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(57) Abrege(suite)/Abstract(continued):

between the imaging stations (120a, 120b). The use of cells allows a target image (e.g., an image of a sub-region of cells In the
biological specimen) taken by one imaging station (120b) to be pattern -matched to a reference image (e.g., an image showing a
larger region of cells in the biological specimen that also includes the sub -region) taken by another imaging station (120a). Once
the target image I1s matched to the reference image, point by point correspondence (and therefore coordinates) between the target
Image and the reference image can be established for computing the coordinate transformation to map the imaging stations.
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MICROSCOPE SLIDE COORDINATE SYSTEM
REGISTRATION

TECHNICAL FIELD

[0001] The subject matter of this application 1s generally related to 1mage processing.

BACKGROUND
[0002] An automated 1imaging system including microscope optics, a camera, a motorized
stage, and computer control system can automatically acquire images of cells from a
biological specimen deposited on a microscope slide. The system may then process these
images to 1dentify cells of interest. These cells may need to be revisited later; for example, to
acquire higher-magnification images of such cells or to present certain cells of interest for
manual review. This revisiting often occurs on a separate imaging station. For the stage
locations corresponding to cells of interest found at the first imaging station, this second
1imaging station must relocate those exact cells for further review.
[0003] If the coordinate systems of the two 1maging stations were 1dentical, the second
station could simply move its stage to the stage position reported for a cell on the first
1imaging station, and that cell would be centered 1n the field of view at the second 1maging
station. However, due to differences from stage to stage or inaccuracies in how the slide 18
loaded or secured at a particular imaging station, the same stage coordinates on two different
1imaging stations often correspond to different regions of the specimen presented 1n the field
of view for the 1maging station optics. An error may occur when the slide, upon being placed
on a movable stage of an 1imaging station, 1s skewed slightly or not banked properly against
the slide holder. Further, an error may occur when the nominal zero position of the stage
oradually changes from day to day due to inaccuracies in the stage home switches. Small
errors of this sort have a dramatic effect because a higher magnification field of view on a
second 1maging station may be less than a tenth of a millimeter across the specimen. An error
of even half that amount 18 sufficient to displace the cell of interest from the image.
Theretore, 1t 1s advantageous, for each slide, to measure and correct for any error 1n slide
positioning.
[0004] Traditionally, microscope slides used 1n imaging systems or for manual review have
one or more “fiducial marks” printed on them which establish a standard coordinate system

for the slide that 1s independent of the stage. At each of the imaging stations, the 1maging
1
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system locates these marks on the slide and the differences in their coordinates are used to
determine a transformation that can be applied to convert coordinates from the first imaging
station 1nto coordinates for the second imaging station. This method 1s effective, but requires
special marks printed on the slides, which potentially increases slide manufacturing costs. In
addition, the method 18 time consuming, because 1t may be necessary to search several
location betfore the fiducial mark 1s located 1n an 1mage. This 1s especially difficult at high
magnification because the field of view 1s smaller as compared to an 1imaging station using a
lower magnification. There 1s a need, therefore, for methods and systems that translate stage
coordinates for an object of interest or field of view on one 1imaging station to coordinates for

other imaging stations, without the use of pre-printed fiducial marks on microscope slides.

SUMMARY
[0005] Systems, methods and computer program products are described that use cells of a
biological sample deposited on a substrate to determine a coordinate transformation between
stage coordinates of two or more 1imaging stations. A slide 1s loaded onto a first imaging
station. The first imaging station acquires 1images of cells and selects certain images to use as
reference 1mages. A computer stores the reference images along with the stage coordinates at
which the first imaging station acquired the reference images. The slide 1s then loaded onto a
second 1maging station that can acquire 1mages at a higher magnification than the first
imaging station. The second 1imaging station acquires a second 1mage at the stage coordinates
where the first imaging station acquired the reference image.
[0006] Thus, 1f the stages of the two 1maging stations were perfectly matched, the second
1image would be centered around the same cells that were centered 1n the reference 1image.
More typically, there 1s a slight mismatch 1n the coordinate systems of the two stages, and the
second 1mage 18 centered around cells that are found somewhere off-center in the reference
image. Because the magnification of the reference image 1s known, the stage coordinates of
those cells on the first station can be determined. Thus, the stage coordinates of those cells on
the second system are matched to their stage coordinates on the first system. This process 1s
repeated for cach of the reference 1images. The pairs of corresponding coordinates
determined 1n this way may be used to calculate a mathematical transformation that will
convert any locations on the first station — the locations of cells of interest, for example — mnto
the correct locations on the second station.

[0007] Methods are also presented for selecting the reference 1images from a larger set of
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possible candidates 1n order to minimize certain error sources. This includes 1dentifying
reference 1mages that do not have large patches devoid of cellular material, which may result
in a blank second 1image 1f taken at a higher magnification as compared to the first imaging
station. In addition, the disclosed methods select reference 1images from regions of the slide
that are sufficiently spaced apart and not collinear, in order for the mathematical
transformation to be as accurate as possible. In addition, methods are disclosed for efficiently
matching the second 1mage to the reference image.

[0008] In some implementations, a method for relocating an object of interest at a second
1imaging station based on coordinates for the object of interest at a first imaging station 18
provided. The method can include acquiring a first pair of images including a reference
1image of a specimen on the first imaging station and a second 1image of the specimen on the
second 1maging station; identifying a cell group that appears 1n both the reference image and
second 1mage; determining stage coordinates of the cell group on the first imaging station
from stage coordinates at which the reference image was acquired; determining stage
coordinates of the cell group on the second 1maging station from stage coordinates at which
the second 1image was acquired; and calculating an affine transformation that converts the
stage coordinates of the first imaging station to the stage coordinates of the second 1maging
station.

[0009] In some implementations, a system also can be provided that includes a first imaging
station to acquire a reference 1image of a specimen on the first imaging station; and a second
1maging station to: acquire a second 1mage of the specimen on the second 1imaging station;
identify a cell group that appears 1n both the reference image and second 1image; determine
stage coordinates of the cell group on the first imaging station from stage coordinates at
which the reference 1image was acquired; determine stage coordinates of the cell group on the
second 1maging station from stage coordinates at which the second image was acquired; and
calculate an affine transformation that converts the stage coordinates of the first imaging
station to the stage coordinates of the second 1imaging station.

[0010] The details of one or more embodiments of the invention are set forth in the
accompanying drawings and the description below. Other features, objects, and advantages of

the invention will be apparent from the description and drawings, and from the claims.

DESCRIPTION OF DRAWINGS

[0011] FIG. 1A shows an example of a biological specimen 1maging system.
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[0012] FIG. 1B shows an expanded view of a microscope slide that includes multiple fiducial
marks.

