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MULTIDIMENSIONAL PARTICLE ANALYSIS DATA CLUSTER
RECONSTRUCTION

FIELD OF THE INVENTION

[0001] Embodiments of the present invention generally relate to systems and methods of
particle analysis. More specifically, embodiments relate to systems and methods for

processing and displaying cellular analysis data.

BACKGROUND

[0002] Particle analyzers, such as, flow cytometers and hematology analyzers, measure
physical properties of particles in a biological sample. Exemplary hematology analyzers
are available from a number of companies including Beckman Coulter Inc., Sysmex
Corp., Abbott Laboratories Inc., Siemens AG, and Shenzhen Mindray Bio-Medical
Electronics Co., Ltd. Exemplary flow cytometers are available from a number of
companies including Beckman Coulter Inc. and Becton, Dickinson and Company.
Exemplary physical property measurements performed by particle analyzers include
electro-optical measurements.

[0003] Measurements of different physical properties of particles are stored as particle
analysis data. Each measured physical property corresponds to a feature (or parameter) in
the particle analysis data. In this way, when multiple features are involved, the particle
analysis data can form a multidimensional feature space. Each feature is associated with
a dimension of the multidimensional feature space. Data points in the multidimensional
feature space correspond to the particles. In particular, the measured physical property
values of a particle can serve as coordinates of the corresponding data point in a
multidimensional feature space.

[0004] Particles in a biological particle population usually share similar physical
properties. Accordingly, data points corresponding to particles in the same population
often group into clusters in the multidimensional feature space. Clusters in a
multidimensional feature space are multidimensional clusters. For example, clusters in a
three-dimensional (3D) feature space are 3D clusters. Classifying particle clusters can

help users analyze the biological sample. Problems are encountered, however, when
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classifying particle clusters in a multidimensional feature space. Classifying particle
clusters directly based on population types can be difficult in the multidimensional feature
space due to the complex statistical distribution of the particles and the number of
dimensions involved.

[0005] Particle populations can also be classified in two-dimensional (2D) projections of
the multidimensional feature space. A 2D projection can be obtained by selecting data
measuring two features from the multidimensional feature space. 2D clusters in the 2D
projection can then be associated with particle populations. However, because a 2D
projection does not contain data that measures features other than the two selected
features, it can cause inaccurate results in particle population classification. For example,
some particle populations can have similar values in two features but different values in
other features. In a 2D projection over the two features, particles in these populations can
overlap. A population classification based on that 2D projection alone would be
Inaccurate.

[0006] Because each 2D projection only contains data associated with two features, it is
possible that each 2D projection becomes an isolated source of information. Global
information such as cross-relations can be lost. Cross-relations include relationships
among 2D clusters in the 2D projections. Sometimes a particle population can be
projected to different locations and shapes in different 2D projections. Without cross-
relations, it is difficult to identify such 2D clusters as corresponding to the same particle
populations.

[0007] The classification of data points into particular particle populations based on 2D
projections can be even less accurate for abnormal biological samples. Particle
populations in abnormal samples are often shifted from their expected locations. This can
cause heavy particle overlapping in 2D projections making it even more difficult to

classify the overlapped particles into different populations.

BRIEF SUMMARY OF THE INVENTION

[0008] Embodiments of the present invention provide systems and methods for
reconstructing multidimensional clusters of particle analysis data.
[0009] In one embodiment, a method for reconstructing multidimensional particle

analysis data clusters on a computing device is provided. The method includes obtaining
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on a computing device a set of segmented two-dimensional projections corresponding to
multidimensional particle analysis data associated with a biological sample of particles.
Each segmented two-dimensional projection has one or more two-dimensional clusters
associated with particle populations in the biological sample. The method also includes
reconstructing on the computing device one or more multidimensional clusters based on
the two-dimensional clusters in the segmented two-dimensional projections.

