Européisches Patentamt
European Patent Office

Office européen des brevets

(11) EP 1 579 375 B1

(12) EUROPEAN PATENT SPECIFICATION
(45) Date of publication and mention (51) IntCl.:
of the grant of the patent: GO6T 7/00 (2006.01)

06.12.2006 Bulletin 2006/49

(86) International application number:
(21) Application number: 03811421.1 PCT/GB2003/004916
(22) Date of filing: 13.11.2003 (87) International publication number:

WO 2004/047004 (03.06.2004 Gazette 2004/23)

(54) MEASUREMENT OF MITOTIC ACTIVITY

MESSUNG DER MITOSEAKTIVITAT
MESURE DE L’'ACTIVITE MITOTIQUE

(84) Designated Contracting States:

ATBEBG CHCY CZDE DK EE ES FIFR GB GR

HU IE IT LI LU MC NL PT RO SE SISK TR
(30) Priority: 18.11.2002 GB 0226787

(43) Date of publication of application:
28.09.2005 Bulletin 2005/39

(73) Proprietor: Qinetiq Limited
London, SW1E 6PD (GB)

(72) Inventors:
¢ GUITTET, Christelle M.
85000 LA ROCHE SUR YON (FR)
* DUCKSBURY, Paul G.
Qinetiq LTD.
Malvern
Worcestershire WR14 3PS (GB)
¢ PETROU, Maria
Guildford GU2 7XH (GB)
+ KESIDIS, Anastasios
11524 Athens (GR)
¢ CIPOLLA, Roberto
Department of Engineering
Cambridge CB2 1PZ (GB)

(56)

VARGA, Margaret J.
Qinetiq Malv.Tech. Center
Worcs WR14 3PS (GB)

Representative: Williams, Arthur Wyn Spencer
QinetiQ Limited

Intellectual Property,

Cody Technology Park,

Ively Road

Farnborough, Hants GU14 OLX (GB)

References cited:
US-A- 5 526 258

MADACHY R J ET AL: "Image analysis for
automatic classification of MITOTIC cervical
cells" IEEE ENGINEERING IN MEDICINE &
BIOLOGY SOCIETY, 10TH ANNUAL INT.
CONFERENCE, 4 November 1988 (1988-11-04),
pages 372-374, XP010074652

SUNDBLAD LARS-GORAN ET AL: "The use of
image analysis and automation for measuring
mitotic index in apical conifer mersitems"
JOURNAL OF EXPERIMENTAL BOTANY,
OXFORD UNIVERSITY PRESS, GB, vol. 49, no.
327, October 1998 (1998-10), pages 1749-1756,
XP002233559 ISSN: 0022-0957

EP 1 579 375 B1

Note: Within nine months from the publication of the mention of the grant of the European patent, any person may give
notice to the European Patent Office of opposition to the European patent granted. Notice of opposition shall be filed in
a written reasoned statement. It shall not be deemed to have been filed until the opposition fee has been paid. (Art.
99(1) European Patent Convention).

Printed by Jouve, 75001 PARIS (FR)



20

25

30

35

40

45

50

55

EP 1 579 375 B1
Description

[0001] This invention relates to a method, an apparatus and a computer program for measurement of mitotic activity,
which indicates cell division taking place in a tissue specimen: it is particularly relevant to making measurements on
potentially cancerous tissue such as breast cancer tissue. The method is also relevant to other forms of cancer such as
colon and cervical cancer.

[0002] Breastcanceris acommon form of female cancer, and also occurs to a lesser extent in the male: once a lesion
indicative of breast cancer has been detected, tissue samples are taken and examined by a histopathologist to establish
a diagnosis, prognosis and treatment plan. However, pathological analysis of tissue samples is a time consuming and
inaccurate process. It entails interpretation of images by human eye, which is highly subjective: it is characterised in
particular by considerable subjectivity in observations of the same samples by different observers and even by the same
observer at different times. For example, two different observers assessing the same ten tissue samples may give
different opinions for three of the slides - 30% error. The problem is exacerbated by heterogeneity, i.e. complexity of
some tissue sample features.

[0003] Published International Application No. WO 02/47032 A1 relates to measurement of DNA in cells from cell
images to indicate mitotic phase. It refers to the use of other image analysis parameters giving one example, magnitude
of intensity variance, but does not give details of how this variance can be used to indicate mitotic activity.

[0004] Thereisaneedto provide an objective form of measurement of mitotic activity to inform a pathologist’s diagnosis
and patient treatment.

[0005] Inone aspect, the presentinvention - which is defined by the appended claims - provides a method of measuring
mitotic activity from histopathological specimen image data, characterised in that the method has the steps of:

a) identifying pixels in the image data having luminances associated with mitotic figures;

b) selecting from among the identified pixels, a reference pixel which is sufficiently close in position and luminance
to another identified pixel to provide a reference colour;

¢) locating pixels in the image data with luminances sufficiently close to that of the reference colour to indicate
potentially mitotic figures;

d) incrementing image regions corresponding to potentially mitotic figures from the located pixels by adding pixels
thereto, potential increments to image regions being implemented or rejected by according to whether or not their
luminances are sufficiently close to respective image region luminances and sufficiently far from an image data
background luminance;

e) selecting grown image regions on the basis of thresholds for image region area, compactness and width/height
ratio; and

f) counting selected grown image regions as actually indicating mitotic figures on the basis of a threshold for number
of such regions.

[0006] The invention provides the advantage that it provides an objective measurement of mitotic activity to inform a
pathologist’s diagnosis and patient treatment.

[0007] The step of selecting grown image regions may also involve thresholds for ratio of image region luminance to
backgroundluminance and area difference between areas derived by growing each image region with multiple thresholds.
The thresholds for image region area, compactness, width/height ratio, luminance and area difference may be: 355
pixels < area < 1700 pixels, 0.17 < compactness < 0.77, width/height ratio < 2.7, luminance percentage < 44%, area

: 23
difference < area. 160 -

[0008] The step of counting selected grown image regions may also involve thresholds for region area and luminance.
Successive potential increments to image regions may be individual pixels each of which is an immediate row or column
neighbour of an existing image region pixel. Step b) may implemented with a reference pixel having a luminance differing
by less than 8% compared to another identified pixel distant from it by not more than two percent of a smaller of two
image dimensions.

[0009] Step a) may include white balancing and median filtering the image data prior to identifying pixels having
luminances corresponding to mitotic figures. In step c) pixels may be cued for acceptance or rejection as regards
indicating mitotic figures by:

a) thresholding colour image data to remove pixels lacking intensities associated with mitotic figure imagery,
b) removal pixels not present in all colours, and
¢) thresholding image region areas to remove those too small and too large to be potential mitotic figures.
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[0010] In step c) pixels may alternatively be cued for acceptance or rejection as regards indicating mitotic figures by:

a) segmenting to identify pixels with intensities associated with mitotic figure imagery,

b) thresholding image region areas to remove those too small and too large to be potential mitotic figures,
¢) cluster analysis to determine whether or not a pixel’s image region is in a sufficiently large cluster, and
d) necrotic and haity edge filtering.

[0011] In another aspect, the present invention provides computer apparatus for measuring mitotic activity from his-
topathological specimen image data, characterised in that it is programmed to execute the steps of:

a) identifying pixels in the image data having luminances associated with mitotic figures;

b) selecting from among the identified pixels a reference pixel which is sufficiently close in position and luminance
to another identified pixel to provide a reference colour;

¢) locating pixels in the image data with luminances sufficiently close to that of the reference colour to indicate
potentially mitotic figures;

d) incrementing image regions corresponding to potentially mitotic figures from the located pixels by adding pixels
thereto, potential increments to image regions being implemented or rejected by according to whether or not their
luminances are sufficiently close to respective image region luminances and sufficiently far from an image data
background luminance;

e) selecting grown image regions on the basis of thresholds for image region area, compactness and width/height
ratio; and

f) counting selected grown image regions as actually indicating mitotic figures on the basis of a threshold for number
of such regions.

[0012] In yet another aspect, the present invention provides a computer program for use in measuring mitotic activity
from histopathological specimen image data, characterised in that the computer program contains instructions to control
a computer to implement the steps of:

a) identifying pixels in the image data having luminances associated with mitotic figures;

b) selecting from among the identified pixels a reference pixel which is sufficiently close in position and luminance
to another identified pixel to provide a reference colour;

¢) locating pixels in the image data with luminances sufficiently close to that of the reference colour to indicate
potentially mitotic figures;

d) incrementing image regions corresponding to potentially mitotic figures from the located pixels by adding pixels
thereto, potential increments to image regions being implemented or rejected by according to whether or not their
luminances are sufficiently close to respective image region luminances and sufficiently far from an image data
background luminance;

e) selecting grown image regions on the basis of thresholds for image region area, compactness and width/height
ratio; and

f) counting selected grown image regions as actually indicating mitotic figures on the basis of a threshold for number
of such regions.

[0013] Thecomputerapparatus and computer program aspects of the invention may have preferredfeatures equivalent
to corresponding method aspects of the invention.

