material in the region. Upon
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quune valeur mdiquant la quantit¢ de matériel analysis of each region on the slide, the mapper
cytologique présent. En analysant chacune des régions determines the most efficient path to be traveled between
de la préparation microscopique, I'imageur détermine  regions containing cytological material to minimize the
par la méme occasion le trajet le plus rapide pour  viewing time of an operator at the screening station.
parcourir ’ensemble des régions contenant du materiel ~ Upon request by the screening station, the sequence of
cytologique pour un opérateur installe a la station de  the aforesaid coordinates, which 1s indicative of the most
visionnement. Cette sequence de coordonnées est  efficient path, are transmitted to the screening station.
transmise a la station de visonnement sur demande.
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ABSTRACT OF THE DISCLOSURE

A cytological specimen analyzer includes an Image capture apparatus, a mapper and a
screening station. The mapper receives digital images of regions of a slide containing a
cytological specimen and determines if each of the regions contains cytological material. The
mapper analyzes the image of each region, pixel by pixel, and if the region contains cytological
material then the coordinates of the region are stored along with a focal position for the region
and a value indicative of the amount of cytological material in the region. Upon analysis of each
region on the slide, the mapper determines the most efficient path to be traveled between regions
containing cytological material to minimize the viewing time of an operator at the screening

station. Upon request by the screening station, the sequence of the aforesaid coordinates, which

is indicative of the most efficient path, are transmitted to the screening station.
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CYTOLOGICAL SPECIMEN ANALYSIS SYSTEM WITH PRESCREENING AND
GENERATION OF VIEWING PATH INFORMATION

FIELD OF THE INVENTION

This invention relates in general to the field of cytological specimen analysis and 1n

particular to methods and apparatus employed in the visual screening of cytological specimens.

BACKGROUND OF THE INVENTION

Proper screening of cytological specimens is an important step in the diagnosis of
numerous potentially serious maladies. For instance, in the case of Pap smears which are
routinely taken for women, accurate screening of the Pap smear can detect the early stages of
cancer, thus reducing the chances of any cancer or related abnormal condition from spreading.

Typically such screening is performed by a highly trained technician, commonly referred to as

a cytotechnologist.

To perform such a screening, the cytotechnologist generally views the slide containing
the Pap smear through a microscope to detect the presence of cells which may exhibit cancerous
or other abnormal conditions. While the analysis performed by the cytotechnologist requires
intensive training, the process of thoroughly screening a specimen for the presence of cancerous

or abnormal cells is often laborious and tedious. To ensure an accurate analysis the entire
specimen must be viewed to determine the presence or absence of an abnormal condition. While

many specimens may have portions containing no cytological material, the cytotechnologist must
nevertheless view the entire specimen to determine this fact.

Automated microscopes which simplify or reduce the manual effort required of the
cytotechnologist are often helpful in increasing the efficiency with which a specimen may be
screened. Other automation techniques, such as generally described by B. Nordin in a doctoral
thesis entitled “The Development of an Automatic Prescreener for the Early Detection of

Cervical Cancer: Algorithms and Implementation”, Uppsala University, Image Analysis

Laboratory, Uppsala, Sweden (1989), are also helpful in increasing the cytological screening

efficiency. -
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While such techniques may improve cytological screening efficiency by varying amounts,
there exists a need for a system which reduces the time required to accurately analyze a

cytological specimen and thereby increase the efficiency by which such a specimen may be

analyzed.

[ & &

SUMMARY OF THE INVENTION

[t is a primary object of the present invention to reduce the average time required for the
visual screening of cytological specimens. The foregoing object is achieved by providing a
cytological specimen analyzer which p.resents to an operator only those fields of view that may
contain diagnostically significant material. The cytological specimen analyzer includes a means

which is responsive to an image of a portion of a cytological specimen, for determining if the

portion contains viewable specimen material. A means which is responsive to the image
containing viewable specimen material stores coordinates indicative of the location of the image
on the cytological specimen. A means which is responsive to a plurality of the stored
coordinates, each indicative of a location on the cytological specimen for a corresponding image,
generates a routing path which minimizes the time required for a viewer of the cytological

specimen to view each of the images which contain a viewable portion of a specimen.

Embodiments employing the foregoing principles advantageously reduce the amount of
time required to view portions of the slide containing no cytological material in two ways. First,
many regions of the slide containing no cytological material are identified and eliminated from
the views presented to the viewer of the cytological specimen. Second, the path between the

views to be presented is optimized, thus further reducing the amount of time required to view the

cytological material on the slide. The efficiency of the analysis is thus increased and operator

fatigue 1s decreased by increasing the proportion of time spent by the operator on analysis of
actual cytological matenal.

[n addition, embodiments utilizing the principles of the present invention present the
cytotechnologist with the actual specimen on the slide for analysis rather than presenting an
electronic image. The direct visual image seen through a microscope has better spatial resolution
and color fidelity than an equivalent image which has been electronically captured and displayed,

and therefore, the direct image is better suited for cnitical diagnostic applications. Moreover, the

cytotechnologist is presented with all regions of the slide which contain cytological matenal,
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normal or abnormal, and thus uses his/her own skill and
judgement in deciding whether the specimen contains
abnormalities. Presentation of all of the cytological material
contained i1n the specimen advantageously allows the cytotech to
use contextual i1nformation in arriving at a determination, and
use of the cytotech’s training and skill allows detection of
abnormalities which computerized image analysis systems may not
be programmed to detect. Systems operating in accordance with
the present i1nvention can thus accommodate a wide range of
sample types and preparations while computerized image analysis
systems programmed to detect certain abnormalities can
accommodate only those specific types and preparations of

specimens for which they are programmed.