[0010] In another embodiment, a computer-implemented system for reconstructing
multidimensional particle analysis data clusters is provided. The computer-implemented
system includes a two-dimensional segmentation module, a two-dimensional cluster
classification module, and a multidimensional cluster reconstruction module. The two-
dimensional segmentation module obtains two-dimensional projections of
multidimensional particle analysis data associated with a biological sample of particles
and segments the two-dimensional projections into one or more two-dimensional clusters.
Each of the two-dimensional clusters corresponds to a particle population in the
biological sample.

[0011] The two-dimensional cluster classification module identifies, for each
multidimensional data point in the multidimensional particle analysis data that has a value
above a pre-specified threshold, two-dimensional clusters in the two-dimensional
projections that contain the multidimensional data point. The multidimensional cluster
reconstruction module operates to group multidimensional data points based on the
identified two-dimensional clusters, thereby reconstructing one or more multidimensional
clusters.

[0012] Further embodiments, features, and advantages of the present invention, as well as
the structure and operation of the various embodiments of the present invention, are

described in detail below with reference to the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0013] The accompanying drawings, which are incorporated herein and form a part of the
specification, illustrate the present invention and, together with the description, further
serve to explain the principles of the invention and to enable a person skilled in the

pertinent art to make and use the invention.
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[0014] FIGS. 1A-D show an example of multidimensional particle analysis data and
corresponding 2D projections.

[0015] FIG. 2 is a diagram of an exemplary system for reconstructing multidimensional

clusters of hematology data according to an embodiment of the present invention.

[0016] FIG. 3 is a diagram of an exemplary particle analyzer for providing particle
analysis data according to an embodiment of the present invention.

[0017] FIGS. 4A-B are two 2D histograms of hematology data for a white blood cell
normal sample in two different 2D projections.

[0018] FIG. 5 is a definition of a 2D cluster according to an embodiment of the present
invention.

[0019] FIG. 6 is a flowchart of an exemplary procedure for reconstructing

multidimensional clusters of particle analysis data according to an embodiment of the
present invention.

[0020] FIG. 7A shows an example of 3D hematology data of a white blood cell normal
sample obtained from a Beckman Coulter hematology analyzer.

[0021] FIGS. 7B and 7C are examples of 2D segmentations in two different 2D
histograms drawn from the example hematology data for FIG. 7A according to an
embodiment of the present invention.

[0022] FIG. 7D shows another 2D histogram segmentation drawn from the example
hematology data for FIG. 7A according to an embodiment of the present invention.

[0023] FIG. 8 is an example of reconstructed 3D clusters based on examples in FIGS.
7A-C according to an embodiment of the present invention.

[0024] FIG. 9 is a diagram of an exemplary computer system for reconstructing
multidimensional particle analysis data clusters according to an embodiment of the
invention.

[0025] The present invention is described with reference to the accompanying drawings.
The drawing in which an element first appears is typically indicated by the leftmost digit

in the corresponding reference number.

DETAILED DESCRIPTION OF EMBODIMENTS OF THE INVENTION

[0026] Embodiments of the present invention are described with respect to biological

particle analyzers. Embodiments of the present invention involve mapping
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multidimensional cross-relation information and reconstructing multidimensional clusters
from two-dimensional (2D) projections of a multidimensional feature space. Each 2D
projection is associated with particle analysis data in two dimensions. The mapping and
reconstructing are based on cross-relation information gathered from 2D clusters detected
in the 2D projections. The cross-relation information of clusters in different 2D
projections are extremely useful when the clusters are overlapped or shifted, because
overlapped or shifted clusters in one 2D projection can appear separated or well located in
another 2D projection. In this way, a display of reconstructed multidimensional clusters
(such as, reconstructed 3D clusters) can still show and recover data points in clusters that
would otherwise not be shown in cluster images alone due to blockage or overlap of
different 2D projections.