[0014] In orderthat the invention might be more fully understood, embodiments thereof will now be described, by way
of example only, with reference to the accompanying drawings, in which:-

Figure 1 isablock diagram of a procedure for measuring mitosis activity of the invention incorporating mitosis cueing,
feature detection and counting;

Figure 2  shows in more detail mitosis cueing in the procedure of Figure 1;

Figure 3  is a block diagram of an alternative approach to mitosis cueing in the procedure of Figure 1;

Figure 4  illustrates the use of hidden Markov random field segmentation in the Figure 3 mitosis cueing procedure; and

Figure 5  shows in more detail mitosis feature detection in the procedure of Figure 1.

[0015] Referring to Figure 1, a procedure 10 for the assessment of tissue samples in the form of histopathological
slides of potential carcinomas of the breast is shown. This drawing illustrates processes for measuring mitotic activity
to produce a parameter for use by a pathologist as the basis for assessing patient diagnosis.

[0016] The procedure 10 employs a database 12, which maintains digitised image data obtained from histological
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slides as will be described later. Sections are taken (cut) from breast tissue samples (biopsies) and placed on respective
slides. Slides are stained using the staining agent haematoxylin & eosin (H&E), which is a common stain for delineating
tissue and cellular structure. Tissue stained with H&E is used to assess mitotic activity.

[0017] Measurement of mitotic activity in a tissue specimen gives an indication of the degree of cell division that is
taking place. A histopathological slide is a snap shot representing a very short time interval in a cell division process,
so the chance of such a slide showing a particular phase of mitotic activity is very small: if such a phase is in fact present
in a slide, that is a good indicator of how fast a potential tumour is growing.

[0018] In a prior art manual procedure for scoring mitotic activity, a clinician places a slide under a microscope and
examines a region of it (referred to as a tile) at magnification of x40 for indications of mitotic activity. This manual
procedure involves a pathologist subjectively and separately estimating unusual colour, size, shape and boundary
definition of cells in a tissue sample. The values obtained in this way are combined by the pathologist to give a single
measurement for use in diagnosis. The process hereinafter described in this example replaces the prior art manual
procedure with an objective procedure.

[0019] The invention uses image data from histological slides. In the present example, image data were obtained by
a pathologist using Zeiss Axioskop microscope with a Jenoptiks Progres 3012 digital camera. Image data from each
slide is a set of digital images obtained at a linear magnification of 40 (i.e. 40X), each image being an electronic equivalent
of atile.

[0020] To select images, a pathologist scans the microscope over a slide, and at 40X magnification selects regions
(tiles) of the slide which appear to be most promising in terms of analysing of mitotic activity. Each of these regions is
then photographed using the microscope and digital camera referred to above, and this produces for each region a
respective digitised image in three colours, i.e. red, green and blue (R, G & B). Three intensity values are obtained for
each pixel in a pixel array to provide an image as a combination of R, G and B image planes. This image data is stored
temporarily at 12 for later use. Ten digitised images are required for measurement of mitotic activity at 14 which then
provides input to a diagnostic report at 28.

[0021] A number of processes 16 to 20 will be described to measure mitotic activity in a given sample: these comprise
two alternative mitotic cueing processes 16 and 18 and a mitotic feature detection process 20. The measure of mitotic
activity is converted at 26 into a mitotic count for use by a pathologist.

[0022] Referring now to Figure 2, the first alternative mitotic cueing process 16 is shown in more detail. If it is selected
for use, it is carried out for each of the ten digitised images mentioned above, but will now be described for one such
image referredto as the inputimage. Itis used to cue oridentify dark image regions, which may correspond to mitotic cells.
[0023] At a stage 30, from the input image three histograms are formed showing the occurrence frequency of pixel
intensities, one histogram representing R (red) intensities, one B (blue) and one G (green). For example, an image with
8 bits per colour per pixel would have a histogram abscissa axis of 256 intensity values, 0 to 255, and a histogram
ordinate axis of number of pixels in the image having each intensity value. Each histogram is a vector having 256
elements, and the ith element (i = 0 to 255) of each vector is the number of pixels having intensity i in the R, G or B
image plane.

[0024] The next stage is to threshold the R, G or B image planes at 32: to implement this, firstly the total number Ny
of pixels in an image plane is counted (this will be the same value for all three image planes). For each image plane Nt
is then divided by a respective empirical R, G or B parameter Py, Pg or Pg determined from experience of implementing
the invention: parameter values Pg = 100, Pg = 100 and Pg = 140 were derived manually and empirically from a set of
250 test images obtained using the Zeiss Axioskop microscope and Jenoptiks Progres 3012 camera mentioned above.
Images produced using a different microscope/camera combination might require different parameters. This procedure
gives three thresholds T, T and Ty equal respectively to N/Pg, N/Pg and N{/Pg.

[0025] The histograms and the thresholds Ty, Tg and Ty are then used for each image plane to select low intensity
pixels whose total number does not exceed the threshold Ty, Tg or Tg. So for example an image having a total number
of pixels Nt equal to 20,000 would have a red and green image planes with Pg= 100, Pg = 100 and T and Tg equal
to 200. For the blue image plane Tg is 2x10%/140 or ~142. In an eight-bit range of pixel intensities with values 0 to 255,
the red image plane histogram might have numbers of pixels 3, 20, 50, 7, 20, 80 and 65 at pixel intensity values 0 to 6
respectively. The total number of pixels having pixel intensity values 0 to 6 is 245, which exceeds the red image plane
threshold Ty of 200; however the total number over pixel intensity values 0 to 5 is less than 200, and these are therefore
retained and pixels with intensity values 6 to 255 are rejected. The procedure retains a small part of the histogram, which
corresponds to the darker regions of the red image plane (mitotic cells tend to be dark). This procedure is repeated for
the green and blue image planes using their respective thresholds. The objective is to retain in each image plane a
number of pixels which are likely to be in proportion to the number of pixels in the image.

[0026] The next stage 34 is spatial filtering: here the red, green and blue retained pixels are compared and every pixel
which is not retained in all three image planes after thresholding is rejected. Each pixel remaining after spatial filtering
is then cued by assigning it a binary 1 value and all other pixels in the image which have rejected are set to binary 0:
this creates a single combined binary image for output from the stage 34.
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[0027] At 36, a technique known as "connected component labelling" (CCL) is applied to the combined binary image
from stage 34: this is a known image processing technique (sometimes referred to as ’blob colouring’) published by
Klette R., Zamperoniu P., '"Handbook of Image Processing Operators’, John Wiley & Sons, 1996, and Rosenfeld A., Kak
A.C., 'Digital Picture Processing’, vols. 1 & 2, Academic Press, New York, 1982. CCL gives numerical labels to image
regions which are "blobs" in the binary image, blobs being groups of contiguous or connected pixels of the same value
1 in a binary image containing Os and 1 s only: each group or blob is assigned a number (label) different to those of
other groups to enable individual blobs to be distinguished from others. CCL also provides blob areas in terms of number
of pixels.

[0028] Blobs are then retained (pixels set to 1) or rejected (pixels set to 0) based on their dimensions: blobs are
retained if they both contain from 95 to 5000 pixels inclusive and have height and width of not more than 2000 pixels.
In this example the minimum area of 95 pixels is deliberately set to a small value to avoid rejecting too many blobs that
might be of interest for possible mitotic activity. The maximum area is set to a large value for the same reason. The
output of stage 36 is a binary image containing a set of labelled blobs for analysis for mitotic activity as will be described
later. Stage 36 is useful for removing blobs which aren’t likely to be relevant for later processing, but it is not essential.
[0029] Referring now to Figure 3, the second mitotic cueing process 18 is shown in more detail. As in the previous
example, if the process 18 is selected for use, it is carried out for each of the ten digitised images mentioned above, but
will now be described for one such image. At a stage 40 a single iteration of a technique known as "Hidden Markov
Random Field segmentation” is performed on the red component of an original (RGB) input image of a tile. This seg-
mentation is a known image processing technique, see by Devijver P.A., 'Image segmentation using causal Markov
Random Field models’, Pattern Recognition, J.Kittler (ed) Lecture Notes in Computer Science 301, Springer-Verlag
1988; also Ducksbury P.G., 'Parallel model based segmentation using a 3™ order hidden Markov model’, 4 |EE Int.
Conf. Image Processing and its Applications, Maastricht, 7-9 April, 1992. The input image is quantised into four levels
(i.e. reduced from potentially 256 grey levels to just four): the first of these levels corresponds to very dark areas of the
input image, second and third levels are progressively less dark and the fourth level corresponds to light image areas.
The input image’s grey level histogram is computed and initially fitted with a set of four Gaussian distributions of number
of pixels N(x) as a function of pixel value x, the distributions having a variety of means p. and standard deviations ¢ and
each being of the form:-

NG - e o (1)

Jery

[0030] In this example, the Equation (1) distributions form the basis of image segmentation, which is defined as
separation of objects from a background in a digital image. The Gaussian distributions are numbered 1 to 4 respectively.
If an image pixel has a grey level that falls within Gaussian distribution number j (j = 1, 2, 3 or 4), then its segmented
label is j. However where there is overlap of Gaussians as in shaded areas in Figure 4 then the power of the Markov
segmentation algorithm comes into effect in making a probabilistic decision as to which is the best segmented label to
choose. The output from this stage 40 is a mask image where each pixel has been allocated one of four numbers (1, 2,
3 or4). Only pixels having label 1 (corresponding to dark image areas) are used in subsequent processing stages. Even
though only label 1 pixels are retained, for good image segmentation it is better to use an adequate number of levels or
labels (four in this case) and to assign pixels correctly: this improves the results for label 1. Using too few segmentation
levels, segmented regions may be too large and contain inappropriate pixels; with too many levels, segmented regions
may be too small and fragmented.