Thus, 1in one respect, an exemplary embodiment of the
present 1invention can take the form of a method of assisting a
human observer to screen a specimen. A set of digital image
data representing the specimen can be acquired into a machine.
The machline may then analyze the data and identify regions in
the specimen that contain diagnostically significant material
(Y screenable regions”) and may exclude from further analysis
those regions that do not contain such material. The machine
may then generate a presentation function that defines, for
each region, a speed for presentation of the region to the
human observer. The speed per region can vary depending on how
much diagnostically significant material is detected in the
region, or depending on how widely distributed the material is
in the region. The machine may then employ the presentation
function to control presentation of the screenable regions to
the human observer, thereby giving the observer more time to

look at regions containing more diagnostically significant
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material or more widely distributed diagnostically significant

material.

In another respect, an exemplary embodiment of the
invention can take the form of a method of assisting an
observer to analyze a cytological specimen via a microscope
screening station. A machine may receive digital data
representing an image of the specimen and can analyze the data
to identify cytological material in the specimen. The machine
may then generate a routing function that is keyed to spatial
coordinates of regions of the specimen. The routing function
can define a sequence for presentation of the regions to the
observer, and the sequence can be arranged so as to minimize
movement of the specimen across a lens of the microscope
screening station. The routing function can define for each
region a speed for movement of the specimen across the lens,
such that the speed 1is a function of at least the quantity of
Cytological material that the machine identifies in the region.
The machine can then apply the routing function to control
movement of a motorized stage so as to present the regions to

the observer according to the sequence and speeds.

In yet another respect, an exemplary embodiment of
the invention can take the form of a cytological specimen
analyzer that includes means for receiving digital image data
representing a cytological specimen, means for analyzing the
data so as to identify screenable regions of the specimen,
means for storing coordinates indicative of the location of the
screenable regions, and means for generating a microscope
routing function keyed to the coordinates. The routing
function preferably defines sequence and scanning speed

information so as to minimize the time required for a human

3a
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observer to view the cytological material of the screenable

regions.

In still another respect, an exemplary embodiment of
the invention can take the form of a computer programmed with a
set of instructions for carrying out the methods described

above.

In still a further respect, an exemplary embodiment
of the invention can take the form of a specimen analyzer. The
specimen analyzer can include a camera, a storage apparatus, an
image analyzer, a router, and a screening station. The camera
can generate digital data indicative of an image. The storage
apparatus can store the digital data. The image analyzer can
analyze the data and find diagnostically significant material
in regions of the specimen. The router can generate a
presentation function defining sequence and speed parameters
for presentation of microscope fields of view corresponding to
regions of the specimen, where the speed is based at least on
information that the analyzer learns about the diagnostically
significant material per region. The screening station, in
turn, can employ a microscope with a motorized stage that
responds to coordinates received from the router and that
presents a sequence of fields of view according to speeds

defined by the presentation function.

These and other features and advantages of the
present invention may be better understood by considering the
following detailed description of certain preferred embodiments
of the invention. 1In the course of this description, reference

will be made to the attached drawings.

3b
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BRIEF DESCRIPTION OF THE DRAWINGS

Fig. 1 is a flow diagram i1llustrating principal

components employed and functions performed by a preferred
embodiment;

Fig. 2 is a flow diagram l1llustrating operation of a
preferred embodiment;

Fig. 3 is a flow diagram lllustrating a portion of
Fig. 2 in greater detail:

Figs. 4(a) and 4(b) are flow diagrams lllustrating a
10 portion of Fig. 3 in greater detail;

Fig. 5 is an illustration of a preferred filter
employed by a preferred embodiment; and

Figs. 6(a) and 6(b) are simplified illustrations

showing primary viewing patterns generated by a preferred
15 embodiment;

Fig. 7 is a simplified illustration showing a manner

in which tiles may be generated by a preferred embodiment :

Fig. 8 is an illustration showing an alternative

embodiment of the views seen in slide 102 in Fig. 1.

20 DETAILED DESCRIPTION

Fig. 1 of the drawings shows by way of example, the

functions performed by a Cytological screening system employing

the principles of the present invention. The cytological

3C
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screening system of Fig. 1, which is adapted for use in a clinical laboratory or like facility,

preferably includes image capture apparatus 100, a mapper 104 and a screening station 110

which includes a microscope for viewing of cytological specimens. The image capture apparatus
100 employs a camera to capture digital images of a slide 102. Image capture of a specimen 103
on the slide 102 1s performed by subdividixig the slide 102 into a plurality of equally sized
regions, designated by the dotted lines in the slide 102, and individually capturing a digital image
of a region. The digital image of the region is stored in a memory once captured and is analyzed
by mapper 104 which operates to analyze the region for the presence of cytological material. If
any cytological material is detected, the region is designated by the mapper as a screenable
region. Once the region is analyzed, a digital image of another region of the slide is captured at
100 and analyzed at 104. This sequence is repeated until each region of slide 102 has been
captured and analyzed.