[0013] FIG. 2 shows 1images acquired from the same region of cells by two different imaging
stations.

[0014] FIG. 3A shows an example of an image taken under low magnification.

[0015] FIG. 3B shows an example of an image taken under high magnification.

[0016] FIG. 3C shows an 1image taken under low magnification overlaid with an image taken
under high magnification at various regions.

[0017] FIG. 3D shows three regions on a contour map masked by an image taken under high
magnification.

[0018] FIG. 4A shows an example of an image from which a second 1image can be
determined.

[0019] FIG. 4B shows an example of an image with a coverage score higher than that shown
in FIG. 4A.

[0020] FIG. 5A shows an example of a scan area with three sections having been defined
from which one reference image can be chosen from each region.

[0021] FIG. 5B shows a region masked out 1n a center of a scan area.

[0022] FIG. 6 shows an example of a process for determining a coordination transformation
that maps coordinates associated with a first imaging station to coordinates associated with a
second 1maging station.

[0023] FIG. 7 shows an example of a computing device that can be formed as a part of or 1n
addition to the biological screening system shown in FIG. 1.

[0024] Like reference symbols 1n the various drawings indicate like elements.

DETAILED DESCRIPTION
System Overview

[0025] FIG. 1A shows an example of a biological specimen 1imaging system 100 controlled
by a computer 130. The computer 130 includes a central processing unit (CPU) 132, a hard
drive 134, a memory 136, and other hardware components conventionally known (e.g.,
communication interfaces). The computer 130 1s capable of communicating with a low
magnification 1maging station 120a and a high magnification imaging station 120b via known
communications protocols using standard hardware connections between the computer and

the 1maging stations. This communications capability allows computer 130 to command the
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stages 128a and 128b to move to different (x, y) positions in the horizontal plane, to move
objectives lenses 126a and 126b up and down the vertical axis relative to the surface of a
microscope slide 110, and to recerve images captured from the cameras 124a and 124b.
[0026] System 100 1s capable of capturing and processing images of a biological specimen
112 deposited on a microscope slide 110. For example, the biological specimen 112 may
comprise a thin monolayer of blood cells on the surface of slide 110. The image capture steps
begin with a first imaging station 120a scanning the entire specimen deposited on slide 110
under a low power objective lens 126a. Computer 130 selects a plurality of reference images
obtained from the low magnification scan of the specimen. In addition, computer 130 1s
capable of processing the low magnification 1images to 1dentify objects of interest requiring
imaging under a higher power objective lens 126b as included 1n the second 1imaging station
120b.

[0027] After completing the scanning, 1mage capture, and 1mage processing steps performed
in connection with the first imaging station 120a, an automated transport system (not shown
in FIG. 1) moves slide 110 to the high magnification imaging station 120b. For each of the
reference 1mages obtained at the first imaging station 120a, the high magnification imaging
station 120b moves the slide 110 via second stage 128b to the stage coordinates where the
first imaging station captured the reference image, and acquires a second image. As further
described below, and using various features of the specimen deposited on slide 110, computer
130 matches the second 1image to the reference image, and converts the pixel offset between
the reference and second 1mages to an offset value (e.g., 1n microns) between the coordinate
systems of the first imaging station 120a (first stage 128a) and second 1imaging station 120b
(second stage 128b).

[0028] Computer 130 1s capable of converting the offset value to a distance 1n microns
because the magnification values of the reference and second 1images are known. By way of
example, system 100 acquires a reference image of specimen 112 at stage coordinates (54000
um, 18000 um) on a first imaging station. When the system acquires a second 1image at those
same coordinates at the second 1imaging station, computer 130 determines that the second
1image matches a location 200 pixels below and 300 pixels to the right of the center of the
reference 1image location. If the reference 1image has a magnification of 0.88 um per pixel,
this offset can be translated into microns (e.g., 264 um, 176 um). This means that to 1mage
the cells that were at coordinates (54000 um, 18000 um) on the first station, the second

station must move 1ts stage to the coordinates at (54264 um, 18176 um).
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[0029] System 100 completes this process for any remaining reference images selected by the
computer, and, as further detailed below, computer 130 calculates an affine transformation
that maps the first coordinate system (1.¢., of the first imaging station 120a and first stage
128a) to the second coordinate system (e.g., of the second 1imaging station 120b and second
stage 128b). Thereafter, when required to capture an 1mage of a cell whose coordinates were
noted on the first imaging station, system 100 applies this transformation to those coordinates

in order to obtain the equivalent stage coordinates on the second 1maging station.

Slide Scanning Overview
[0030] In certain applications, biological specimen 112 can comprise a blood sample
deposited on the slide 110 as a monolayer of cells and prepared by an embodiment of the
system disclosed, for example, in co-pending U.S. Application No. 12/430,885, entitled
“Method of Determining a Complete Blood Count and a White Blood Cell Difterential”, the
disclosure of which 1s incorporated herein by reference 1n 1ts entirety. After one or more
fixing, staining, rinsing, and/or drying steps, an automated transport system or laboratory
technologist loads slide 110 onto the first stage 128a of the low magnification imaging station
120a. Computer 130 then commands first stage 128a to move slide 110 such that a desired
location of the specimen 1s positioned directly underneath the low power objective lens 126a.
[0031] The “ficld of view” of the camera 124a through objective lens 126a includes a region
of the specimen on slide 110 that camera 124a captured 1n one or more 1images. In an
embodiment of system 100, the low power objective lens 126a mcludes a 10x objective, and
additional optics (not shown) between the low power objective lens 126a and the camera
124a capable of shrinking the 1mage to 50% of its original size. Camera 124a includes a
CCD array of 1624 by 1224 pixels, where each pixel in the array 1s 4.4 um by 4.4 um. Thus,
the field of view dimensions for the first imaging station 120a can be calculated as follows

[1]:
4 A

width = | 1624pixels- 4.4 |/(10-0.5)= 1429um
\ plxel/
(0032] \
height = | 1224pixels- 4.4 |/(10-0.5)=1077um
. pixel 1]

[0033] A standard microscope slide has dimensions of approximately 1 inch by 3 inches, or
25400 um by 76200 um. Imaging system 100 must, therefore, acquire several images to

cover the portion of the slide 110 containing biological specimen 112. Where a particular
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application requires 1maging the entire specimen, the scanning process can begin with the
first stage 128a positioning one corner of the biological specimen 112 under the low power
objective lens 126a. The first stage 128a can then be moved 1n the “X” direction 1n steps
equal to the width of the field of view of the camera 124a (e.g., 1429 um), and one or more
1mages may be acquired at each step. For example, at each location, camera 124a can capture
a series of images at different focal heights and/or with different colors of 1llumination.
When the entire width of the biological specimen 112 has been scanned, the first stage 128a
can move 1n the “Y” direction by an amount equal to the height of the field of view for
camera 124a (e.g., 1077 um). A new series of images also can be acquired by stepping the
first stage 128a 1n the opposite “X” direction by the same step amount until the camera 124a
reaches the other edge of the biological specimen 112. System 100 repeats this process until
camera 124a has imaged the entire the biological specimen 112 on shide 110.