[0027] Further, embodiments of the present invention can identify cross-relations of the
2D clusters in different 2D projections. Based on the cross-relations, the
multidimensional clusters can be reconstructed in the multidimensional feature space.
Such reconstruction is computationally less intensive than classifying the
multidimensional clusters in multidimenstonal feature space directly. It can also be used
for more accurate population classification for abnormal samples. The cross-relations can
help recover populations not detected in some of the 2D projections in the
multidimensional cluster reconstruction process.

[0028] FIGS. 1A-D show an example of multidimensional particle analysis data and
corresponding 2D projections. In FIG. 1A, points P1, P2, and Pr are multidimensional
data points in a set of data points 102, where » can be a number equal to or greater than 3.
Points P1, P2, and Pr have coordinate values corresponding to d features, f1, 12, ..., fd in
a set of features 104, where d is the number of distinct features. For example, features
104 can include light scatter, volume, opacity, axial light loss, etc. FIG. 1B shows a

corresponding 2D projection 110 over features f7 and f2. In FIG. 1B, points Pl fifs
P2r 1 and Pry, r, are respective 2D projections of points P1, P2, and Pr in projection
110. FIG. 1C shows a projection 120 over features f7 and fd. Points Plg r , P24+, and
Pr, 1, are 2D projections of points P1, P2, and Pr in projection 120. FIG. 1D shows a 2D
projection 130 over features f2 and fd. Points Plg, . , P2y, , and Pry, ¢ are respective

2D projections of points P1, P2, and Pr in projection 130.



WO 2010/053868 PCT/US2009/062979
-6-

[0029] In one embodiment, the 2D projections are 2D scattergrams obtained from
multidimensional particle analysis data. Each 2D data point in a 2D scattergram
corresponds to a particle event. In another embodiment, the 2D projections are 2D
histograms obtained from the multidimensional particle analysis data. Each 2D data point
in a 2D histogram corresponds to a two-dimensional bin. Each bin accumulates particle
events appearing at the location of the bin. The accumulated value represents the particle
density or count at the location. For instance, this count can be a count of the number of
particles having data values that correspond to the bin location (that is, the values of the

2D features represented at the particular bin).

System Overview

[0030] FIG. 2 is a diagram of an exemplary system 200 for multidimensional particle
analysis data cluster reconstruction according to one embodiment of the present
invention,

[0031] System 200 includes a particle analyzer 210 and a multidimensional cluster
generator 220. System 200 can also include a display 230.

[0032] Particle analyzer 210 provides multidimensional particle analysis data 215
captured from a biological sample of particles. FIG. 3 is a schematic diagram of particle
analyzer 210 according to an embodiment of the present invention. Particle analyzer 210
includes a preparation system 310, a transducer module 320, a measuring region 326, a
memory 330, and a container 350.

[0033] Preparation system 310 prepares biological samples containing particles for
analysis. In one embodiment, the particles are blood cells. In alternative embodiments,
the particles can be other types of biological particles such as DNA fragments.

[0034] Transducer module 320 captures data corresponding to the analyzed particles. In
one embodiment, transducer module 320 includes multiple interrogation sources 322a-m,
multiple detectors 324a-n, and a measuring region 326. Preparation system 310 passes
the prepared biological particles 328 from a biological sample through measuring region
326.

{0035] Interrogation sources 322a-m provide electro-optical interrogations of particles
328 so that one or more parameters associated with the interrogated particles can be

detected by detectors 324a-n respectively. In one embodiment, for example, interrogation
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sources 322a-m include one or more lasers and/or electrical sources (e.g. a direct current
(DC) source). In alternative embodiments, other types and/or numbers of interrogation
sources can be used. Detectors 324a-n detect parameters associated with the interrogated
particles in the samples. Detectors 324a-n then send the detected parameters as data to
memory 330. In one embodiment, detectors 324a-n include one or more photodiode
sensors. Detectors 324a-n can also include a DC receiver. In alternative embodiments,
other types of detectors can be used depending upon the particular type of interrogation to
be done.