Once all regions of the slide 102 have been captured and analyzed (106), the mapper 104
generates, as seen at 107, a plurality of tiles, which are shown as circles within the slide 102 at
the screening station 110. The tiles shown in Fig. 1 are simplified for ease of illustration. Each
of the tiles is preferably the same size and corresponds to a field of view selected by the
cytotechnologist for the microscope at the screening station. Collectively, the tiles surround all
of the cytological material determined by the mapper to be required for viewing by the
cytotechnologist. Once the tiles are generated, the mapper, as seen at 108, employs a routing
function to generate a plurality of viewing coordinates which determine the sequence in which
the tiles may be viewed by a cytotechnologist at screening station 110. The coordinates are then
transmitted upon request by a screening station 110 to that screening station (described in further
detail below) which preferably takes- the form of a microscope employing a motorized stage to
move the slide 102 beneath a lens of the microscope in accordance with the sequence of
coordinates received from the mapper.

The sequence in which the tiles are viewed 1s advantageously selected by the mapper to
reduce the amount of time required for the screening station 110 to move between the tiles and
to maximize the practical degree of scene continuity. Thus, the mapper 104 reduces the average
time required for the cytotechnologist to screen the specimen contained on slide 102 in two ways.
First, the regions of the slide which do not contain any cytological material are eliminated by the

mapper, thus eliminating the need for the cytotechnologist to visually perform such a task.

4
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- Second, the path between the regions which contain cytological material is optimized, thus

reducing the amount of time required for the motorized stage employed by the microscope of the

station 110 to move from one region to the next.

The regions of the slide shown in Fig. 1 are simplified for sake of illustration. In practice,
a slide will typically have far more regior;s than shown in Fig 1. For example, a typical slide
which measures approximately 7Smm x 25mm, with an area of roughly S0mm x 25mm being
occupied by a specimen. Such a slide will contain regions of approximately 2.5mm x 2.5mm,

totaling approximately 200 regions for the slide.

The image capture apparatus 100 preferably takes the form of a CCD (Charge Coupled
Device) type scientific grade type camera with a 1K x 1K or larger format, and a class 3 or better

sensor. Such a camera is available commercially under the trade name ES-1 from Kodak
Corporation, Rochester, New York, and is also available from Pulnix America, Sunnyvale,
California.. Such a camera preferably is characterized by an active sensor area of 9mm x 9mm
or larger and with a pixel spacing of nine (9) microns or finer and can capture images at a rate
of at least 30 frames/second, and provide a digital output at a minimum rate of 30Mhz. The
optical system is configured to provide an effective pixel resolution of approximately 2.4 microns
at the sample. While such a resolution is appropriate for the preferred embodiment described
herein, it may be changed for other applications. The specifications stated herein are illustrative
of a particular preferred embodiment and may be altered. For instance, a camera with a format
larger than 1K x 1K would reduce the number of images to be captured because each captured

image would contain a larger portion of the slide. A pixel spacing of finer than 9 microns would

result in higher resolution.

The camera provides its digital output to a frame grabber which operates to store the
digital data received from the cameré. The frame grabber preferably employs a PCI type
interface and is characterized by a data transfer rate of at least 50 Mhz. Preferably the frame
grabber also employs digital signal processing for shading correction and blob finding. A
preferred frame grabber takes the form of a Data Raptor type frame grabber available from Bit
Flow Corp., Woburn, Massachusetts. In an alternative embodiment, the frame grabber may
perform certain image enhancement functions by way of specialized hardware devices to provide
a speed increase over performing such functions in software. For instance, the frame grabber

may be configured with specialized hardware such as digital signal processing circuitry to

-l
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perform histogram calculations performed in the preferred embodiment described herein in

software.

The screening station 110 preferal?ly takes the form of a microscope employing a
motorized stage and motorized focusing v\;ﬁich may be controlled by the operator of the station
by way of an ergonomic input device which allows simple and rapid control of the stage and
focusing. The screening station may also be operated under computer control or under combined
manual and computer control. The screening station is coupled to the mapper 104 via a serial
link and receives from the frame grabber positional information in the form of coordinates of

regions to be viewed by the station operator. A preferred screening station is avatlable from

AccuMed International, Chicago, Illinois, under the trade name AcCell™ Series 2000.

In a preferred embodiment, the mapper and image capture apparatus are contained in a
single housing and the mapper is coupled to the screening station by way of a local area network.
While neither the physical structure of fhe mapper and image capture apparatus or the manner
of coupling the mapper to the screening station is critical, such an arrangement allows the mapper
and image capture apparatus to be physically separate from the screening station and allows the
mapper to transmit and receive information with a plurality of screening stations. Alternative
arrangements of the manner in which the mapper and screening station are coupled, such as by
way of example, a direct serial link, will be apparent to those skilled in the art in view of the
present disclosure. .

An operator wishing to use the screening station 110 to view a slide inserts the slide or
a plurality of slides into a slide carrier which is then inserted into a magazine contained on the
screening station. The system extracts a slide from the magazine and scans, using a bar code
reader, a bar code, which is affixed to each slide. The identity of the slide, as determined by the
scanned bar code is used by the system to retrieve coordinates from the mapper 104. The slide
is then transported from the magazine onto the stage which is then positioned in accordance with
a first set of coordinates received from the mapper 104. The operator may then view the slide and
by use of the above mentioned ergonomic input device control the focus as well as the speed of
the stage. If desired the operator can stop movement of the stage and then restart the fnovement.

Moreover, the operator may enter a manual mode where control over viewing of the slide is fully

manual and any portion of the slide may be viewed in the sequence desired by the operator.
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The functions performed by the mapper 104 are illustrated in flow chart form in Fig. 2.
Preferably the mapper is implemented as a software program stored in a semiconductor, magnetic
of other similar type of storage device and executed by a general purpose digital computer. As
seen at 202, the mapper acquires an image of each region of the slide from the image capture
block 100 of Fig. 1, and determines which regions contain cytological material. New region
boundaries are then determined in such a manner as to include all detected material within the

regions while, to the greatest extent practical, excluding those portions of the slide not containing

material to be presented from the regions. Next, at 204, the most efficient sequence for
presentation of the regions containing cytological material to the cytotechnologist is determined.