[0034] In the scanning process described above, system 100 can acquire several hundred or
more 1mages of biological specimen 112. These images are used for making certain
measurements on the specimen, to choose regions of the specimen or certain cells of interest
to revisit under a higher magnification, and to identify one or more reference images for
mapping stage coordinates from the first imaging station 120a to the second 1maging station
120b. For example, system 100 can use the images obtained at first imaging station 120a to
count red and white blood cells 1n the specimen. In addition, system 100 may select a portion
of the white blood cell population to revisit under high magnification for further
classification.

[0035] Once the slide 110 has been scanned at the low magnification imaging station 120a,
the slide 110 can be moved to the second 1imaging station 120b. The camera 124b, 1n
conjunction with a higher magnification objective 126b as compared to objective 126a, will
have a smaller field of view than the camera 124a at the first imaging station. For example,
with a 50x objective lens as the magnification lens 126b, and camera 124b including a 640-
by-480 pixel CCD, the pixel size at the second 1imaging station 1s 7.4 um. Thus, the

dimensions of the field of view at the second 1imaging station 120b may be calculated as [2]:

4 A

width = | 640pixels - 7.4——— |/50 = 95um
. pixel
[0036]
. um \
height =| 480pixels - 7.4 — 1 /30 =T71um
\ P1XC y [2]

[0037] As discussed above, one or more locations or cells of interest on specimen 112

7
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imaged during the low magnification scan can be revisited on the second 1maging station
120b. To accelerate the 1image acquisition process at the second 1maging station 120b,
computer 130 may command the stage 128b to move slide 110 and present only those
specific locations on specimen 112 for image capture instead of performing a full scan of the
specimen at the second 1maging station 120b. Thus, the second 1imaging station 120b must
position slide 110 relative to the field of view of camera 124b such that camera 124b acquires
images of the desired locations or cells of interest identified during the scan performed at the
first imaging station. While the coordinates of such locations or cells are known 1n the
coordinate system of the first stage 128a of the first imaging station 120a, the system must
map these coordinates to coordinates of the second stage 128b at the second 1maging station
120b 1n order to precisely reimage those exact cells. Thus, system 100 must determine the
difference between the two coordinate systems (e.g., the coordinate system of the first
1imaging system 120a and that of the second 1maging system 120b), and account for such
difference when 1imaging selected locations at the second 1maging station. As a variety of
factors influence this difference, the difference typically cannot be measured once during
manufacturing and stored on the computer 130 of the system 100. Instead, system 100
measures the difference anew for every slide 110 1maged on the first and second 1maging
stations 120 and 120b. This measurement process typically begins by selecting reference

images for the specimen 112.

Selection of Reference Images
[0038] Computer 130 selects one or more 1images acquired during the low magnification scan
of specimen 112 to use as a reference 1mage 210 for mapping stage coordinates between the
first imaging station 120a and the second 1imaging station 120b. Selecting reference images
with an adequate cell count ensures that the reference image 210 contains sufficient
information to perform an unambiguous match to a second 1image 220 acquired at a second
1imaging station 120b with an increased magnification (e.g., at least three or four cells).
Further, the portion of the specimen depicted in the reference 1image 210 1s larger than most,
if not all, slide positioning errors or coordinate offsets between the first and second 1maging
stations 120a and 120b. For example, if the low magnification field of view 1s 1429 um by
1077 um, the slide position at the second 1maging station would need to be greater than half a
millimeter for the second 1image 220 taken at the reference 1mage coordinates to not contain

any cells found within the reference image 210. As some positioning error 1s likely, the
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second 1image 220 may, 1n practice, match any part of the reference 1image 210.

[0039] Computer 130 can assign coverage scores to images taken at the first imaging station
to evaluate whether such 1images are acceptable to use as reference images. FIG. 4A shows a
reference 1image candidate 400 captured during the low magnification scan of specimen 112.
The 1image 400 may be split into a series of smaller regions by superimposing a grid on the
image as shown in FIG. 4A. In this example, the grid size 1s 8-by-6 squares, although other
orid sizes or other methods for assessing cellular coverage are possible. FIG. 4A shows that
the reference 1mage candidate contains two grid squares, 404a and 404b, containing no cells,
and three additional grid squares, 406a, 406b and 406¢, containing only small portions of
cells. In this example, computer 130 assigns the image 400 a coverage score of -5; that 1s,
five of the grid squares are unacceptable.

[0040] FIG. 4B depicts a reference image candidate 410 with a higher coverage score than
the 1mage shown 1n FIG. 4A. Each grid square 1n the 1mage 410 contains at least a few cells
and therefore, system 100 assigns image 410 a coverage score of zero (i.e., image 410 does
not contain any blank grid squares). As image 410 has a higher coverage score value than
1mage 400, system 100 will prefer image 410 over image 400 when selecting reference
1mages.

[0041] Those skilled 1n the art will appreciate that other metrics or other scoring conventions
may be used to assess the cellular coverage of reference image candidates. For example,
system 100 can assign a higher score to a region of an image that 18 50% full as compared to
a region that 1s 100% full of cells. In this latter region, the cells may be packed so tightly that
the system may not be able to distinguish among individual cells, which may be as
problematic for the registration algorithm as a completely empty region within the specimen
deposited on the slide.

[0042] Aside from selecting reference images with acceptable coverage, computer 130 can
also ensure that selected reference 1images are sufficiently spaced apart from one another. In
addition, when selecting three or more reference 1mages, system 100 can select reference
1mages from non-collinear regions of specimen 112. If system 100 selected reference images
from points on specimen 112 too close together, any small inaccuracy in measuring the
reference 1mage locations would be magnified when extrapolating the coordinate transform
measurement to specimen regions outside of the vicinity of the reference 1image locations.
[0043] Embodiments of the present invention advantageously minimize the number of

reference 1image candidates evaluated for registration and, in turn, reduce the burden on
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system 100 to save all of the images captured during a low magnification scan of specimen
112 for reference 1mage candidates. Computer 130 can pre-select certain scan regions of
specimen 112 to identify reference images. As further described below, computer 130 can
define three different sections of specimen 112 such that any image location with a particular
section 18 a sufficient distance away from reference image locations in the other two regions
of specimen 112.