[0036] In one embodiment, the parameters are derived from eletro-optical measurements,
which include DC (direct current), RF (radio frequency), light scatter (at one or more
angles), fluorescence, side scatter light, and axial light loss as is well-known in the art,
and described for example in U.S. Pat. No. 5,125,737. These examples of parameters are
illustrative and not intended to limit the present invention. Different combinations of
parameters and types of parameters can be used.

[0037] In one embodiment, particle analyzer 210 measures biological particles contained
in a flowing stream. In another embodiment, particle analyzer 210 measures the
biological particles in a microtiter plate. Particle analyzer 210 can be other type of
analyzers that can provide particle analysis data in a multidimensional feature space.

[0038] Multidimensional cluster generator 220 reconstructs multidimensional clusters
based on multidimensional particle analysis data 215 provided by particle analyzer 210.
For instance, multidimensional particle analysis data 215 can be output from memory
330. Multidimensional cluster generator 220 includes a segmentation module 222, a 2D
cluster classification module 224, and a multidimensional cluster reconstruction module
226.

[0039] Segmentation module 222 segments 2D projections of multidimensional particle
analysis data 215. Each 2D projection is segmented into clusters. Each cluster can
correspond to one or more particle populations in the biological sample. Each segmented
2D projection forms a 2D cluster image. In an alternative embodiment, multidimensional
cluster generator 220 does not include segmentation module 222, but receive segmented
2D projections directly from particle analyzer 210.

[0040] 2D cluster classification module 224 identifies cross-relations among the 2D

clusters in the 2D cluster images. Such cross-relations can identify 2D clusters containing
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2D points corresponding to same particle populations. Such cross-relations and the
identifications of 2D clusters as carried out by 2D cluster classification module 224 are
described further below.

[0041] Multidimensional  cluster  reconstruction  module 226  reconstructs
multidimensional clusters based on the 2D cluster cross-relations. Such representation of
multidimensional clusters as carried out by multidimensional cluster reconstruction
module 226 is described further below.

[0042] In one embodiment, multidimensional cluster generator 220 and its components
222-226 can be implemented in software, firmware, hardware or any combination thereof
in a computing device. Example computing devices, include, but are not limited to, a
computer, workstation, distributed computing system, embedded system, stand-alone
electronic device, networked device, rack server, a device having at least one processor
and memory, or other type of computer system.

[0043] In one embodiment, the reconstructed multidimensional clusters are displayed on
display 230. Display 230 can be any type of display that can be coupled with
multidimensional cluster generator 220. For example, display 230 can be a printer, a
CRT monitor, an LCD display, a touchscreen display, etc. These examples are
illustrative and not intended to limit the present invention.

[0044] In another embodiment, the reconstructed multidimensional cluster information is
stored on a storage device (not shown) and can be examined later by users. In another
embodiment, the particles in each cluster are counted for subsequent analysis of the

biological sample.

2D Projections of Multidimensional Particle Analysis Data

[0045] To reconstruct multidimensional clusters according to one embodiment of the
present invention, the particle analysis data is first projected onto pairs of dimensions in
the multidimensional feature space. 2D projections of the multidimensional particle
analysis data are formed accordingly. In one example, given a set F of d

features f1, f7,..., fy for ¥ number of particles:

[0046] F={f,farfa}, (1)
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[0047] where a feature f}, include » measured values for the » particles, each particle
associated with one value:

[0048] fi =W 10X f 20 X e iy ph=Lond , X €N )

[0049] where index A=1,...r and N represents natural numbers.

[0050] A 2D projection is obtained by projecting the data on a pair of features

{fm> fn}in feature set F, with /<m<n <d. The total number ¢ of different 2D projections

that can be obtained by combining pairs of features in F is:

d!
0051 t= 3
[0051] ey 3)
[0052] FIGS. 4A and 4B are examples of 2D histograms of hematology data for white

blood cell subpopulations contained in a normal whole blood sample.