Finally, at 206, positional information in the form of a sequence of coordinates is transmitted to.

the screening station 110.

As illustrated in Fig. 1, mapper 104 analyzes each region of the slide 102 by first
subdividing each region into a plurality of equally sized blocks, designated by dotted lines withun
region 112, and then individually analyzing each picture element (pixel), designated by dotted
lines within block 114, within each block. Preferably, the number of regions is large enough so
that any one region occupies no more than one-quarter of the area of the 100% coverage field of
view of a 10X screening objective used in the screening station 110. Each region preferably is
divided into a 64x64 matrix of blocks, with each block containing a matrix of 16x16 pixels. The
camera/objective combination of the image capture apparatus 102 is advantageously chosen to
provide a nominal resolution of 2.5 microns at the specimen, thus ensuring the detection of all

objects larger than 5 microns in diameter. Preferably, the mapper is implemented as a stored

program executed by a general purpose computer. Figs. 3, 4(a) and 4(b) illustrate the operation
of the mapper in further detail.
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The mapper program is entered at step 302 and at step 304, a nucleus and a cytoplasm
threshold are obtained from values stored in memory accessible to the mapper. Each threshold

establishes an initial gray scale intensity level used to compare against the gray scale intensity
of the pixels being analyzed. Preferably a gray scale represented by eight bits (one byte) is used
to provide a range of 256 gray scale values from zero (0) to two-hundred fifty-five (255). In such
a range a value of zero indicates a pixel which is completely black, and a value of 255 indicates
a pixel which is white, or clear. Preferably, the nucleus threshold is set on such a gray scale to
an initial value of 150 and the cytoplasm threshold is set to an initial value of 200. In one
embodiment, as described above, the initial values of the nucleus and cytoplasm thresholds are
set empirically and then adjusted based upon the image data. In another embodiment, the initial
values are determined adaptively from the image histogram. The empirical approach tends to
be more computationally simple and efficient if the image has been shading corrected and scaled.
The adaptive approach gives better performance if the image has been shading corrected but not
scaled. A pixel exhibiting a gray scale intensity below the nucleus threshold may be
representative of nucleat material and a pixel exhibiting a gray scale intensity above the nucleus

threshold and below the cytoplasm threshold may be representative of cytoplasmic material. A
pixel exhibiting a gray scale intensity above the cytoplasm threshold is determined by the mapper

to be neither nuclear nor cytoplasmic material.

At 306, the image of the region in question obtained by the frame grabber is transferred
to the mapper and shading correction of the image is performed to correct for non-uniformities
in illumination of the image which may occur due to a variety of factors including defects or
shortcomings in the camera. Shading correction is performed by generating, prior to initiation
of the mapper routine, a pixel correction map which contains a correction value corresponding

to each pixel in the frame grabber. The pixel correction map is generated by taking an image

with the frame grabber of a clean, blank slide. The resulting image, the pixels of which are
expected to each have a gray scale value of 255, is then analyzed and the pixel map is generated
so that each pixel has a corresponding correction value which, when added to the value of the
pixel in the image of the blank slide, results in a gray scale value of 255. Performing the shading
correction step seen at 306 requires the addition of each pixel correction value to the

corresponding pixel.

At steps 308 and 310, the initial nucleus and cytoplasm thresholds are adjusted to correct
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for any background material, such as mucus, on the specimen which may affect the analysis of

~ the pixels. The adjustment is preferably done by calculating a histogram of the gray scale values

of the pixels in the region in question. The gray scale value having the highest occurrence in the

histogram is designated at step 308 as the variable MAX, and at step 310, the nucleus and

cytoplasm thresholds are adjusted in accordance with the following relationships:

Nucleus Threshold = (Nucleus Threshold + MAX) - 255 (1)

Cytoplasm Threshold = (Cytoplasm Threshold + MAX) - 2535 (2)

In equations (1) and (2) above, the value 255 is the maximum value (white) in the utilized gray
scale.

At step 312, a nucleus pixel threshold (SUMN) and a cytoplasm pixel threshold (SUMC)

are calculated in accordance with the following relationships:

SUMN = L * Nucleus Threshold (3)

SUMC = M * Cytoplasm Threshold (4)

In equations (3) and (4) above, the values L and M are representative of a filter which is
preferably employed to analyze individual pixels as a function of surrounding pixels. Fig. 5 of
the drawings shows a preferred form of the filter employed to perform such a function. Shown
in Fig. 5 is a matrix of twenty-five pixels, with the pixel in question shown at the center of the
matrix, and designated by the numeral “1". The eight pixels immediately surrounding the pixel
in question, are also designated by the numeral “1" and, like the pixel in question, represent
pixels with gray scale intensities which are below the nucleus threshold, and thus represent
nuclear material. The sixteen pixels at the periphery of the matrix, which are designated by the

numeral “-1" represent pixels with gray scale intensities which are between the nucleus and
cytoplasm thresholds and thus represent cytoplasmic material. Thus the filter shown in Fig. 5,

referred to herein as a “tophat filter” determines a pixel to represent nuclear material if the pixel
in question has a gray scale intensity less than the nucleus threshold, and if the eight immediately

surrounding pixels also have a gray scale intensity less than the nuclear threshold, and if the
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sixteen pixels immediately surrounding the aforesaid eight pixels have a gray scale intensity

between the nucleus and the cytoplasm thresholds.