[0044] FIG. 5A shows an example of a scan area 500 of specimen 112 with three sections
defined for 1dentifying reference images. Scan area 500 can represent several hundred low
magnification 1mages and, for example, can cover a significant portion of or the entire
biological specimen 112 deposited on slide 110. Three lines, i.e., 542a, 542b, and 542c¢, split
the scan area 500 into six regions, and the three lines 542a-542¢ trisect the edges of the scan
arca 500. As shown 1n FIG. 5A, the six regions defined will have equal arca regardless of the
dimensions of the scan area 500. For example, the top region 510b can be a triangle with a

base length %3 the width of the scan area 500 and a height 72 the height of the scan area 500,

. (2 .. \(1 .
with an arca -width |-| —- height | =

l- width - height , or one sixth the area of the scan
213 ) 2 ) 6

arca 500. By selecting the alternating regions 510a, 510b, and 510c¢ of equal area, three
regions of the scan area 500 each having the same area can be obtained. Computer 130 can
constrain the system 100 when selecting the reference 1image such that the system selects each
of the three reference 1images from the different shaded regions 510a, 510b, and 510c.

[0045] The foregoing process, however, will not eliminate the possibility that three reference
1images may be chosen very close together, as the system 100 may select reference images
near the center of the scan area 500, closest to the point where the three regions 510a, 510b,
and 510c converge. Accordingly and as shown 1n FIG 5B, system 100 can mask a region 1n
the center of the scan areca 500 to restrict the three regions 510a, 510b, and 510c¢ to regions
along the edges of the scan arca 500. If the masked out region 540 has the same center as the
scan area 500 and the same aspect ratio, the three regions 510 outside the mask areas are still
equal 1n area. This masking technique 1s one method that system 100 may employ to ensure
that reference 1mages are sufficiently spaced apart on the scan arca 500 of specimen 112.
[0046] During the low magnification scan described above, system 100 may track the images
with the highest coverage score 1n each of the three regions 510a-510¢. As shown 1n FIG.
5B, the squares 512a, 512b, and 512c¢ represent the field of view of the camera 124a with

respect to the entire scan arca 500. When a new 1mage 1s acquired from within one of the
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three regions 510a-510c¢ during the low-mag scan of specimen 112, computer 130 calculates
the coverage score for the image. If the coverage score 1s better than a current best image 1n
that region, system 100 replaces the image with the new 1mage. In this manner, system 100
need only save a copy of the best image from each region for reference 1mage purposes,
instead of saving all images acquired during the low magnification scan. The division of scan
arca 500 as shown 1n FIG. 5SA and FIG. 5B 1s illustrative only, and does not preclude the use
of other methods for segregating the scan arca 500 1nto three regions or for selecting the
reference 1mages.

[0047] When the slide 110 has been completely scanned on the low magnification imaging
station 120a, the selected 1mages and their respective coordinates can be preserved in the
memory 136 or on the hard drive 134 for use when 1imaging slide 110 at the high

magnification imaging station 120b.

Constellation Registration
[0048] At the second imaging station 120b, computer 130 commands the imaging hardware
to acquire 1mages at the stage coordinates corresponding to the reference image locations
1identified during the low magnification scan. Computer 130 then performs a matching
process to register the high magnification image to a portion of the reference image 210 of
specimen 112 deposited on slide 110. After matching the images, system 100 1s capable of
calculating the difference between the two coordinate systems of the first imaging station
120a and the second 1imaging station 120b, and accounting for such difference when imaging
selected locations on slide 110 1dentified during the low magnification scan at a higher
magnification of the second 1imaging station120b.
[0049] When registering high magnification 1images to reference images, embodiments of the
present invention can advantageously rely on the circular shape and roughly equivalent size
of imaged cells. Because cells are similar m appearance, the pattern of center points of cells 1s
sufficient to characterize a group of cells. This 1s similar to how a familiar constellation 1s
recognized by the arrangement of 1ts constituent stars, rather than by features such as
brightness and color that vary little between stars. Those skilled in the art will recognize that
there are many known algorithms for matching patterns of points. Many of these compensate
well for rotation and perturbation of those points. However, 1n the present case of cell
registration, the image being registered 18 unlikely to be significantly rotated or distorted, and

a simpler algorithm may be used, as shown 1n FIG 3.
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[0050] System 100 processes high magnification image 340 to identify center points of cells
(e.g., 342c, 344c, 346¢, marked with X’s in FIG 3B) and also points deep in background
regions (342b, 344b, 346b, marked with O’s 1n FIG 3B). This pattern of points 1s then
overlaid at various locations 1n the reference image 330, as shown in FIG 3C. At a location
that matches well, such as 352a, the cell center points of the pattern fall well within cells 1n
the reference 1image, and the background points 1n the pattern fall well outside cells 1n the
background region of the reference image. A less 1deal location such as 352b still has the
points of the pattern correctly located 1n cells or background regions, although much closer to
the edges of cells and background regions as shown 1n FIG. 3C. A poor match such as 352¢
has few of the points properly located 1n the cellular and background regions. By performing
a match to this pattern of points at each possible location 1n the reference 1image 330, the
system can 1dentify the best-matching location or determine that no location 1s a good match
and thus the target image 340 contains cells not found 1n the reference 1mage 330.
[0051] When evaluating how well the pattern of points from target image 340 matches a
region of reference image 330, the system can calculate a score based on how close those
points are to the edge of cells or background regions. From the reference image 330,
computer 130 constructs a scalar field called a distance transform 1n which points on cell
edges (e.g., points 342a, 344a, 346a 1n FIG. 3B or X matching indicators of image frame
352b 1n FIG. 3C) have a value of zero, points within cells have a value corresponding to their
distance from the edge, and points outside cells have a value that 1s the negative of their
distance from the edge. Thus, cell center points (e.g., 342¢, 344c, and 346¢ of image frame
352a shown 1n FIG. 3C) are positive local maxima, and deep background points (e.g., 342b,
344b, and 346b of image frame 352a shown 1n FIG. 3C) are negative local minima. When
the point pattern from target image 340 1s overlaid at various locations 1n a reference 1image, a
distance transform scalar field, as shown 1n FIG. 3D, for a good match will have each cell
center pattern point (X) at a location with a large positive value, and each deep background
pattern point (O) at a location with a large negative value. A matching score for each location
can therefore be computed by simply summing the field values at cell center pattern points
and subtracting from that the field values at deep background pattern points. Scores for the
locations shown 1n FIG. 3D are given in Table 1 below.
[0052]

TABLE 1

Image X1 Xg X3 01 02 03 Total Score
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352A 14 27 28 -56 -40 -31 196
352B 4 9 11 -46 -18 -472 130
352C -27 -15 -57 -15 -12 -8 -94

[0053] In practice, the target image 340 will contain several cells, for example, between ten
and forty cells. Therefore, the matching pattern can contain as many as forty cell center
points and as many as forty deep background points. For most locations tested, 1t 1s not
necessary to sum all of these locations. If just a few of the most prominent points of each
type are summed first, the score for most locations will be found to be low enough that 1t 1s
not necessary to sum the remaining distance transtorm values. If the pattern points are
1identified as local maxima and minima of the distance transform of the target image 340, then
the most prominent points are the most negative minima and the most positive maxima In so
doing, the pattern matching process need not proceed through every set of points 1n the
scanned 1mage, including those that provide little or no meaning value to the matching score,
to thereby speed up the pattern matching process without atfecting the reliability of the

matching score.