[0053] In FIG. 4A, the histogram is on DC (direct current)-RLS (rotated light scatter)
dimensions. Data in the histogram group in clusters corresponding to different white
blood cell populations, such as monocytes 402, neutrophils 404, eosinophils 406,
lymphocytes 408, and basophils 410. FIG. 4B is a 2D histogram over DC-OP (opacity)
dimensions. Opacity for example can be a feature that is a function of DC and radio
frequency (RF). The clusters in FIG. 4B correspond to white blood cell populations, such
as monocytes 412, neutrophils 414, eosinophils 416, lymphocytes 418, and basophils 420.
Note that, in FIGS. 4A and 4B, clusters corresponding to the same white blood cell
population have different locations and shapes.

[0054] One embodiment of the present invention identifies cross-relations of 2D clusters
in 2D projections of multidimensional feature space. Based on the cross-relations, the
multidimensional clusters can be reconstructed in the multidimensional feature space.
Such reconstruction is computationally less intensive than classifying the
multidimensional clusters in multidimensional feature space directly. It can also be used
for more accurate population classification for abnormal samples. Particle populations in
abnormal samples are often shifted from their expected locations. This can cause heavy
particle overlapping in 2D projections making it difficult to classify the overlapped
particles into different populations. The cross-relations can identify clusters in different
2D projections that correspond to same populations, thereby providing accurate

population classification for abnormal sample. In addition, the cross-relations can help
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recover populations not detected in some of the 2D projections in the multidimensional

cluster reconstruction process as shown in the Example section.

Cross-Relations of 2D Clusters in 2D Projections

[0055] In one embodiment, to reconstruct multidimensional clusters, 2D clusters in the
2D projections are identified. In one embodiment, each 2D projection is treated as a 2D
image. Image segmentation techniques can be used to segment a 2D projection into
regions. Each region corresponds to a 2D cluster. Various image segmentation
techniques are available for the 2D clustering. In one embodiment, dual-grayscale
reconstruction and Watershed transformation are used to classify the 2D clusters in the
2D projections for multidimensional cluster reconstruction.

[0056] Each 2D projection is first segmented into separate 2D clusters. The segmented
2D projection forms a 2D cluster image.

[0057] In one example, a set of 2D cluster images y corresponding to feature set F of

equation (1) can be defined as:

[0058] v = snsaf @

[0059] where f,,, f, are features in F with m <n,

[0060] Ip o =Gy, Withi=losge o (%)

[0061] is a cluster image including a total number of § fmfn Clusters, where C;. Tt is

the i" cluster of cluster image / fnfn- Cifonf, is defined as:

[0062] Cisofy =ts xp i) xp € funxyp, € ful, ©6)
[0063] wherex s is a value in f, dimension andxy is a value in f, dimension.
Ci, 1, 1, Collects the 2D points in Iy 1, with label i. Label i can be a natural number

temporarily assigned to the 2D cluster. No mapping between the 2D clusters and the
particle populations are needed at this stage.

[0064] FIG. 5 shows an example of the definition of a 2D cluster in a 2D cluster

image/ 47, . In FIG. 5, 2D cluster C; 7 1, is a cluster with label number “2” in cluster

image [ fify and includes pixels at 2D coordinates (14,25), (14,24), (14,23), (15,24),

(15,23), (15,22), (16,24), (16,23).
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Equation (6) can be used to identify 2D points with an associated 2D cluster in
each cluster image. Given a multidimensional data point, its 2D projection points in each
cluster image can be obtained. Accordingly, the 2D clusters containing these 2D
projection points can be identified. These identified 2D clusters have a cross-relation
because they relate to the same multidimensional data point. These identified 2D clusters

also form a 2D cluster classification for the multidimensional data point.