The value L as used in equation (3) above is indicative of the number of pixels in the
tophat filter representing nuclear material which surround the pixel in question. Thus, in the
tophat filter of Fig. 5, L equals the value ;:ight (8). The value M as used in equation (4) above
Is indicative of the number of pixels in the tophat filter representing cytoplasmic material, which
in the tophat filter of Fig. 5 equals the value sixteen. Once the vajues SUMN and SUMC are
determined, each block of the region in question is individually analyzed as seen at 314 in a
manner more fully shown in Figs. 4(a) and 4(b).

At 400, the number of pixels in the block exhibiting a gray scale intensity less than
the nucleus threshold (N) is determined, and at step 402, the value N is compared to an
emptrically predetermined range which by way of example has a value five as a minimum and
a value 250 as a maximum. The comparison at step 402 advantageously provides a rapid and
initial determination of whether the block in question requires further analysis to determine the
presence of viewable specimen material. If the number of pixels in the block which are less than
the nucleus threshold is less than five, then the block is determined to be free of cellular matenal,
and 1f the number of pixels in the block which are less than the nucleus threshold is greater than
250 then the block is determined to contain material other than isolated cellular material. In
either of these situations, no further analysis of the pixels in the block is performed, and the block
is not included among the blocks to be viewed by an operator at the screening station 110. At
404, a value of zero is assigned to the block and analysis of the next block is performed. The
lower value (5) of the range is advantageously selected to eliminate from further analysis blocks
which may have some pixels, caused by dust or other types of non-cellular material, which are
below the nucleus threshold, but which are free of cellular material. The upper value (250) of
the range is advantageously selected to eliminate from further analysis, blocks which contain
material other than cellular material, such as labels on the slide, which allow such little
transmission of light through the slide to prevent further analysis of the material.

If N 1s within the range established at step 402, then starting at step 408, each pixel of the
block in question is individually analyzed and categonzed as being in one of four categories. If
the pixel in question meets the criteria at 414, then the pixel is initially determined to be in

category 1 and additional analysis is performed at steps 420, 424 and 428 to determine if that

10
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pixel should be moved to category 2, 3 or 4. Pixels eventually determined to be in category 1
are those pixels which are deemed to be representative of nuclear material. Pixels eventually
determined to be in category 2 are those pixels which are deemed to be representative of
superficial squamous cells. Pixels eventually. determined to be in category 3 are those pixels
which are deemed to be representative of cytt;plasmic overlap in the specimen. Pixels eventually

determined to be in category 4 are those pixels which are deemed to be representative of an

artifact, such as dust, bubbles and scratches as well as biological material that i1s not of interest.
For example, some specimens include cell fragments as well as intact cells. The former are
generally not of interest. Similarly, some labs are not interested in bactena, yeasts, fungi and
similar objects present in specimens that are being screened for the presence of cancer. The
distinctions between categories 2, 3 and 4 are of use only during testing of the routine and are

not used in determining whether the block in question contains viewable cellular material, i.e.
cellular material required to be viewed by the cytotechnologist. If any pixels in the block in
question are determined to be in category 1, then the block is included as one of the blocks
presented in the routing path to the cytotechnologist for viewing at the screening station 110.

At step 408, the gray scale value of the pixel in question 1s compared to the nucleus
threshold, and if the gray scale value is not less than the nucleus threshold, then the routine
proceeds to analyze the next pixel. Otherwise, at step 412 a scalar product for the fiiter top (T)
is generated by adding the gray scale intensity of the pixel in question with the surrounding eight
pixels. The value T is compared at step 414 to a threshold filter top value, and if T is not greater
than the threshold filter top value then the routine proceeds to the next pixel. The threshoid fiiter
top value is preferably generated in accordance with the following relationship:

Threshold Filter Top Value = Pixel Gray Scale Value * L * [.075 )
where, 1.075 is a predetermined scaling factor. If at 414, T is greater than the threshold filter top
value, then at 416 the block in question is assigned a value of one, and at 418, a filter brim value
(B) is generated by adding the intensity of the pixel in question with the 16 pixels at the
periphery of the filter. The routine continues in Fig. 4(b), where at 420, the filter brim value (B)
is compared to the cytoplasm pixel threshold (SUMC), and if B 1s not greater SUMC then the
routine proceeds to the next pixel. Otherwise, at step 422, the pixel in question is assigned to
category 2, and at step 424, B is checked to determine if it 1s within a range established by

SUMC and SUMN. If B is outside of such range, then the routine proceeds to the next pixel.

11




10

15

20

25

CA 02219432 1997-10-24 (ﬁ*f

Otherwise, at step 426, the pixel‘ In question is assigned to category 3 and at step 428, the routine
determines if the level of contrast between the top and brim values are less than a predetermined
threshold value, selected to be a value of 1.3, and if not then the routine proceeds to the next
pixel. Otherwise, the pixel in question is-assigned to category 4. Once all pixels are analyzed,
the number of pixels in category 1 is determined at 432.

At step 434 a scanning speed is determined for the block in question. The mapper
advantageously determines a scanning speed, the speed at which the microscope stage will move
the slide under the lens for the block in question, as a function of the number of pixels containing
viewable cellular material, in other words, the number of pixels in category 1. This advantageous
feature causes blocks which have been determined to contain little viewable cellular material to
be scanned faster than blocks determined to con(ain more viewable cellular material.