Coordinate Transformation
[0054] Once the system locates cells 1n an 1mage from the second 1imaging station and
matches such cells to a location 1n a reference 1mage acquired at the first imaging station,
computer 130 can calculate the coordinates of those cells on the second 1maging station. The
computer makes this calculation by using the known size, 1n microns, of a pixel 1n the
reference 1mage. Repeating this process for all the reference 1image locations, the computer
obtains several pairs of coordinates that locate the same cells on the two different imaging
stations. The computer can then calculate an affine transformation mapping coordinates of
the first imaging station to coordinates of the second 1imaging station. In one embodiment,
the first imaging station 120a and the second 1imaging station 120b are calibrated 1n advance
such that the axes of the cameras 124a and 124b are lined up with the axes of the stages 128a
and 128b, respectively. The transform 1s then simply a constant offset that can be added to
coordinates at which a cell was observed on the first imaging station, to obtain the
coordinates where those cells can be found on the second 1imaging station.

[0055] In an example where computer 130 determined matching points for three different
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reference 1images, the result can include three pairs of stage coordinates, each in the form

(firstX, firstY) and (secondX, secondY). Give these three pairs of coordinates, the

transformation to map one set of coordinates to the other can be given by [4]:

[00356]

|

transform = | secondX, secondX, secondX, |-| firstX, firstX, firstX,
secondY, secondY, secondY, | | firstY, firstY, firstY,

1 1 1 1 1 1 4]

[0057] Given this transformation matrix, a set of coordinates from the first stage 128a can be
mapped to a set of coordinates for the second stage 128b by matrix multiplication as can be

oiven by [5]:

secondX - firstX
[0058] | secondY | = transform -| firstY
] ]

- — - )

Example Process
[0059] FIG. 6 1llustrates an example of a process 600 for registering coordinates for cells of
interest deposited on a microscope slide and 1imaged with a first imaging station to
coordinates associated with a second 1imaging station as described for imaging system 100 of
FIG. 1. Process 600 can be used for performing image analysis at the first imaging station of
a biological specimen 112 deposited on a slide 110 (e.g., low magnification imaging station
120a), and then relocating selected objects on the second 1imaging station (e.g., high
magnification imaging station 120b) using reference images from the first imaging station to
translate between the coordinates of a first stage (e.g., first stage 128a of the low
magnification imaging station 120a) and a second stage (e.g., second stage 128b of the high
magnification imaging station 120b). In this example, specimen 112 comprises a thin
monolayer of blood cells deposited on slide 110.
[0060] In some 1implementations, the first imaging station receives a slide 110 containing
specimen 112. In some implementations, this can be performed by an automatic slide loading
mechanism.
[0061] Referring to FIG. 6, at 602, a first pair of images including a reference 1mage of a
specimen can be acquired on the first imaging station and a second 1image of the specimen on
the second 1maging station. In some implementations, the imaging hardware of the first
1maging station 120a scans multiple locations on the slide, and 1mages from one or more

locations are saved as reference image candidates. To simplify the numbers 1n the following
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discussion, the first imaging station 120a of this example system has a field of view of 1000
um by 1000 um, and the pixel size 1s 1 um. Further, the scan area of slide 110 containing
specimen 112 1s 5000 um by 5000 um and, the top left corner of the scan area has stage
coordinates (50000, 10000) m um. When the system 100 acquires a first image of specimen
112, the first image 18 centered at stage position (50500, 10500), so that pixel (0, 0) at the top
left corner of the first image corresponds to stage location (50000, 10000) and pixel (999,
999) at the bottom right of the first image corresponds to stage location (50999, 10999).
[0062] Computer 130 sends commands to move the first stage 129a to a first location and
acquires an in-focus image. Computer 130 then determines the number of red blood cells 1n
the 1mage, while also 1dentifying and locating any white blood cells. In this example,
specimen 112 contains white blood cells at image coordinates (200, 800), (500, 400), and
(900, 700). These image coordinates can be saved for eventual translation into stage
coordinates to revisit at the high-mag imaging station 120b: (50200, 10800), (50500, 10400),
and (50900, 10700).

[0063] A reference image 1s selected based on a coverage score of the one or more reference
image candidates. As described previously, the coverage of the reference 1mage candidate
can be evaluated by, for example, superimposing a grid over the image and counting the
number of empty grid squares. In this example, computer 130 determines that three grid
squares are empty 1n the first reference 1image candidate and therefore, computer 130 assigns
a coverage score of three to the reference image candidate. Because no other choice exists
yet for the first reference 1mage, the reference 1image candidate and coverage score are stored,
along with the image location (50500, 10500).

[0064] Computer 130 repeats the foregoing process for the next location on slide 110 imaged
at the first imaging station. If the sample 1s scanned 1n a raster pattern, the next stage location
can be (51500, 10500). The top left corner of the 1mage can correspond to stage location
(51000, 10000), which 1s directly adjacent to the top right corner of the previous location
(50999, 10000). That 1s, 1f the two 1mages are laid side by side, the two 1mages form one
continuous, larger image of specimen 112. In this way, the system 100 1s capable of covering
the entire scan area by acquiring multiple images of specimen 112. Image processing and
coverage analysis can be repeated for the second reference image candidate. In this example,
the second reference 1image candidate has only two empty grid squares 1n the coverage test
(as compared to three for the first reference image candidate). The second reference 1image

candidate, therefore, displaces the previous reference image candidate for the first reference
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image, and a new reference image location can be stored at (51500, 10500) with a coverage
score of two. In this embodiment, the foregoing process can be repeated for a total of twenty-
five scan locations; at the end of this process, the system 100 has 1dentified three reference
images, one for each predetermined scan area selected for identifying reference images.
[0065] The system 100 transfers the slide 110 onto a second 1imaging station; for example, by
an automatic slide transfer mechanism. In this example, the second 1imaging station has a
field of view of 100 um by 100 um with a pixel size of 0.1 pum.