[0031] Segmentation into four is found to be a good compromise, despite using only lowest numbered pixels in later
processing. Stage 40 is a useful segmentation technique but others can be used instead.

[0032] At 42 a K-means clustering process is performed: this is a known process which is described by J.A. Hartigan
and M.A. Wong in a paper entitled 'A K-means clustering algorithm’, Algorithm AS 136, Applied Statistics Journal, 1979.
K-means is an iterative statistical technique for computing an optimal set of clusters (groups of data items sharing some
common property) from a dataset. This process uses raw image pixels from the red component of the original (RGB)
input image of a tile input at 40: it selects those red pixels that are located in the same image position as pixels labelled
1 in the mask image generated at 40. Designating the maximum and minimum of the values of the label 1 raw image
pixels as "max" and "min" respectively, three clusters are used and initially cluster centres for the K-means technique
are set relative to the dynamic range (max - min) of these pixels as follows :
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Cluster Initial cluster centre setting
1 min+0.1x (max-min) 10% of dynamic range above min
2 min+ 0.5 x (max-min) middle of dynamic range
3 max - 0.1 x (max-min)  10% of dynamic range below max

[0033] From the result of the K-means technique two masks are created: one mask marks areas containing cluster 1
OR cluster 2 (the joint cluster mask) whilst the second mask marks just cluster 1 in isolation (the cluster 1 mask). Only
clusters 1 and 2 are required for later processing; the third cluster is used simply to separate data on a more reasonable
basis.

[0034] At44 connected component labelling (CCL, as previously described) is applied to the mask created at 42 which
marks the joint cluster (cluster 1 OR cluster 2). CCL also gives the areas of labelled blobs in terms of numbers of pixels.
Blobs that are outside an allowed area range are rejected, and those within this range are retained as indicated in the
table below and renumbered sequentially from label 1 upwards. The output from stage 44 is a set of labelled blobs.

EITHER blob size < 70 pixels OR size > 262144 pixels | Reject blob - set all its pixels to 0 and exclude from set of
labelled blobs

70 pixels < blob size < 262144 pixels Accept for further processing and include in set of labelled
blobs

[0035] The maximum and minimum acceptable blob areas (262144 and 70 pixels) were chosen to be sufficiently
widely separated to avoid significant loss of potentially relevant blobs - this dynamic range might be reducible if more
knowledge of relevant blob sizes becomes available. Stage 44 is useful to remove unwanted blobs but could be dispensed
with.

[0036] At46 each labelled blob generated at 44 is considered and accepted or rejected based on a contextual analysis
of its cluster 1/(cluster 1 + cluster 2) score; i.e. from the results of 42, for each blob find how many of its pixels are in
cluster 1 (NC1) and how many in cluster 2 (NC2): then calculate the ratio NC1/(NC1 + NC2), and accept the blob for
furtherprocessingifthis ratiois 0.6 or greater. Rejectthe blob ifthe ratio is lessthan 0.6. The resultis areduced set of blobs.

Contextual measure 2 cluster context threshold (60%) | Accept for further processing into set of blobs

Contextual measure < cluster context threshold (60%) | Reject blob

[0037] At 48 take the reduced set of blobs generated at 46 and perform a rejection using a 'necrotic filter’: such a filter
computes a standard metric referred to as the Euclidean metric Mg, of normalised quantised boundary phase (as
described later). The Euclidean metric Mg, is of the form:

(2)

where x; and y; (i=1to n) are elements of vectors x and y respectively representing the two quantities to be compared.
The ’necrotic filter’ process is as follows: firstly, a Sobel edge filter is applied to the labelled image obtained from step
44 and the raw image - i.e. the red component of the original (RGB) input image input to stage 40 tile. The labelled image
is used to obtain the boundary of the blob that may correspond to a mitotic figure and the raw image is used to obtain
the phase angle of pixels in the raw image. Sobel is a standard image processing technique published in Klette R., &
Zamperoni P., '"Handbook of image processing operators’, John Wiley & Sons, 1995. A Sobel filter consists of two 3x3
arrays of numbers Sp and S, each of which is convolved with successive 3x3 arrays of pixels in an image. Here
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1 2 1 1 0 -1
S,=|0 0 0|and S,=[2 0 -2 (3)
-1 =2 -1 1 0 -1 ,

[0038] Afirst 3x3 array of pixels is selected in the top left hand corner of the labeled image: designating as Ci]- ageneral
labelled pixel in row i and column j, the top left hand corner of the image consists of pixels C44 to Cy5, C54 to Cyg and
Cgy to Cgg. Gjjis then multiplied by the respective digit of Sp located in the Sp array as C;;is in the 3x3 cyan pixel array:
i.e. Cq4to Cygare mutilplied by 1, 2 and 1 respectively, C,4 to Cog by zeroes and Cgy to Caz by -1, -2 and -1 respectively.

The products so formed are added algebraically and provide a value p. The value of p will be relatively low for pixel
values changing slowly between the first and third rows either side of the row of C,,, and relatively high for pixel values

changing rapidly between those rows: in consequence p provides an indication of edge sharpness across rows. This
procedure is repeated using the same pixel array but with Sq replacing Sp, and a value q is obtained: q is relatively low

for pixel values changing slowly between the first and third columns either side of the column of C,,, and relatively high
for pixel values changing rapidly between those columns, and g therefore provides an indication of edge sharpness

across columns. The square root of the sum of the squares of p and q are then computed i.e. /p2 + ql which is

defined as an "edge magnitude" and becomes T, (replacing pixel C,, at the centre of the 3X3 array) in the transformed

image. Tan p/q is also obtained at each pixel and is defined as a "phase angle".

[0039] A general pixel T; (row i, column j) in the transformed image is derived from C; 4 ;4 to C; 4 44, Gjj4 to C;j,4 and
Cis1j110Ciyq juq Of the labeledimage. Because the central row and column of the Sobelfilters in Equation (3) respectively
are zeros, and other coefficients are 1 s and 2s, p and q for Tij can be calculated as follows:

p ={Ciyj1 +2Ciqj+ Ciq ju} - {Cinajr +2 C sy j+ Cisyjin) (4)

g ={Ciij1 +2Cj1 + Cinrj1} - {Cirjs1 +2C ijer + C s } (5)

[0040] Beginning with i =] =2, p and q are calculated for successive 3X3 pixel arrays by incrementing j by 1 and
evaluating Equations (2) and (3) for each such array until the end of a row is reached,; j is then incremented by 1 and
the procedure is repeated for a second row and so on until the whole image has been transformed. The Sobel filter
cannot calculate values for pixels at image edges having no adjacent pixels on one or other of its sides: i.e. in a pixel
array having N rows and M columns, edge pixels are the top and bottom rows and the first and last columns, or in the
transformed image pixels T44t0 Typ, Tyq 10 Ty T4 t0 Ty @nd Ty, to Ty By convention in Sobel filtering these edge
pixels are set to zero. The output of the Sobel filter comprises two transformed images, one (the edge filtered image)
contains the boundaries of the labeled blobs produced at 44 whilst the other contains the "phase angle" of the raw input
image.

[0041] A pixel of a labelled blob is a boundary pixel if the like-located pixel in the Sobel edge filtered image is non-
zero: for each boundary pixel the phase angle is extracted from the like-located pixel in the Sobel phase angle image.
This phase angle information is then quantised to reduce it to four orientation ranges (0 - 44, 45 - 89, 90 - 134, 135 -
179 degrees) and the number of boundary pixels in each orientation is normalised by dividing it by the number of pixels
in the perimeter of the blob. This results in a respective 4-element vector of normalised orientations or quantised phase
for each blob: The Euclidean measure of each of these vectors is computed using Equation (2) and compared with that
of a perfect circle, in which the four vector elements are of equal value. This searches for blobs relatively far from
circularity. The Euclidean measures of the labelled blobs are compared with a Euclidean Threshold of 0.4354 and are
rejected if they are greater than it. The Euclidean threshold was derived from a K-means analysis of a test dataset.
Output a set of remaining blobs.

Euclidean measure >0.4354 | Reject blob
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(continued)

Euclidean measure <0.4354 | Acceptblobforfurther processing as part of a set of remaining blobs

[0042] At 50 each of the blobs remaining after step 48 is examined and a ’hairy edge filter’ operation is performed. A
’hairy edge filter measures the amount of edge structure in an area around a blob, this being a rough approximation to
the ’hairy fibres’ sometimes seen around mitotic figures. This is computed for each blob as follows:

a) Two morphological dilations are applied using filters 5x5 and 13x13 pixels in size as shown below.