The scanning speed is determined as a function of the amount of time required of a
cytotechnologist to visually scan a field of view and to have confidence that all objects in the
field of view were noticed.The scanning speed is determined as a function of such a range and
the number of pixels determined to represent viewable cellular material, as well as the
distribution of the pixels within the tile. Thus, regions containing more cytological material will
be scanned slower than regions containing less cytological material, thus allowing the
cytotechnologist more time for analysis of a region which contains a large amount of cytological

matenal. The number of pixels in each block is represented by the count S as determined at step

432. Equation (6) below shows the manner in which the scanning speed is calculated:

C =) §d (6)

where, N is the number of map pixels in the tile;
S, 1s the map pixel value; and

d; i1s the distance from the pixel to the center of the tile.

The equation above advantageously generates a scanning speed which is related to the number
of pixels containing viewable cellular material but yet which is within a predefined range to

ensure adequate viewing time. The viewing time also has a maximum limit to prevent overly
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long viewing times.

Once all regions of the slide have been analyzed as described above to determine the
presence and location of the cytological material on the slide, the mapper at step 435 generates
tiles, which each represent a field of view fog the screening station, for viewing of the cytological
material by a cytotechnologist. Preferabl}, four sets of tiles are generated, with two sets being
generated for viewing of the tiles in a primary vertical pattern and two sets being generated for
viewing of the tiles in a primary horizontal pattern. Of the two sets of tiles generated for primary
vertical viewing, one set corresponds to the field of view created by a 10X magnification at the
screening station, and a second set corresponds to the field of view created by a 20X
magnification at the screening station. A 10X magnification corresponds to a circular field of
view of approximately 2.2mm in diameter and a 20X magnification corresponds to a circular
field of view of approximately 1.1mm in diameter. Each circular tile is preferably smaller than
the field of view for a selected magnification. By way of example, a circular tile may be 200
microns smaller than the field of view for a selected magnification. Alternatively, each of the
tiles may take the form of square with sides, by way of example, of approximately 1.56mm.
While either circular or square shaped tiles may be used to advantage, circular shaped tiles have
been found to require a fewer number of tiles than square shaped tiles to cover the viewable
material on a slide, thereby reducing the fields of view presented to the cytotechnologist. Similar
sets are created for primary horizontal viewing. Thus, the cytotechnologist may select one of two
magnifications for viewing of the tiles in either a primary horizontal or primary vertical viewing
pattern. Figure 6(a) of the drawings shows an example of a primary horizontal viewing pattern
and Figure 6(b) of the drawings shows an example of a primary vertical viewing pattern. While
the fields of view presented to the cytotechnologist will deviate from a horizontal or vertical
pattern, the overall path taken to present the tiles to the operator in a primary horizontal pattern
will resemble a serpentine path moving horizontally from one end of the slide to the other.
Similarly, the primary vertical pattern will resemble a serpentine path moving vertically from one
end of the slide to the other with slight deviations.

The generation of tiles is preferably performed in a manner to cover all of the identified
viewable material with a minimum number of tiles and a minimum distance required to move
between the tiles. Preferably, tiles are positioned so that the viewable material is positioned at

the center of the tile. As seen in Figure 1, tiles may be separate to cover viewable material
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which can be covered by a single tile. Tiles may also overlap one another (as seen in Figure 1)
to cover viewable material which requires multiple tiles to cover the material. Advantageously,
overlapping tiles may reduce the distance from tile to tile required to present certain material to
a cytotechnologist. For instance, as showg_ in Figure 7, tiles 701, 702 and 703 are generated in
a primary horizontal fashion so as to overlap one another to cover the material seen at 704.

Advantageously, the field of view merely needs to be shifted from left to right slightly to present

three fields of view to view the material 704 in its entirety. Moreover, the overlap provides

spatial frequency content in the image.

Preferably, the four sets of tiles are stored in a text type file and the coordinates
transmitted by the mapper to the screening station includes four values. Two values define a
starting position in the region to be viewed, one value defines a focal position for focusing of the
microscope lens in the region to be viewed, and one value is a scanning speed value which
determines how fast the stage is moved under the lens for the region to be viewed.

To view a slide, a cytotechnologist loads a cassette with one or more slides which has
been analyzed by the mapper, selects a magnification and informs the screening station by entry
of appropriate commands through a control panel on the screening station of the desired viewing
pattern (horizontal or vertical). The cassette is inserted appropriately into the screening station
which selects a slide and reads an identification code on the slide in the form of a bar code. The
screening station determines the field of view corresponding to the selected magnification, and
then searches an electronic directory for the presence of the identification code on the slide, and
if the directory contains the identification code, then the screening station uses the information
from the directory to retrieve a text file containing the set of tiles corresponding to the
magnification and desired viewing pattern selected by the cytotechnologist.

In an alternative embodiment, the mapper can analyze each region of the slide in a
manner shown in the steps of the drawings through step 434. Then, upon a request from the
screening station for tiles corresponding to a particular selected magnification and viewing
pattern the mapper could generate the appropriate tiles and routing pattern corresponding to the
selected magnification and viewing pattem. Such a technique may result in a slight delay while

the mapper generated the tiles and routing map, but would reduce the amount of storage required
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to store the files containing the four sets of tiles corresponding to two magnifications and two

viewing patterns.