[0066] The second 1imaging station acquires the second 1image at the same stage coordinates
where the first imaging station acquired the reference image. For example, the stage can be
moved to the first reference location (51500, 10500). At this location, the system acquires a
second 1mage. It then searches the reference image to locate the cells seen at the center of this
second 1mage. One or more additional reference locations can be scanned to obtain one or
more second 1mages.

[0067] At 604, a cell group that appears 1n both the reference image and the second 1image
can be 1dentified. In some implementations, to 1identify the cell group, the system 100 creates
a set of matching indicators for the second image. For example, the set of matching
indicators includes a first matching indicator corresponding to an object center point in the
second 1mage, and a second matching indicator corresponding to a background center point 1n
the second 1image. As previously described, “X” matching indicators can be used to represent
various locations within the reference cells 1n a reference 1mage, and “O” matching indicators
can be used to represent a blank region proximate to the reference cells.

[0068] The second 1image can be matched to a location within the reference image. Until a
match has been found, the system repeats the foregoing process by acquiring an image and
attempting to match the acquired 1mage to a location 1n the reference image. If the match
fails, the system continues the search until a location that matches has been found by, for
example, stepping the stage outward from the first location 1n a spiral pattern.

[0069] At 606, the stage coordinates of the cell group on the first imaging station from stage
coordinates at which the reference image was acquired can be determined. Similarly, at 608,
the stage coordinates of the cell group on the second 1maging station from the stage
coordinates at which the second 1image was acquired can be determined. Suppose that the
second 1image acquired by the second 1imaging station matches the region of the reference
image centered on pixel coordinates (900, 300). Since one pixel 1n the reference image 18 1

um, the stage coordinates (51500, 10500) on the second stage thus corresponds to stage
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coordinates (51900, 10300) on the first stage.

[0070] After determining a match between the second 1mage and a location within the
reference 1mage, at 610, a coordinate transformation can be calculated that converts the stage
coordinates of the first imaging station to the stage coordinates of the second 1imaging station.
As discussed previously, this can be done by calculating an affine transformation matrix.
Using the example given above, the transformation would simply add (-400, 200) to the
coordinates of the first stage to obtain the coordinates of the same cells on the second stage.
[0071] For the remaining locations 1dentified during the low-mag scan that the system needs
to revisit at higher magnification, computer 130 transforms the coordinates of the first
1imaging station into the coordinate system of the second stage of the second 1imaging system.
For example, the white cells 1n the first image are located at stage coordinates (50200,
10800), (50500, 10400), and (50900, 10700). These coordinates can be translated into the
coordinate system of the second stage: (49800, 11000), (50100, 10600), and (50500, 10900).
Computer 130 can then instructing the 1maging hardware to move the second stage to each of
these coordinates, plus others that were previously added to the list when other images were
processed during the low-mag scan. At each location, one or more high-mag 1images can be
acquired and 1mage processing can be performed. For example, the white cells chosen under
low magnification can be further imaged and analyzed to determine of the respective types of

white cells.

Generic Computer System
[0072] FIG. 7 shows an example of a computing device 700 that can be formed as a part of or
in addition to the biological screening system 100 to implement the subject matter described
here. For example, each of the imaging station 118a/118b, the server 120 and the reviewing
station 122 can include a computing device 700 for executing, for example, various
instructions or routines. The computing device 700 can represent various forms of digital
computers, such as laptops, desktops, workstations, personal digital assistants, servers, blade
servers, mainframes, and other appropriate computers.
[0073] As shown 1n FIG. 7, the computing device 700 can include a processor 702, a memory
704, a storage device 706, a high-speed intertace 708 connecting to the memory 704 and
multiple high-speed expansion ports 710, and a low-speed interface 712 connecting to a low-
speed expansion port 714 and the storage device 706. Each of the processor 702, the memory
704, the storage device 706, the high-speed interface 708, the high-speed expansion ports
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710, and the low-speed interface 712, are interconnected using various busses, and can be
mounted on a common motherboard or in other manners as appropriate. The processor 702
can process 1nstructions for execution within the computing device 700, including
instructions stored in the memory 704 or on the storage device 706 to display graphical
information for a GUI on an external input/output device, such as a display 716 coupled to
the high-speed interface 708. In other implementations, multiple processors and/or multiple
buses can be used, as appropriate, along with multiple memories and types of memory. Also,
multiple computing devices can be connected, with each device providing portions of the
necessary operations (e.g., as a server bank, a group of blade servers, or a multi-processor
system).

[0074] The memory 704 stores mformation within the computing device 700. In some
implementations, the memory 704 1s a volatile memory unit or units. In some
implementations, the memory 704 1s a non-volatile memory unit or units. The memory 704
can also be another form of computer-readable medium, such as a magnetic or optical disk.
[0075] The storage device 706 1s capable of providing mass storage for the computing device
700. In some 1mplementations, the storage device 706 can be or contain a computer-readable
medium, such as a floppy disk device, a hard disk device, an optical disk device, or a tape
device, a flash memory or other similar solid state memory device, or an array of devices,
including devices 1n a storage area network or other configurations. Instructions can be stored
in an mnformation carrier. The instructions, when executed by one or more processing devices
(for example, processor 702), perform one or more methods, such as those described above.
The 1structions can also be stored by one or more storage devices such as computer- or
machine-readable medums (for example, the memory 704, the storage device 706, or
memory on the processor 702).

[0076] The high-speed interface 708 manages bandwidth-intensive operations for the
computing device 700, while the low-speed interface 712 manages lower bandwidth-
intensive operations. Such allocation of functions 1s an example only. In some
implementations, the high-speed interface 708 1s coupled to the memory 704, the display 716
(e.g., through a graphics processor or accelerator), and to the high-speed expansion ports 710,
which can accept various expansion cards (not shown). In the implementation, the low-speed
interface 712 1s coupled to the storage device 706 and the low-speed expansion port 714. The
low-speed expansion port 714, which can include various communication ports (e.g., USB,

Bluetooth, Ethernet, wireless Ethernet) can be coupled to one or more input/output devices,
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such as a keyboard, a pointing device, a scanner, or a networking device such as a switch or
router, ¢.g., through a network adapter.

[0077] The computing device 700 can be implemented 1n a number of different forms, as
shown 1n the figure. For example, 1t can be implemented as a standard server 720, or multiple
times 1n a group of such servers. In addition, 1t can be implemented in a personal computer
such as a laptop computer 722. It can also be implemented as part of a rack server system
724. Alternatively, an entire system can be made up of multiple computing devices
communicating with each other.