00100
01110
5x5 fiter = 1 1 1 1 1 (6)

11110

00100
00000O0O1O0O0O0COO0OO
cooot1t111111000
cot11111111100
ot+t11111111110
ot11111111110
ot1111+11111110

13x13fiter = t 1 1 1 1 1 1 11 1 111 (7)

ot11111111110
o111111111110
o111111111110
oot1t1111111100
0001111111000
0000O0O010O0O0CO0OO0CO

Morphological dilation is an expansion operation: for an original binary image (i.e. having pixel values 1 and 0 only), the
expansion operation comprises locating each pixel with value 1 and setting pixels in its vicinity also to 1. In the two above
arrays, a central 1 indicates a pixel found to be 1 in the image, other 1 s indicate the relative positions of nearby pixels
set to 1 to implement morphological dilation, and 0s represent pixels left unchanged.

Morphology is an image processingtechnique based on shape and geometry. It is a standard image processing procedure
published in Umbaugh S.C., ’Colour vision and image processing’, Prentice Hall, 1998. Morphology applies a filter of
some size and shape to an image. In the simplest sense dilation (dilates (or expands) an object) at each pixel position
the output of the dilation is the logical OR of the inputs. The filters used contain approximations to circles as shown
above. The application of the two dilation operations results in two dilated results. Each blob is dilated by two different
amounts, as described with reference to Equations (6) and (7): the blob resulting from the 5x5 filter is then subtracted
from that resulting from the 13x13 filter, which results in a border around the blob. This is repeated for each of the blobs
remaining after step 48.

b) A Sobel filter (as previously described) is applied to obtain the gradient of the raw image - i.e. the red component of
the original (RGB) input image of a tile, input at 40. A summation of gradient values is formed within the area of the
border (mask) determined at a) around each blob and is used as a filter measure for comparison with a Hairy Threshold
for acceptance and rejection of blobs as shown in the table immediately below.

Filter measure > Hairy Threshold (25000) | Acceptblob as valid for processing for mitotic feature detection

Filter measure < Hairy Threshold (25000) Reject blob

[0043] The output of step b) is a set of cued blobs considered valid for use in mitosis feature detection as will be
described later. Stages 46, 48 and 50 are desirable to reduce unwanted blobs, but are not essential if the consequent
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processing burden in mitotic feature detection can be tolerated.

[0044] Referring now to Figure 5, there is shown a flow diagram of the mitotic feature detection process 20, which is
carried out for each of the ten digitised input images referred to above and will be described for one image. At a first
stage 60, an input RGB image is preferably white balanced by remapping its most luminous pixel to white. For each
pixel / (i =1 to total number of pixels in image) in this image, pixel luminance L;is computed from its red, green and blue
intensities R, G; and B, using the following equation:

L; = 0.299xR; + 0.587xG; + 0.114 xB; (8)

[0045] Then the pixel with the maximum of the luminance values of all pixels in the input (RGB) image is located and
usedto record the corresponding values of R, G and B at that maximum luminance pixel position and denoted LumMaxR,
LumMaxG and LumMaxB. The ratios for each of the three image planes are then computed as

RatioR = (255/LumMaxR) x 1.05 9)
RatioG = (255/LumMaxG) x 1.05 _ (10)
RatioB = (255/LumMaxB) x 1.05 : , (11)

[0046] The original RGB pixel values are now multiplied by these ratios to produce a white balanced image with three
image planes with the following values for each pixel i:

BalancedR,;

= R; x RatioR | (12)
BalancedG; = G; x RatioG (13)
BalancedB; = B; x RatioB (14)

[0047] The final stage is to clip the new white balanced image so that no pixel values lie outside the eight bit range
(0 to 255). If any pixel value is less than 0, it is set to zero and if any pixel value is greater than 255, it is set to 255.
Production of a white balanced image is not essential but desirable to reduce variation between images.

[0048] At 62 the clipped white balanced image from step 60 is filtered with a 3x3 median filter to remove spatial noise
(desirable but not essential). The filter is applied independently to each of the balanced red (BalancedR), green (Bal-
ancedG) and blue (BalancedB) image planes computed at 60: the median filter operation selects each pixel in these
image planes in succession (other than edge pixels) and takes a 3 x 3 array of those pixels centred on the selected
pixel. The 3 x 3 array of pixels is then sorted into ascending order of pixel value using what is referred to as "quicksort".
Quicksort is a known technique published by Klette R., Zamperoniu P., '"Handbook of Image Processing Operators’,
John Wiley & Sons, 1996, and will not be described. It is not essential but convenient. The median pixel value (fifth of
nine) is then taken as the filter output to replace the value of the selected pixel. This is repeated across the clipped white
balanced image. Pixels in edge rows and columns do not have the requisite 3x3 array, and for these the clipped white
balanced image pixel values are retained in the median filtered image.

[0049] At 64 an’autopick colour’ process is applied which picks or locates a pixel having the lowest luminance (darkest)
in the median filtered image (excluding outlying pixels relatively remote from pixels of similar luminance): this means
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that the chosen pixel has at least one relatively nearby pixel with luminance similar to its own. Dark pixels are selected
because mitotic figures tend to have relatively low luminance using conventional histological slide preparation techniques.
The computation is as follows, for each pixel position in the median filtered image the luminance L; is computed as follows:

L = 0.299xR; + 0.587 xG; + 0.114 x B; (15)

[0050] Computing L; for each pixel position in the median filtered image using Equation (15) provides a luminance
image: in the luminance image a first pixel value and its location is stored as a current darkest pixel. Successive pixels
in that image are compared with the first pixel: if any comparison pixel has L; darker (lower value of luminance) than the
current darkest then its pixel value and its location are stored in a list of darkest pixels. After the list has reached ten
entries, the current least dark pixel in it is removed and replaced by a later pixel on each occasion a later pixel is darker
than the least dark pixel: this process continues until all pixels have been compared with and where appropriate added
to the list. After processing the entire luminance image, the list of darkest pixels is sorted into descending order of
darkness using Quicksort (as mentioned above) so that the darkest is first. If the procedure results in less than ten
darkest pixels, the stored comparison luminance value originally obtained from the first pixel is increased and the pro-
cedure repeated.

[0051] The next step is to determine whether or not the darkest pixel satisfies the condition that it is located relatively
near another of the ten darkest pixels: i.e. the condition is that these two pixels be separated by a distance of not more
than twenty pixels in any direction (along a row, a column diagonally or between a diagonal and a row or column). This
condition applies to an image of dimensions 1476 pixels by 1160 pixels, so the maximum separation is 2% of the smaller
image dimension. If this condition is satisfied, a darkest pixel has been located having a comparatively near neighbour
of similar luminance and therefore not considered to be an outlying pixel: the luminance of this darkest pixel is denoted
bY Lpicked cotour- If the condition is not satisfied then the procedure is iterated by discarding the current darkest pixel from
the list and taking the remaining darkest pixel ; iteration continues until the condition is met. The list size of ten was
determined by analysis of the ten images selected as previously described, but it is not critical and a different number
can be chosen. The pixel from which Licred colour 1§ taken should therefore be selected from a small group (twenty or
less) of the darkest pixels.

[0052] At 66 a’colour proximity highlighting’ is carried out which locates image pixels in the median filtered image that
have luminances differing from L0y coiour Y l€ss than 20 (i.e. less than 8% for an eight-bit intensity range from 0 to
255). This is carried out by creating a mask image as follows: for each pixel in the median filtered image, if a luminance
inequality condition (16) below is true then the pixel is accepted and represented by a value 255 in the equivalent position
in the mask image.

[0053] If the inequality condition (16) is not true, then the current pixel is rejected and represented by 0 in the mask
image. Results from whichever of the cueing processes 16 and 18 has been used are introduced in this step 66: i.e. a
pixel for which the inequality condition (16) is true is accepted or rejected according to whether there is a 1 or 0 value
respectively for a corresponding pixel located in the same position in the mitosis cued image resulting from process 16
or 18. It is not essential to use a process 16 or 18 but it is useful to reduce processing burden.

[0054] At 68 accepted pixels are "grown" so that they come to correspond to a whole cell instead of just part of a cell.
Luminance proximity is used to check if growing should continue: i.e. if the mask image computed at 66 indicates that
there is too large a luminance difference between a selected pixel and a test pixel as compared to a luminance difference
threshold denoted by Lt (L= 75 in this example), growth with the selected pixel does not continue.

[0055] The process 68 of growing pixels is as follows: firstly, an image store labelled 'grow’ is created that indicates
whether pixel positions are 'grown’ or 'not grown’ and each entry or pixel in ’grow’ is initially set to ’false’ (false = 0)
indicating that no pixels have yet been ’grown’: ’true’ (true = 1) would indicate 'grown’. Secondly, a background colour
for image 'grow’ is computed from the median filtered image by averaging all pixels other than those that are white (i.e.
having R, G and B all equal to the maximum value of 255): the value of this background colour is recorded. The growing
process now proceeds in accordance with the computer program steps below: in these steps a convention is used that
an inset of a line to the right indicates an iterative loop including the line and those following it of equal and greater inset,
the loop terminating when a line of lesser inset is reached.

[0056] For each pixel in the median filtered image:
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If the mask image pixel is accepted and a corresponding pixel in the same location in ’grow’ is 0 then:
Set the pixel in "grow’ to true (1)
Enter the position of the pixel in ’grow’ in a list entitled ’Action List’
As long as the Action List is not empty then:

Remove the most recently added pixel from the Action List but retain its image position in memory and
designate it as the 'removed pixel’,

Selectfour pixels in ‘grow’ that are nearest neighbours of the removed pixel, i.e. pixels immediately adjacent
to the removed pixel in the same column or row only, not diagonal neighbours.