It is to be understood that the specific mechanisms and techniques which have been
described are merely illustrative of one application of the principles of the invention. Numerous

modifications may be made to the methods and apparatus described without departing from the

true spirit and scope of the invention.
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CLAIMS:

1. A method of assisting a human observer to screen a
specimen, said method comprising, 1n combination:

acquiring into a machine a set of digital image data
representing sald specimen;

sald machine analyzing salid digital image data and thereby
ldentifying regions 1n said specimen containing diagnostically
significant material, each of the regions that said machine
determines to contain diagnostically significant material
defining a screenable region, whereby, sald machine may exclude
from further analysis any region that said machine determines to
not contain diagnostically significant material;

sald machine generating a presentation function defining,
individually with respect to each screenable region, a speed for
presentation of sailid screenable region to said human observer,
wherein said speed 1is slower for a screenable region that
contains a greater quantity of diagnostically significant
material than another screenable region and said speed 1s faster
for a screenable region that contains a lesser gquantity of
diagnostically significant material than another screenable
region; and

sald machine employing said presentation function to
control presentation of said screenable regions to said human
observer, whereby said presentation function may give a human
Observer more time to view a screenable region containing a
greater quantity of diagnostically significant material, and

vice versa.

2. A method as claimed 1in claim 1, wherein sald speed 1is
slower for a screenable region that contains more widely
distributed diagnostically significant material than another

screenable region, and said speed 1s faster for a screenable
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region that contains less widely distributed diagnostically
significant material than another screenable region,

whereby said presentation function may give a human
observer more time to view a screenable region containing more

widely distributed diagnostically significant materilal.

3. A method as claimed in claim 1, wherein said specimen
comprises a cytological specimen, wherein diagnostically
significant material comprises cytological material, and wherein
said speed for presentation of a screenable region to said human
observer defines a scanning speed for movement of said
cytological specimen in relation to a microscope lens for

displaying said region via a microscope to sald human observer.

4 . A method as claimed in claim 1, wherein said digital
image data represents pixels cooperatively defining an 1image of
said specimen, and wherein said machine identifying regions 1n
said specimen containing diagnostically significant material
comprises said machine analyzing an intensity of each of the
pixels cooperatively defining a region of said specimen and
determining, with respect to said pixel, whether said intensity

may represent diagnostically significant material.

5. A method as claimed in claim 1, wherein said specimen
comprises a cytological specimen, wherein diagnostically
significant material comprises cytological material, and whereiln
said machine determining whether said intensity may represent
diagnostically significant material comprises sailid machine
comparing said intensity to a nuclear threshold intensity and a

cytoplasm threshold intensity.

6. A method as claimed in claim 1, further comprising

said machine maintaining in a data storage medium a set of
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coordinates corresponding to locations of screenable regions 1in
said specimen, wherein said presentation function further
defines a sequence for presentation of said screenable regions
to said human observer, said sequence being keyed to said stored

5 coordinates corresponding to respective screenable regions.

7. A method as claimed in claim 6, wherein said
coordinates include a focal position respectively for each
screenable region and said presentation function keyed to said
10 stored coordinates thereby defines focal position for
presentation respectively of each screenable region via a

microscope.

8. A method as claimed in claim 6, wherein said stored
15 coordinates are generated as a function of at least a first
magnification selectable for presentation of said specimen via a

microscope.

9. A method as claimed in claim 6, wherein presentation
20 of screenable regions to a human observer comprises moving said

specimen in relation to a microscope lens so as to display said

screenable regions for viewing by said human observer via saild

microscope.

25 10. A method as claimed in claim 9, wherein said machine
configures said sequence so as to minimize physical movement of

said specimen in relation to said microscope lens.
11. A method as claimed in claim 10, wherein said machine

30 configures said sequence for presentation of said screenable

regions in a serpentilne path.
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12. A method of assisting an observer to analyze a
cytological specimen via a microscope reviewing station, said
microscope screening station comprising a microscope with a lens
and a motorized stage for moving said specimen across said lens,
said method comprising, in comblnation:

receiving into a machine a set of digital data representing
an image of said specimen, said image being comprised of pixels;

said machine analyzing said digital data and thereby
identifying cytological material in saild specimen;

said machine maintaining in a data storage medium a set of
spatial coordinates associated with each of a plurality of regions
of said specimen that collectively contain the cytological
material that said machine identifies in said specimen, whereiln
said machine identifies a quantity of cytological material
respectively in each of said regions;

said machine generating a routing function keyed to said
coordinates, wherein (i) said routing function defines a
sequence for presentation of said regions to a human observer
via said microscope, (ii) said sequence is arranged to minimize
movement of said specimen across said lens, (iii) said routing
function defines for each of said regions a speed for movement
of said specimen across said lens, and (iv) saild speed for each
given region is a function of at least the quantity of
cytological material that said machine identifies respectively
in said given region; and

said machine applying said routing function to control
movement of said motorized stage so as to present said reglons
to said human observer via said microscope according to said
sequence and speeds,

whereby said speed will be slower for regions containing
more cytological material than other regions, thereby allowing
said human observer more time for analysis of said regions

containing more cytological material, and vice versa.
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13. A method as claimed in claim 12, wherein said spatial

coordinates include focal positions for said regions.

14. A method as claimed in claim 12, wherein said machine
analyzing said data and thereby identifying cytological material
in said specimen comprises said machine individually analyzing

each pixel represented by said digital data to determine if said

pixel represents cytological material.

15. A method as claimed in claim 14, wherein individually
analyzing each pixel represented by said digital data to
determine if said pixel represents cytological material
comprises comparing a gray scale value of said pixel to a

nucleus threshold value and to a cytoplasm threshold value.

16. A method as claimed in claim 12, further comprising
said machine identifying areas of said specimen that do not
contain cytological material, and said machine excluding such

areas from presentation as defined by said routing function.