[0078] Various implementations of the systems and techniques described here can be realized
in digital electronic circuitry, integrated circuitry, specially designed ASICs (application
specific integrated circuits), computer hardware, firmware, software, and/or combinations
thercof. These various implementations can include implementation in one or more computer
programs that are executable and/or interpretable on a programmable system including at
least one programmable processor, which can be special or general purpose, coupled to
receive data and instructions from, and to transmit data and instructions to, a storage system,
at least one mput device, and at least one output device.

[0079] These computer programs (also known as programs, software, software applications
or code) include machine instructions for a programmable processor, and can be implemented
in a high-level procedural and/or object-oriented programming language, and/or 1n
assembly/machine language. As used herein, the terms machine-readable medium and
computer-readable medium refer to any computer program product (e.g., non-transitory
computer readable medium), apparatus and/or device (e.g., magnetic discs, optical disks,
memory, Programmable Logic Devices (PLDs)) used to provide machine instructions and/or
data to a programmable processor, including a machine-readable medium (e.g., non-transitory
computer readable medium) that receives machine instructions as a machine-readable signal.
The term machine-readable signal refers to any signal used to provide machine instructions
and/or data to a programmable processor.

[0080] Suitable processors for the execution of a program of instructions include, by way of
example, both general and special purpose microprocessors, and the sole processor or one of
multiple processors of any kind of computer. Generally, a processor will receive istructions
and data from a read-only memory or a random access memory or both. The essential
clements of a computer are a processor for executing instructions and one or more memorics

for storing instructions and data. Generally, a computer will also include, or be operatively
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coupled to communicate with, one or more mass storage devices for storing data files; such
devices include magnetic disks, such as internal hard disks and removable disks; magneto-
optical disks; and optical disks. Storage devices suitable for tangibly embodying computer
program instructions and data include all forms of non-volatile memory, including by way of
example semiconductor memory devices, such as EPROM, EEPROM, and flash memory
devices; magnetic disks such as internal hard disks and removable disks; magneto-optical
disks; and CD-ROM and DVD-ROM disks. The processor and the memory can be
supplemented by, or incorporated 1n, ASICs (application-specific integrated circuits).

[0081] To provide for interaction with a user, the systems and techniques described here can
be implemented on a computer having a display device (e.g., a CRT (cathode ray tube) or
LCD (liquid crystal display) monitor) for displaying information to the user and a keyboard
and a pointing device (e.g., a mouse or a trackball) by which the user can provide mput to the
computer. Other kinds of devices can be used to provide for interaction with a user as well;
for example, feedback provided to the user can be any form of sensory feedback (e.g., visual
feedback, auditory feedback, or tactile feedback); and imput from the user can be received 1n
any form, including acoustic, speech, or tactile input.

[0082] The systems and techniques described here can be implemented 1n a computing
system that includes a back end component (e.g., as a data server), or that includes a
middleware component (¢.g., an application server), or that includes a front end component
(e.g., a client computer having a graphical user interface or a Web browser through which a
user can interact with an implementation of the systems and techniques described here), or
any combination of such back end, middleware, or front end components. The components of
the system can be interconnected by any form or medium of digital data communication (e.g.,
a communication network). Examples of communication networks include a local area
network (LAN), a wide area network (WAN), and the Internet.

[0083] The computing system can include clients and servers. A client and server are
ogenerally remote from each other and typically interact through a communication network.
The relationship of client and server arises by virtue of computer programs running on the
respective computers and having a client-server relationship to each other.

[0084] Although a few implementations have been described in detail above, other
modifications are possible. For example, while a client application 1s described as accessing
the delegate(s), in other implementations the delegate(s) can be employed by other

applications implemented by one or more processors, such as an application executing on one
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Or MOre Servers

[0085] In addition, the logic flows depicted in the figures do not require the particular order
shown, or sequential order, to achieve desirable results. In addition, other steps can be
provided, or steps can be eliminated, from the described flows, and other components can be
added to, or removed from, the described systems. Accordingly, other implementations are
within the scope of the following claims.

[0086] While this specification contains many specifics, these should not be construed as
limitations on the scope of what can be claimed, but rather as descriptions of features that can
be specific to particular implementations. Certain features that are described 1n this
specification in the context of separate implementations can also be implemented in
combination 1n a single implementation. Conversely, various features that are described 1n the
context of a single implementation can also be implemented 1n multiple implementations
separately or 1n any suitable subcombination. Moreover, although features can be described
above as acting in certain combinations and even initially claimed as such, one or more
features from a claimed combination can in some cases be excised from the combination, and
the claimed combination can be directed to a subcombination or variation of a
subcombination.

[0087] Similarly, while operations are depicted 1n the drawings 1n a particular order, this
should not be understood as requiring that such operations be performed in the particular
order shown or 1n sequential order, or that all illustrated operations be performed, to achieve
desirable results. In certain circumstances, multitasking and parallel processing can be
advantageous. Morcover, the separation of various system components in the
implementations described above should not be understood as requiring such separation 1n all
implementations.

[0088] A number of embodiments of the invention have been described. Nevertheless, 1t will
be understood that various modifications can be made without departing from the spirit and
scope of the mnvention. Accordingly, other embodiments are within the scope of the following

claims.
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WHAT IS CLAIMED IS:

1. A method for relocating an object of interest at a second 1maging station
based on coordinates for the object of interest at a first imaging station, the method
comprising:

acquiring a first pair of images including a reference image of a specimen on the first
imaging station and a second 1image of the specimen on the second 1maging station;

identifying a cell group that appears i both the reference 1mage and second 1mage;

determining stage coordinates of the cell group on the first imaging station from stage
coordinates at which the reference 1image was acquired;

determining stage coordinates of the cell group on the second 1imaging station from
stage coordinates at which the second 1image was acquired; and

calculating an affine transformation that converts the stage coordinates of the first

1imaging station to the stage coordinates of the second 1imaging station.

2. The method of claim 1, further comprising:

acquiring a second pair of images including a reference 1image acquired at the first
1imaging station and a second 1image acquired at the second 1maging station;

for the second pair of 1mages, 1dentifying a cell group that appears in both the
reference 1mage and second 1mage;

determining the stage coordinates of the cell group associated with the second pair of
images on the first imaging station and the second 1imaging station; and

calculating the affine transformation based on the first and second pairs of images.

3. The method of claim 1, wherein acquiring the first pair of images includes
selecting the reference image from a plurality of reference image candidates obtained during

a scan of the specimen at the first imaging station.

1. The method of claim 3, further comprising:
assigning a suitability score to each of a plurality of reference 1image candidates; and
selecting a reference 1image candidate with a highest suitability score as the reference

1mage.
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3. The method of claim 4, wherein assigning the suitability score includes

assigning a score that corresponds to a probability that an image of a predetermined size

taken from within the reference 1image includes uniquely 1dentifiable cells.