Select one of the nearest neighbour pixels not yet compared with the mask image pixel,

If (and only if) the three following ctiteria are met, i.e. (a) the mask image pixel and the selected nearest
neighbour pixel differ in luminance by less than Ly, (b) the mask image pixel and the background colour
differ in luminance by more than L+, and (c) the mask image pixel and a white pixel differ in luminance
by more than L, then:

Change from false (0) to true (1) the pixel in 'grow’ located in the same position as the selected
nearest neighbour pixel, and add the position of the selected nearest neighbour pixel to the Action
List

If any one or more of the criteria (a), (b) and (c) are not met, leave the relevant pixel in 'grow’ unchanged
and do not add its position to the Action List

Repeat for next nearest neighbour pixel not yet compared with the mask image pixel,
Repeat for next entry in the Action list

Repeat for all other mask image pixels.
[0057] The above computer program steps provide a mechanism for continuing to grow a cell from an original sin-
gle.pixel in the mask image by reassessing further pixels for growth. Nearest neighbour pixels of a ’seed’ mask image
pixel to be grown are assessed: each of the nearest neighbours which becomes added (changed to 1) in growth is also
added to the Action List for its uncompared nearest neighbours to be assessed. Growth therefore proceeds until all
pixels adjoining but not part of a grown cell have been assessed and have failed one or more of the three luminance
criteria (a), (b) and (c). Growth then terminates for that cell and restarts for another cell based on a new 'seed’ mask
image pixel.
[0058] The result of 68 is a new image 'grow’ which now contains a set of blobs (image regions of contiguous pixels
of value 1) which are candidates for indicating positions of real cells that are likely to be of interest for mitosis. The blobs
are processed at 70 by connected component labelling as previously described: this derives a set of measurements for
each blob as follows:

area A (the number of pixels in a blob),

perimeter P (the number of pixels on a blob’s boundary),

compactness (4rA/P2),

width (maximum number of pixels in a row across a blob),

height (maximum number of pixels in a column down a blob),

ratio width/height,

11
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luminance percentage: using median filtered image pixels located in the same positions as the pixels of the blob,
this measure is computed by multiplying by 100 the result of dividing the luminance of the darkest median filtered
image pixels by the luminance of the background colour,

perturbed difference (difference between grown blob sizes obtained using thresholds corresponding to L+ perturbed
by a prearranged increment and decrement respectively), and

Hue difference (absolute value of difference between an average Hue and a background Hue from the input image).
[0059] The perturbed difference is computed as follows:

the threshold Ly is adjusted by adding a perturbation factor Pg (Pg= 4) in this example,

the growing process 68 is applied resulting in a new larger blob,

the threshold Ly is adjusted by subtracting the perturbation factor Pg, and

the growing process 68 is applied resulting in a new smaller blob,

[0060] A logical EXOR function is then computed between the new larger and smaller blobs: i.e. each pixel in the
smaller blob is EXORed with a respective pixel in the same position in the larger blob. Outer pixels of the larger blob for
which there are no like-located pixels in the small blob are treated as being EXORed with a different pixel value. The
EXOR function yields a 1 for a pair of pixels of different value and a 0 for a pair of pixels of the same value. Its results
provide an EXOR image with each EXOR value located as a pixel in the same position as the blob pixels giving rise to
it. The number of pixels equal to 1 in the EXOR image is then counted and this number is the perturbed difference.
[0061] The Hue difference is obtained for each blob as follows: the average colour of the median filtered image pixels
located in the same positions as the pixels of the blob is computed. This average colour and the background pixel colour
obtained earlier are then converted from red/green/blue (RGB) to a different image space hue/saturation/value (HSV).
The RGB to HSV transformation is described by K. Jack in *Video Demystified’, 2nd ed., HighText Publications, San
Diego, 1996. In this example the V and S components are not required. H is calculated for the average colour of each
blob and the background pixel colour as follows:

Let M = maximum of (R,G,B) (17)

Let m = minimum of (R,G,B) (18)

[0062] Then

newr = (M - R)/(M - m) (19)
newg = (M- G)/(M-m) (20)
newb = (M- B)/(M - m) (21)

[0063] Hue (H) then given by:

12
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If R equals M then H = 60(newb - newg) (22)
If G equals M then H = 60(2 + newr — newb) (23)
If B equals M then H = 60(4 + newg — newr) (24)
If H greater than or equal 360 then H = H — 360 (25)
If H less than 0 then H = H + 360 (26)

[0064] The difference between the H values of the average colour of the median filtered image pixels in the blob and
the background pixel is then calculated for each blob and becomes designated as the Hue difference for that blob.
[0065] If a blob’s parameters satisfy all the conditions in the table immediately below then the blob is accepted for
further processing, otherwise it is rejected (deleted) by setting all its pixels to 0.

Parameters for Accepted Blobs

355 pixels < Area < 1700 pixels

0.17 < Compactness < 0.77

Ratio of width/height < 2.7

Luminance percentage < 44

Perturbed difference < Areax 23/100

Hue difference > 0

[0066] In the present example, the Hue difference will virtually always be true (due to the zero threshold in the table
immediately above). However in some circumstances it may be desirable to have a non-zero threshold. Luminance
percentage, perturbed difference and Hue difference are not essential, and can be omitted from the thresholds in the
table above governing further processing or otherwise.

[0067] At 72 atwo quicksorts (as previously defined) are applied to the blobs to sort them into two lists, one of blobs
in ascending order of blob area and the other of blobs in ascending order of blob luminance in the median filtered image.
The blobs in the two lists are now referred to in accordance with groupings that they mark the end of: i.e. a blob is referred
to as the "darkest X% blob" to indicate that it together with blobs (if any) of lower luminance than it are X% of the total
number of blobs. Similarly, a blob is referred to as the "largest Y% blob" to indicate that it together with blobs (if any) of
greater area than it are Y% of the total number of blobs.

[0068] A blob of median area (the "median blob", central in the area list) is now identified. If there is an even number
of blobs in the area list, the average area of the two central blobs is taken as the median area. Also at 72, unwanted
blobs are eliminated to leave those assessed as corresponding to mitotic figures as follows: if more than A blobs are
present and the largest blob is more than B percent of the area of the median blob, we retain each of the largest C blobs
which has a luminance not greater than that of the darkest D percent blob. Otherwise, if the largest blob is not more
than B percent of the area of the median blob, retain each of the darkest E blobs which has an area less than or equal
the largest F percent blob. In this example, values for A, B, C, D, E and Fare A= 2 blobs, B =200 percent, C= 3 blobs,
D = 30 percent, E = 2 blobs, F =80 percent. The process 72 is computed as follows:

[0069] If the number of blobs is less than or equal to A then accept each blob as being a mitotic figure, the mitotic
figure count is A and processing the current image terminates.

[0070] Otherwise, if the number of blobs is greater than A:
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obtain area of largest blob,
obtain area of median blob,
if the largest blob area is more than B percent of the median blob area, then:

obtain the luminance of the darkest D percent blob - if there is no blob at a D percent position take the luminance
of a blob which is both darker and nearest to a notional D percent blob position in the luminance list, for each
of the largest C blobs,

if blob luminance is less than or equal to the darkest D percent blob, accept the blob as being a detected
mitotic figure, increase a count of mitotic figures by 1, and repeat for remainder of largest Cblobs until none
remain unassessed and output count of mitotic figures.

Otherwise, if largest blob area is not more than B percent of median blob area, obtain the area of the largest F
percent blob - if there is no blob at an F percent position take the area of a blob which is nearest (in area) to a
notional F percent blob position in the area list,

For each of the darkest E blobs

if blob area is less than or equal to area of the largest F percent blob,
accept the blob as being a detected mitotic figure, and increase a count of mitotic figures (initially 0) by 1,
repeat for remainder of the largest E blobs until none remain unassessed and output count of mitotic figures.

[0071] The criterion number of blobs is not greater than A may be the only one used if desired, the mitotic count being
taken as zero if this is not satisfied. The "otherwise" criterion, i.e. number of blobs greater than A and subsequent ctiteria,
provide a further option.

[0072] As previously mentioned, the process 20 is carried out for a total of ten images or tiles: this repetition is to
increase the likelihood of observing mitotic activity. The mitotic counts for the ten images are then added together to
provide a sum which is converted to a mitotic activity grading as will be described later.

[0073] The mitotic feature detection technique 20 produces measurements derived from ten images. It is applied to
ten images or tiles as has been said: the mitotic figures are counted for each image and the counts are added together
to provide a total for the ten images. The mitotic figure count for a technique is low, medium or high with points 1, 2 or
3 according to whether itis 0to 5, 6 to 10 or 11 or more respectively as shown in the table below.

Measurement: Number of Mitotic figuresin Tenimages | Meaning | Points
0-5 Low 1
6-10 Moderate 2
>11 High 3

[0074] The measurement of mitosis may be combined with others obtained for pleomorphism and tubules by different
methods to derive an overall grading referred to in medicine as a "Bloom and Richardson grading”: it is used by clinicians
as a measure of cancer status.