17. A cytological specimen analyzer comprising:

means for receiving digital image data representing a
cytological specimen, said cytological specimen defining a
plurality of regions;

means for analyzing said digital image data to determine,
respectively for each of a plurality of the regions of said
cytological specimen, if said region contains viewable
cytological material, each region that is determined to
contained viewable cytological material defining a screenable
region of said cytological specimen;

means for storing coordinates indicative of the location of

at least each screenable region on said cytological specimen;
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means for generating a microscope routing function keyed to
said stored coordinates, said microscope routing function
defining sequence and scanning speed information for
presentation of the screenable regions of said cytological
specimen to a human observer via a microscope so as to minimlze
the time required for said human observer to view the viewable
cytological material determined to be contained collectively 1in

the screenable regions of said specimen.

18. A cytological specimen analyzer as set forth in claim
17 wherein said digital image data comprises a set of pixels
representing each of said regions, and wherein the means for
determining if a given region contains viewable cytological
material comprises means for individually analyzing each pixel
in the set of pixels representing said given region to determilne

if said pixel represents viewable cytological material.

19. A cytological specimen analyzer as set forth in claim
18 wherein the means for individually analyzing each pixel
comprises: ‘
means for generating a nucleus threshold value indicative
of a gray scale value in a range of gray scale values; and
means for generating a cytoplasm threshold value indicative
of a gray scale value in said range of gray scale values,
wherein each of said pixels is individually analyzed as a

function of said nucleus and cytoplasm threshold values.

20. A general purpose computer programmed with a set of
machine language instructions for carrying out the following
functions so as to assist a human observer in analyzing a
specimen:

receiving a set of digital image data representing said

specimen;
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analyzing said digital image data and thereby identifying
regions in said specimen containing diagnostically significant
material, each of the regions determined to contain
diagnostically significant material defining a screenable
region;

generating a presentation function defining, individually
with respect to each screenable region, a speed for presentation
of said screenable region to said human observer, wherein said
speed is slower for a screenable region that contalins more
diagnostically significant material than another screenable
region and said speed is faster for a screenable region that
contains less diagnostically significant material than another
screenable region; and

employing said presentation function to control
presentation of said screenable regions to said human observer,

whereby said presentation function may give a human

observer more time to view a screenable region containling more

diagnostically significant material.

21. A computer programmed with a set of machine language
instructions for carrying out a set of functions so as to assist
an observer to analyze a cytological specimen via a mlcroscope
screening station, wherein said microscope screening station
comprises a microscope with a lens and a motorized stage for
moving said specimen across said lens, said set of functions
comprising, in combination:

receiving a set of digital data representing an image of
said specimen, said image being comprised of pixels;

analyzing said digital data and thereby ildentifying
cytological material in said specimen;

maintaining in a data storage medium a set of spatial
coordinates indicative of each of a plurality of regions of said

specimen that collectively contain the cytological material that
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said computer identifies in said specimen, wherein said computer
identifies a quantity of cytological material respectively in
each of said regions;

generating a presentation function keyed to said
coordinates, wherein (i) said presentation function defines a
sequence for presentation of said regions to a human observer
via said microscope, (ii) said sequence is arranged to minimize
movement of said specimen across said lens, (iii) said
presentation function defines for each of said regions a speed
for movement of said specimen across said lens, and (1iv) said
speed for each given region is a function of at least the
quantity of cytological material that said computer identifies
respectively in said given region; and

applying said presentation function to control movement of
said motorized stage so as to present said regions to saild human
observer via said microscope according to said sequence and
speeds, whereby said speed will be slower for regions containing
more cytological material than other regions, thereby allowing
said human observer more time for analysis of said regions

containing more cytological material, and vice versa.

22. A specimen analyzer comprising:

a camera which generates digital data indicative of an
image captured by said camera;

a storage apparatus coupled to said camera which stores
said digital data:

an image analyzer which analyzes said digital data and
thereby learns information about diagnostically significant
material contained respectively in particular regions of the
specimen and which stores coordinates indicative ot particular
regions of said specimen;

a router which generates a presentation function keyed to

said stored coordinates, said presentation function defining a
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sequence for presentation of microscope fields of view
corresponding to images of particular regions of said specimen
and defining, respectively for each given region to be
presented, a speed for presentation of said given region, sald
speed being based at least in part on information that said
image analyzer learns about diagnostically significant material
contained respectively in said given region; and

a screening station which employs a microscope with a

motorized stage which responds to coordinates received from said

router and which presents said sequence of microscope fields of
view according to said speeds defined by said presentation

function.

23. A specimen analyzer as claimed in claim 22, whereiln
said speed for presentation of a given region of said specimen
is based at least in part on a measure of quantity of
diagnostically significant material contained in said given

region as determined by said image analyzer.

24 . A specimen analyzer as claimed in claim 22, wherein

said speed for presentation of a given region of said specimen
is based at least in part on a measure of spatial distribution
of diagnostically significant material contained in said given

region as determined by said image analyzer.

25. A specimen analyzer as claimed in claim 22, wherein
said specimen comprises a cytological specimen, and said
diagnostically significant material comprises cytological

material.
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20. A specimen analyzer as set forth in claim 22 further
comprising a plurality of screening stations, which each employ
a microscope with a motorized stage, each of said screening
stations comprising:

means for transmitting specimen identification information
to said router; and

means, responsive to coordinates corresponding to said
specimen identification information received from sald router,
for causing said motorized stage to respond to said receilived

coordinates to present said sequence of fields of view.
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