0. The method of claim 4, wherein assigning the suitability score includes:
segmenting cach reference image candidate into a plurality of image areas;
1dentifying the number of areas devoid of cells 1n each image area; and

assigning the suitability score based on the 1dentified number.

7. The method of claim 3, further comprising acquiring, at the first imaging
station, the plurality of reference image candidates from each of a plurality of predetermined

regions within a scan area of the specimen obtained during the scan.

3. The method of claim 7, further comprising 1dentifying the plurality of
predetermined regions including:
dividing the scan area of the specimen into equal wedge segments; and

removing a central portion of the scan arca from cach wedge segment.

9. The method of claim 1, further comprising acquiring one or more additional
1mages at the second 1maging station at locations near the second image 1f the second 1image

does not contain the cell group 1dentified 1n the reference image.

10.  The method of claim 1, wherein 1dentifying a cell group that appears 1n both
the reference 1mage and the second image further comprises:

1dentifying an arrangement of cell center points from the second 1image; and

comparing the arrangement of cell center points from the second 1mage to an

arrangement of cell center points 1n the reference image.

11.  The method of claim 10, further comprising:
identifying an arrangement of deep background points from the second 1image; and
comparing the arrangement of deep background points from the second 1mage to an

arrangement of deep background points in the reference 1image.
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12.  The method of claim 11, wherein comparing the arrangements of cell center
points and deep background points from the second 1image to the reference image comprises:

placing the arrangements of cell center points and deep background points at two or
more offsets relative to the reference image;

computing a matching score for each of the two or more offsets; and

determining a match for an offset based on the matching score.

13.  The method of claim 12, wherein computing a matching score for each offset
COMpIrises:

computing a distance transform of the reference image;

calculating a first sum of distance transform values for the arrangement of cell center
points;

calculating a second sum of distance transform values for the arrangement of deep
background points; and

subtracting the second sum from the first sum to compute the matching score.

14. A system comprising:

a data processing apparatus; and

a memory 1n data communication with the data processing apparatus and storing
instructions executable by the data processing apparatus and upon such execution cause the
data processing apparatus to perform operations comprising:

acquiring a first pair of images including a reference 1mage of a specimen on the first
imaging station and a second image of the specimen on the second 1imaging station;

1dentifying a cell group that appears 1n both the reference image and second 1image;

determining stage coordinates of the cell group on the first imaging station from stage
coordinates at which the reference 1image was acquired;

determining stage coordinates of the cell group on the second 1imaging station from
stage coordinates at which the second 1image was acquired; and

calculating an affine transformation that converts the stage coordinates of the first

1imaging station to the stage coordinates of the second 1imaging station.

15. The system of claim 14, wherein the memory further includes instructions

executable by the data processing apparatus and upon such execution cause the data
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processing apparatus to perform operations comprising:

acquiring a second pair of images including a reference 1image acquired at the first
1imaging station and a second image acquired at the second 1maging station;

for the second pair of 1mages, 1dentifying a cell group that appears in both the
reference 1mage and second 1mage;

determining the stage coordinates of the cell group associated with the second pair of
images on the first imaging station and the second 1imaging station; and

calculating the affine transformation based on the first and second pairs of images.

16. The system of claim 14, wherein the mstructions cause the data processing
apparatus to acquire the reference 1mage from a plurality of reference i1mage candidates

obtained during a scan of the specimen at the first imaging station.

17.  The system of claim 16, wherein the memory further includes instructions
executable by the data processing apparatus and upon such execution cause the data
processing apparatus to perform operations comprising:

assigning a suitability score to each of a plurality of reference image candidates; and

selecting a reference 1image candidate with a highest suitability score as the reference

1mage.

18.  The system of claim 17, wherein the suitability score includes a score that
corresponds to a probability that an 1image of a predetermined size taken from within the

reference 1image includes uniquely 1dentifiable cells.

19.  The system of claim 17, wherein the mstructions cause the data processing
apparatus to:

segment each reference image candidate into a plurality of image areas;

1dentify the number of arcas devoid of cells in each 1mage area; and

assign the suitability score based on the 1dentified number.

20.  The system of claim 16, wherein the memory further includes instructions
executable by the data processing apparatus and upon such execution cause the data

processing apparatus to perform operations comprising:
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acquiring, at the first imaging station, the plurality of reference image candidates from
cach of a plurality of predetermined regions within a scan area of the specimen obtained

during the scan.

21.  The system of claim 20, wherein the memory further includes instructions
executable by the data processing apparatus and upon such execution cause the data
processing apparatus to perform operations comprising:

1dentifying the plurality of predetermined regions including:

dividing the scan area of the specimen into equal wedge segments; and

removing a central portion of the scan arca from each wedge segment.

22.  The system of claim 14, wherein the memory further includes instructions
executable by the data processing apparatus and upon such execution cause the data
processing apparatus to perform operations comprising:

acquiring one¢ or more additional images at the second 1maging station at locations
near the second 1image 1f the second 1image does not contain the cell group 1dentified in the

reference 1mage.

23.  The system of claim 14, wherein the instructions cause the data processing
apparatus t1o:

1identify an arrangement of cell center points from the second 1mage; and

compare the arrangement of cell center points from the second 1mage to an

arrangement of cell center points 1n the reference image.

24.  The system of claim 23, wherein the memory further includes mstructions
executable by the data processing apparatus and upon such execution cause the data
processing apparatus to perform operations comprising:

identifying an arrangement of deep background points from the second 1image; and

comparing the arrangement of deep background points from the second 1image to an

arrangement of deep background points 1n the reference image.

25.  The system of claim 24, wherein the instructions cause the data processing

apparatus 1o:
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place the arrangements of cell center points and deep background points at two or
more offsets relative to the reference 1mage;
compute a matching score for each of the two or more offsets; and

determine a match for an offset based on the matching score.

26.  The system of claim 25, wherein the instructions cause the data processing
apparatus to:

compute a distance transform of the reference image;

calculate a first sum of distance transform values for the arrangement of cell center
points;

calculate a second sum of distance transform values for the arrangement of deep
background points; and

subtract the second sum from the first sum to compute the matching score.

27. A computer-readable medium having instructions stored thereon, which, when
executed by one or more processors, causes the one or more processors to perform operations
comprising:

acquiring a first pair of images including a reference 1mage of a specimen on the first
imaging station and a second image of the specimen on the second 1imaging station;

1dentifying a cell group that appears 1n both the reference image and second 1image;

determining stage coordinates of the cell group on the first imaging station from stage
coordinates at which the reference image was acquired;

determining stage coordinates of the cell group on the second 1maging station from
stage coordinates at which the second 1image was acquired; and

calculating an affine transformation that converts the stage coordinates of the first

1imaging station to the stage coordinates of the second 1imaging station.
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