[0075] The examples given in the foregoing description for calculating intermediate quantities and results can clearly
be evaluated by an appropriate computer program recorded on a carrier medium and running on a conventional computer
system. Examples of program steps haven been given. Such a program is straightforward for a skilled programmer to
implement without requiring invention, because the procedures are well known. Such a program and system will therefore
not be described further. The scope of the invention is determined by the appended claims.

Claims

1. A method of measurement of mitotic activity from histopathological specimen image data, the method having the
steps of:
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a) identifying pixels in the image data having luminances associated with mitotic figures;

b) selecting from among the identified pixels a reference pixel which is sufficiently close in position and luminance
to another identified pixel to provide a reference colour;

¢) locating pixels in the image data with luminances sufficiently close to that of the reference colour to indicate
potentially mitotic figures;

d) incrementing image regions corresponding to potentially mitotic figures from the located pixels by adding
pixels thereto, potential increments to image regions being implemented or rejected by according to whether
or not their luminances are sufficiently close to respective image region luminances and sufficiently far from an
image data background luminance;

e) selecting grown image regions on the basis of thresholds for image region area, compactness and width/
height ratio; and

f) counting selected grown image regions as actually indicating mitotic figures on the basis of a threshold for
number of such regions.

A method according to Claim 1 characterised in that the step of selecting grown image regions also involves
thresholds for ratio of image region luminance to background luminance and area difference between areas derived
by growing each image region with multiple thresholds.

A method according to Claim 2 characterised in that the thresholds for image region area, compactness, width/
height ratio, luminance and area difference are: 355 pixels < area < 1700 pixels, 0.17 < compactness < 0.77, width/

height ratio < 2.7, luminance percentage < 44%, area difference < area. %

A method according to Claim 1 characterised in that the step of counting selected grown image regions as actually
indicating mitotic figures also involves thresholds for region area and luminance.

Amethod accordingto Claim 1 characterised in that successive potential increments to image regions are individual
pixels each of which is an immediate row or column neighbour of an existing image region pixel.

A method according to Claim 1 characterised in that step b) is implemented with a reference pixel having a
luminance differing by less than 8% compared to another identified pixel distant from it by not more than two percent
of a smaller of two image dimensions.

A method according to Claim 1 characterised in that step a) includes white balancing and median filtering the
image data prior to identifying pixels having luminances corresponding to mitotic figures.

A method according to Claim 1 characterised in that in step c) pixels are cued for acceptance or rejection as
regards indicating mitotic figures by:

a) thresholding colour image data to remove pixels lacking intensities associated with mitotic figure imagery,
b) removal pixels not present in all colours, and
¢) thresholding image region areas to remove those too small and too large to be potential mitotic figures.

A method according to Claim 1 characterised in that in step c) pixels are cued for acceptance or rejection as
regards indicating mitotic figures by:

a) segmenting to identify pixels with intensities associated with mitotic figure imagery,

b) thresholding image region areas to remove those too small and too large to be potential mitotic figures,
¢) cluster analysis to determine whether or not a pixel’'s image region is in a sufficiently large cluster, and
d) necrotic and hairy edge filtering.

Computer apparatus adapted to provide a measure of mitotic activity from histopathological specimen image data,
said apparatus being programmed to execute the steps of:

a) identifying pixels in the image data having luminances associated with mitotic figures;

b) selecting from among the identified pixels a reference pixel which is sufficiently close in position and luminance
to another identified pixel to provide a reference colour;
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¢) locating pixels in the image data with luminances sufficiently close to that of the reference colour to indicate
potentially mitotic figures;

d) incrementing image regions corresponding to potentially mitotic figures from the located pixels by adding
pixels thereto, potential increments to image regions being implemented or rejected by according to whether
or not their luminances are sufficiently close to respective image region luminances and sufficiently far from an
image data background luminance;

e) selecting grown image regions on the basis of thresholds for image region area, compactness and width/
height ratio; and

f) counting selected grown image regions as actually indicating mitotic figures on the basis of a threshold for
number of such regions.

Apparatus according to Claim 10 characterised in that it is programmed to execute the step of selecting grown
image regions by also using thresholds for ratio of image region luminance to background luminance and area
difference between areas derived by growing each image region with multiple thresholds.

Apparatus according to Claim 11 characterised in that the thresholds for image region area, compactness, width/
height ratio, luminance and area difference are: 355 pixels < area < 1700 pixels, 0.17 < compactness < 0.77, width/

height ratio < 2.7, luminance percentage < 44%, area difference < area. '1'2(%

Apparatus according to Claim 10 characterised in that it is programmed to execute the step of counting selected
grown image regions as actually indicating mitotic figures by also using thresholds for region area and luminance.

Apparatus according to Claim 10 characterised in that successive potential increments to image regions are
individual pixels each of which is an immediate row or column neighbour of an existing image region pixel.

Apparatus according to Claim 10 characterised in that it is programmed to execute step b) with a reference pixel
having a luminance differing by less than 8% compared to another identified pixel distant from it by not more than
two percent of a smaller of two image dimensions.

A computer program adapted to be used in measuring mitotic activity from histopathological specimen image data,
the computer program containing instructions to control a computer to execute the steps of:

a) identifying pixels in the image data having luminances associated with mitotic figures;

b) selecting from among the identified pixels a reference pixel which is sufficiently close in position and luminance
to another identified pixel to provide a reference colour;

¢) locating pixels in the image data with luminances sufficiently close to that of the reference colour to indicate
potentially mitotic figures;

d) incrementing image regions corresponding to potentially mitotic figures from the located pixels by adding
pixels thereto, potential increments to image regions being implemented or rejected by according to whether
or not their luminances are sufficiently close to respective image region luminances and sufficiently far from an
image data background luminance;

e) selecting grown image regions on the basis of thresholds for image region area, compactness and width/
height ratio; and

f) counting selected grown image regions as actually indicating mitotic figures on the basis of a threshold for
number of such regions.

A computer program according to Claim 16 characterised in that its instructions provide for executing the step of
selecting grown image regions by also using thresholds for ratio of image region luminance to background luminance
and area difference between areas derived by growing each image region with multiple thresholds.

Acomputerprogramaccordingto Claim 17 characterised in that the thresholds forimage region area, compactness,
width/height ratio, luminance and area difference are: 355 pixels < area < 1700 pixels, 0.17 < compactness < 0.77,

width/height ratio < 2.7, luminance percentage < 44%, area difference < area. %3-0-

A computer program according to Claim 16 characterised in that its instructions provide for executing the step of
counting selected grown image regions as actually indicating mitotic figures using also thresholds for region area
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and luminance.

Patentanspriiche

Verfahren zur Messung von Mitoseaktivitat in Bilddaten von histopathologischen Proben, wobei das Verfahren
folgende Schritte aufweist:

a) |dentifizieren von Pixeln in den Bilddaten, die Luminanzen haben, die zu mitotischen Formen gehdren;

b) Auswéhlen eines Referenzpixels aus den identifizierten Pixeln, das beziiglich Position und Luminanz einem
anderen identifizierten Pixel ausreichend nahe ist, um eine Referenzfarbe zu schaffen;

¢) Auffinden von Pixeln in den Bilddaten mit Luminanzen, die denen der Referenzfarbe ausreichend nahe sind,
um auf potenzielle mitotische Formen hinzudeuten,

d) Ausweiten von Bildbereichen, die potenziell mitotischen Formen aus den gefundenen Pixeln entsprechen,
indem Pixel hinzugefligt werden, wobei potenzielle Ausweitungen von Bildbereichen ausgefiihrt oder abgelehnt
werden, je nach dem, ob ihre Luminanzen ausreichend nah bei den entsprechenden Luminanzen des Bildbe-
reichs liegen und ausreichend weit von der Luminanz eines Hintergrundes der Bilddaten entfernt sind oder nicht;
e) Auswahlen der gewachsenen Bildbereiche auf Basis von Schwellwerten fir die Flache des Bildbereichs, die
Kompaktheit und das Breiten/Héhen-Verhaltnis; und

f) Zahlen von ausgewéhlten gewachsenen Bildbereichen als Formen, die tatséchlich mitotische Formen anzei-
gen, auf Basis eines Schwellwerts fur die Anzahl solcher Bereiche.

Verfahren nach Anspruch 1, dadurch gekennzeichnet, dass an dem Schritt des Auswéhlens von gewachsenen
Bildbereichen auch Schwellwerte fiir das Verhaltnis der Luminanz des Bildbereichs zur Luminanz des Hintergrundes
und fur Flachendifferenzen zwischen Flachen, die aus dem Anwachsen jedes Bildbereichs mit mehreren Schwell-
werten abgeleitet werden, beteiligt sind.

Verfahren nach Anspruch 2, dadurch gekennzeichnet, dass die Schwellwerte flir die Flache des Bildbereichs,
die Kompaktheit, das Breite/H&he-Verhéltnis, die Luminanz und die Flachenabweichung sind: 355 Pixel < Flache
< 1700 Pixel, 0,17 < Kompaktheit < 0,77, Breite/Hohe-Verhaltnis < 2,7, Prozentsatz der Luminanz < 44%, Flachen-
abweichung < Flache- 23/ 100.

Verfahren nach Anspruch 1, dadurch gekennzeichnet, dass an dem Schritt des Z&hlens ausgewéhlter gewach-
sener Bildbereiche als Formen, die tatséchlich mitotische Formen anzeigen, auch Schwellwerte fiir die Flache des
Bereichs und die Luminanz beteiligt sind.

Verfahren nach Anspruch 1, dadurch gekennzeichnet, dass sukzessive potenzielle VergréBerungen von Bildbe-
reichen einzelne Pixel sind, von denen jedes ein unmittelbarer Reihen- oder Spaltennachbar eines bestehenden
Pixels eines Bildbereichs ist.

Verfahren nach Anspruch 1, dadurch gekennzeichnet, dass Schritt b) mit einem Referenzpixel durchgefiihrt wird,
das eine Luminanz aufweist, die im Vergleich zu einem anderen identifizierten Pixel um weniger als 8% abweicht,
das von ihm nicht mehr als zwei Prozent von einer kleineren von zwei Bildabmessungen entfernt ist.

Verfahren nach Anspruch 1, dadurch gekennzeichnet, dass Schritt a) einen WeiBabgleich und Mittelwertfilterung
der Bilddaten vor der Identifizierung der Pixel mit Luminanzen, die mitotischen Formen entsprechen, umfasst.

Verfahren nach Anspruch 1, dadurch gekennzeichnet, dass in Schritt ¢) Pixel zur Akzeptanz oder Ablehnung
beziglich Hindeutung auf mitotische Formen markiert werden, indem:

a) Farbdaten des Bildes mit Schwellwerten verglichen werden, um Pixel zu entfernen, die nicht die Intensitaten
aufweisen, die zum Bildanteil von mitotischen Formen gehéren,

b) Pixel entfernt werden, die nicht in allen Farben vorhanden sind, und

¢) Flachen von Bildbereichen mit Schwellwerten verglichen werden, um die zu entfernen, die flir potenzielle
mitotische Formen zu klein und zu grof sind.

Verfahren nach Anspruch 1, dadurch gekennzeichnet, dass in Schritt ¢) Pixel zur Akzeptanz oder Ablehnung
beziglich Hindeutung auf mitotische Formen markiert werden, indem:
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a) segmentiert wird, um Pixel mit Intensitéten zu identifizieren, die zum Bildanteil von mitotischen Formen
gehdren,

b) Flachen von Bildbereichen mit Schwellwerten verglichen werden, um die zu entfernen, die flr potenzielle
mitotische Figuren zu klein und zu grof3 sind,

¢) Clusteranalyse durchgeflihrt wird, um festzustellen, ob der Bildbereich eines Pixels in einem ausreichend
groBen Cluster ist oder nicht, und

d) nekrotische Filterung und Filterung ausgefranster Kanten durchgefiihrt wird.

Rechnervorrichtung, die dazu eingerichtet ist, ein MaB flir die mitotische Aktivitat aus Bilddaten einer histopatholo-
gischen Probe zu liefern, wobei die Vorrichtung dazu programmiert ist, die folgenden Schritte auszuflihren:

a) ldentifizieren von Pixeln in den Bilddaten mit Luminanzen, die zu mitotischen Figuren gehéren,

b) Auswéhlen eines Referenzpixels aus den identifizierten Pixeln, das bezliglich Position und Luminanz einem
anderen identifizierten Pixel ausreichend nahe ist, um eine Referenzfarbe zu schaffen;

¢) Auffinden von Pixeln in den Bilddaten mit Luminanzen, die denen der Referenzfarbe ausreichend nahe sind,
um auf potenzielle mitotische Formen hinzudeuten,

d) VergrdéBern von Bildbereichen, die potenziell mitotischen Formen aus den gefundenen Pixeln entsprechen,
indem Pixel hinzugefligt werden, wobei potenzielle VergréBerungen von Bildbereichen ausgefihrt oder abge-
lehnt werden, je nach dem, ob ihre Luminanzen ausreichend nah bei den entsprechenden Luminanzen des
Bildbereichs liegen und ausreichend weit von der Luminanz eines Hintergrundes der Bilddaten entfernt sind
oder nicht;

e) Auswahlen der gewachsenen Bildbereiche auf Basis von Schwellwerten flir die Flache des Bildbereichs, die
Kompaktheit und das Breiten/H&hen-Verhaltnis; und

f) Z&hlen von ausgewahlten gewachsenen Bildbereichen als Formen, die tatséchlich mitotische Formen anzei-
gen, auf Basis eines Schwellwerts flir die Anzahl solcher Bereiche.

Vorrichtung nach Anspruch 10, dadurch gekennzeichnet, dass sie dazu programmiert ist, den Schritt des Aus-
wahlens von gewachsenen Bildbereichen durchflihren, indem sie auch Schwellwerte flir das Verhaltnis der Luminanz
des Bildbereichs zur Luminanz des Hintergrundes und fir Flachendifferenzen von Flachen verwendet, die aus dem
Anwachsen jedes Bildbereichs mit mehreren Schwellwerten abgeleitet werden.

Vorrichtung nach Anspruch 11, dadurch gekennzeichnet, dass die Schwellwerte fir die Flache des Bildbereichs,
die Kompaktheit, das Breite/H&he-Verhaltnis, die Luminanz und die Flachenabweichung sind: 355 Pixel < Flache
< 1700 Pixel, 0,17 < Kompaktheit < 0,77, Breite/Hohe-Verhaltnis < 2,7, Prozentsatz der Luminanz < 44%, Flachen-
abweichung < Flache - 23/ 100.

Vorrichtung nach Anspruch 10, dadurch gekennzeichnet, dass sie dazu programmiert ist, den Schritt des Zahlens
ausgewahlter gewachsener Bildbereiche als Formen, die tats&chlich mitotische Formen anzeigen, auszuflihren,
indem auch Schwellwerte fiir die Flache des Bereichs und die Luminanz verwendet werden.

Vorrichtung nach Anspruch 10; dadurch gekennzeichnet, dass sukzessive potenzielle VergréBerungen von Bild-
bereichen einzelne Pixel sind, von denen jedes ein unmittelbarer Reihen- oder Spaltennachbar eines bestehenden
Pixels eines Bildbereichs ist.

Vorrichtung nach Anspruch 10, dadurch gekennzeichnet, dass sie dazu programmiert ist, Schritt b) mit einem
Referenzpixel durchzuflihren, das eine Luminanz aufweist, die im Vergleich zu einem anderen identifizierten Pixel
umweniger als 8% abweicht, das von ihm nicht mehrals zwei Prozent von einer kleineren von zwei Bildabmessungen
entfernt ist.

Computerprogramm, das flir den Einsatz bei der Messung von mitotischer Aktivitat eingerichtet ist, wobei das
Computerprogramm Anweisungen enthalt, um einen Rechner zu steuern, der die folgenden Schritte ausfihrt:

a) Identifizieren von Pixeln in den Bilddaten, die Luminanzen haben, die zu mitotischen Formen gehéren;

b) Auswahlen eines Referenzpixels aus den identifizierten Pixeln, das beziiglich Position und Luminanz einem
anderen identifizierten Pixel ausreichend nahe ist, um eine Referenzfarbe zu schaffen;

¢) Auffinden von Pixeln in den Bilddaten mit Luminanzen, die denen der Referenzfarbe ausreichend nahe sind,
um auf potenzielle mitotische Formen hinzudeuten,

d) VergréBern von Bildbereichen, die potenziell mitotischen Formen aus den gefundenen Pixeln entsprechen,
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indem Pixel hinzugefligt werden, wobei potenzielle VergréBerungen von Bildbereichen ausgefihrt oder abge-
lehnt werden, je nach dem, ob ihre Luminanzen ausreichend nah bei den entsprechenden Luminanzen des
Bildbereichs liegen und ausreichend weit von der Luminanz eines Hintergrundes der Bilddaten entfernt sind
oder nicht;

e) Auswahlen der gewachsenen Bildbereiche auf Basis von Schwellwerten flir die Flache des Bildbereichs, die
Kompaktheit und das Breiten/H&hen-Verhaltnis; und

f) Z&hlen von ausgewahlten gewachsenen Bildbereichen als Formen, die tatséchlich mitotische Formen anzei-
gen, auf Basis eines Schwellwerts flir die Anzahl solcher Bereiche.

Computerprogramm nach Anspruch 16, dadurch gekennzeichnet, dass seine Anweisungen fiur die Ausfilhrung
des Schrittes des Auswéahlens von gewachsenen Bildbereichen sorgen, indem es auch Schwellwerte fiir das Ver-
héltnis der Luminanz des Bildbereichs zur Luminanz des Hintergrundes und flir Flachendifferenzen von Flachen
verwendet, die aus dem Anwachsen jedes Bildbereichs mit mehreren Schwellwerten abgeleitet werden.

Computerprogramm nach Anspruch 17, dadurch gekennzeichnet, dass die Schwellwerte flr die Flédche des
Bildbereichs, die Kompaktheit, das Breite/Hohe-Verhéltnis, die Luminanz und die Flachenabweichung sind: 355
Pixel < Flache < 1700 Pixel, 0,17 < Kompaktheit < 0,77, Breite/H8he-Verhéltnis < 2,7, Prozentsatz der Luminanz
< 44%, Flachenabweichung < Flache - 23/ 100.

Computerprogramm nach Anspruch 16, dadurch gekennzeichnet, dass seine Anweisungen flr die Ausflihrung
des Schrittes des Zahlens ausgewahlter gewachsener Bildbereiche als Formen sorgen, die tatséchlich mitotische
Formen anzeigen, wobei auch Schwellwerte flir die Flache des Bereichs und die Luminanz verwendet werden.

Revendications

1.

Procédé de mesure d’une activité mitotique & partir de données image de spécimens histopathologiques, le procédé
comprenant les étapes consistant a :

a) identifier des pixels dans les données image ayant des luminances associées a des figures mitotiques ;

b), choisir parmiles pixels identifiés un pixel de référence qui est suffisamment proche en position eten luminance
d’un autre pixel identifié pour fournir une couleur de référence ;

c) localiser des pixels dans les données image avec des luminances suffisamment proches de celle de la couleur
de référence pour indiquer des figures potentiellement mitotiques ;

d) incrémenter des régions d’images correspondant a des figures potentiellement mitotiques a partir des pixels
localisés en ajoutant des pixels a celles-ci, des incréments potentiels aux régions d'images étant appliqués ou
rejetés selon que leurs luminances sont suffisamment proches ou non des luminances des régions d'images
respectives, et suffisamment éloignées ou non d’une luminance d’arriere-plan des données image ;

e) choisir des régions d’images achevées sur la base de seuils pour l'aire, la compacité et le rapport largeur/
hauteur des régions d’'images ; et

f) compter des régions d'images achevées choisies comme indiquant réellement des figures mitotiques sur la
base d’un seuil pour le nombre de régions de ce type.

Procédé selon la revendication 1, caractérisé en ce que I'étape consistant a choisir des régions d'images achevées
comprend aussi des seuils pour le rapport de la luminance des régions d'images a la luminance d’arriére-plan et la
différence d’aire entre des aires obtenues en achevant chaque région d’images avec des seuils multiples.

Procédé selon la revendication 2, caractérisé en ce que les seuils pour I'aire, la compacité, le rapport largeur/
hauteur, la luminance et la différence d’aire des régions d'images sont : 355 pixels < aire < 1 700 pixels, 0,17 <
compacité < 0,77, rapport largeur/hauteur < 2,7, pourcentage de luminance < 44%, différence d’aire < aire X 23/100.

Procédé selon la revendication 1, caractérisé en ce que 'étape consistant a compter des régions d'image achevées
choisies comme indiquant réellement des figures mitotiques comprend aussi des seuils pour laire et la luminance
des régions.

Procédé selon la revendication 1, caractérisé en ce que les incréments potentiels successifs aux régions d'images

sont des pixels individuels, dont chacun est un voisin immédiat de rangée ou de colonne d’un pixel d’'une région
d’images existante.
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Procédé selon la revendication 1, caractérisé en ce que 'étape b) est appliquée avec un pixel de référence ayant
une luminance différant de moins de 8% par rapport & un autre pixel identifié distant de celui-ci d’au plus deux
pourcent d’une plus petite de deux dimensions d’'images.

Procédé selon la revendication 1, caractérisé en ce que I'étape a) comprend un équilibrage des blancs et un
filtrage médian des données image avant d’identifier des pixels ayant des luminances correspondant a des figures
mitotiques.

Procédé selon la revendication 1, caractérisé en ce que dans I'étape c) les pixels sont déterminés comme acceptés
ou rejetés en ce qui concerne I'indication de figures mitotiques par :

a) seuillage des données image couleur pour retirer des pixels manquant d’intensités associées a des images
de figures mitotiques ;

b) retrait des pixels non présents dans toutes les couleurs ; et

c) seuillage des aires des régions d’'images pour retirer celles qui sont trop petites et trop grandes pour étre
des figures mitotiques potentielles.

Procédé selon la revendication 1, caractérisé en ce que dans I'étape c) les pixels sont déterminés comme acceptés
ou rejetés en ce qui concerne l'indication de figures mitotiques par :

a) segmentation pour identifier des pixels avec des intensités associées a des images de figures mitotiques ;
b) seuillage des aires des régions d'images pour retirer celles qui sont trop petites et trop grandes pour étre
des figures mitotiques potentielles ;

¢) analyse de groupement pour déterminer si la région d’'images d’un pixel est ou non dans un groupement
suffisamment grand ; et

d) filtrage de bords nécrosés et velus.

Appareil informatique adapté pour mesurer une activité mitotique a partir de données image de spécimens histo-
pathologiques, ledit appareil étant programmé pour exécuter les étapes consistant a :

a) identifier des pixels dans les données image ayant des luminances associées a des figures mitotiques ;

b) choisirparmiles pixels identifiés un pixel de référence qui est suffisamment proche en position eten luminance
d’un autre pixel identifié pour fournir une couleur de référence ;

c) localiser des pixels dans les données image avec des luminances suffisamment proches de celle de la couleur
de référence pour indiquer des figures potentiellement mitotiques ;

d) incrémenter des régions d’images correspondant a des figures potentiellement mitotiques a partir des pixels
localisés en ajoutant des pixels & celles-ci, des incréments potentiels aux régions d’images étant appliqués ou
rejetés selon que leurs luminances sont suffisamment proches ou non des luminances des régions d'images
respectives, et suffisamment éloignées ou non d’'une luminance d’arriére-plan des données image ;

e) choisir des régions d’images achevées sur la base de seuils pour l'aire, la compacité et le rapport largeur/
hauteur des régions d’'images ; et

f) compter des régions d'images achevées choisies comme indiquant réellement des figures mitotiques sur la
base d’un seuil pour.le nombre de régions de ce type.

Appareil selon la revendication 10, caractérisé en ce qu’il est programmé pour exécuter I'étape consistant a choisir
des régions d’images achevées en utilisant aussi des seuils pour le rapport de la luminance des régions d’'images
a la luminance d’arriere-plan et la différence d’aire entre des aires obtenues en achevant chaque région d’'images
avec des seduils multiples.

Appareil selon la revendication 11, caractérisé en ce que les seduils pour I'aire, la compacité, le rapport largeur/
hauteur, la luminance et la différence d’'aire des régions d’images sont : 355 pixels < aire < 1 700 pixels, 0,17 <
compacité < 0,77, rapport largeur/hauteur < 2,7, pourcentage de luminance < 44%, différence d’aire < aire X 23/100.
Appareil selon la revendication 10, caractérisé en ce qu’il est programmé pour exécuter I'étape consistant a
compter des régions d'image achevées choisies comme indiquant réellement des figures mitotiques en utilisant

aussi des sedulils pour laire et la luminance des régions.

Appareil selon la revendication 10, caractérisé en ce que des incréments potentiels successifs aux régions d'images
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sont des pixels individuels, dont chacun est un voisin immédiat de rangée ou de colonne d’un pixel d’'une région
d’images existante.

Appareil selon la revendication 10, caractérisé en ce qu’il est programmé pour exécuter étape b) avec un pixel
de référence ayant une luminance différant de moins de 8% par rapport & un autre pixel identifié distant de celui-ci
d’au plus deux pourcent d’une plus petite de deux dimensions d’'images.

Programme informatique adapté pour étre utilisé dans la mesure d’une activité mitotique a partir de données image
de spécimens histopathologiques, ledit programme informatique contenant des instructions pour commander a un
ordinateur d’exécuter les étapes consistant a :

a) identifier des pixels dans les données image ayant des luminances associées a des figures mitotiques ;

b) choisirparmiles pixels identifiés un pixel de référence qui est suffisamment proche en position eten luminance
d’un autre pixel identifié pour fournir une couleur de référence ;

c) localiser des pixels dans les données image avec des luminances suffisamment proches de celle de la couleur
de référence pour indiquer des figures potentiellement mitotiques ;

d) incrémenter des régions d’images correspondant & des figures potentiellement mitotiques a partir des pixels
localisés en ajoutant des pixels a celles-ci, des incréments potentiels aux régions d’images étant appliqués ou
rejetés selon que leurs luminances sont suffisamment proches ou non des luminances des régions d'images
respectives, et suffisamment éloignées ou non d’'une luminance d’arriere-plan des données image ;

e) choisir des régions d’'images achevées sur la base de seuils pour l'aire, la compacité et le rapport largeur/
hauteur des régions d’images ; et

f) compter des régions d'images achevées choisies comme indiquant réellement des figures mitotiques sur la
base d’un seuil pour le nombre de régions de ce type.

Programme informatique selon la revendication 16, caractérisé en ce que ses instructions permettent d’exécuter
I'étape consistant achoisir des régions d’'images achevées en utilisant aussi des seuils pour le rapport de la luminance
des régions d'images a la luminance d’arriére-plan et la différence d'aire entre des aires obtenues en achevant
chaque région d'images avec des seuils multiples.

Programme informatique selon la revendication 17, caractérisé en ce que les seuils pour l'aire, la compacité, le
rapport largeur/hauteur, la luminance et la différence d'aire des régions d’images sont : 355 pixels < aire < 1 700
pixels, 0,17 < compacité < 0,77, rapport largeur/hauteur < 2,7, pourcentage de luminance < 44%, différence d’aire
< aire X 23/100.

Programme informatique selon la revendication 16, caractérisé en ce que ses instructions permettent d’exécuter

I'étape consistant & compter des régions d’images achevées choisies comme indiquant réellement des figures
mitotiques en utilisant aussi des seuils pour l'aire et la luminance des régions.
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