Multidimensional Cluster Reconstruction

Multidimensional clusters can be reconstructed based on the cross-relations
among 2D clusters. The multidimensional points having a same 2D cluster classification
(i.e. each of their 2D projections being included in the same corresponding 2D cluster) are
grouped into a multidimensional cluster in the multidimensional feature space. The

multidimensional clusters ¥ can be defined as:

V= quqz,---m,l J, ™)

where My, .o .. g,.115 a multidimensional cluster with label number /:

befioxyeipgol) :%xfl’xfz;ecql,ﬁfr
X% 1 )€ Cop fifso

Mql,qz,...gt,l =1 v(xfm’xfn)EC‘Ikafmfn’ . (8)

v()‘fd-1 Xfq ) € Cor fatrfa
| )Cfl,xfz,...,xfd >T

In equation (8), C

WSS is a cluster labeled as 4 in 2D projection {f,, f,}»

k=1,.2,....t. t is the total number of 2D projections used to reconstruct As NS
H (x X fy s XS, d) is the multidimensional accumulated histogram value accumulated at data
point  (x,,x,,...,x,)in the multidimensional feature space F.  The value of

H(xfl ’xfz""’xfd) represents the particle density or count at data point (xfl X fy e Xfy) Tisa

pre-defined minimum number of particle events. 7 can be used as a noise filter to remove
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noise or less interesting data having a small density value. A set of multidimensional data

points sharing the same label / forms multidimensional cluster My 0y in the
multidimensional feature space F.
[0071] According to one embodiment, for every multidimensional cluster as P n

V', equation (8) defines a unique relationship for the 2D clusters indexed by ¢1,¢7 ;-

Based on this relationship, 2D clusters in different 2D projections can be related. Once a

2D cluster ¢;(i=1,2,...,t) 1s classified as belonging to a particle population in one 2D
projection, the related 2D clusters gy,q5 ...q;other than g; can be immediately identified

in all remaining 2D projections.
[0072] In some embodiments, according one feature, not all 2D projections are used to
reconstruct the multidimensional cluster. For example, in one embodiment, the

multidimensional data are data measuring three features { f1, 5, f3}. The data forms a
3D feature space f] — fo — f3. According to equation (3) with =3, three 2D projections
can be obtained, ie. fi—fy, fi—f3, and f, —f3. Note that, the three features

{ f1. /2, f3} are covered by any two of these three 2D projections. Therefore, only two

2D projections are needed to reconstruct the multidimensional clusters.

Reconstructing Multidimensional Clusters Based On 2D Clusters

[0073] FIG. 6 is a flowchart of an exemplary procedure 600 for reconstructing
multidimensional clusters of multidimensional particle analysis data based on 2D clusters
in the corresponding 2D projections (steps 610-680) according to an embodiment of the
present invention. In one embodiment, multidimensional cluster generator 220 and 1its
components 222-226 carry out the procedure 600. For brevity, procedure 600 is
described with respect to multidimensional cluster generator 220, but is not necessarily
limited to multidimensional cluster generator 220.

[0074] In step 610, multidimensional cluster generator 220 obtains a set of segmented 2D
projections of a multidimensional feature space corresponding to multidimensional
particle analysis data. Each segmented 2D projection forms a cluster image. The cluster
images include 2D clusters. In one embodiment, the cluster images are provided by

segmentation module 222. In an alternative embodiment, multidimensional cluster
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generator 220 does not include segmentation module 222 and receive already segmented
2D projections from another module such as particle analyzer 210. In some
embodiments, not all of the cluster images are needed for reconstructing the
multidimensional clusters and only those cluster images involved in a cross-relation are
needed or used.

[0075] In step 620, an initial multidimensional data point is selected from
multidimensional particle analysis data 215. In step 630, the value of the data point 1s
compared with a threshold. In one embodiment, the value of the data point is a density
value associated with the data point in a multidimensional histogram. The threshold is a
value for filtering out noise or less interesting points in the particle analysis data. The
threshold can be determined by a user or selected based on statistical analysis of particle
analyzer performance. If the data point has a value below the threshold in step 630,
procedure 600 proceeds to step 650.

[0076] If the value of the data point is above the threshold, control proceeds to step 640.
2D cluster classification module 224 identifies the 2D clusters containing the 2D
projections of the data point in the corresponding cluster images. Such 2D clusters form a
2D cluster classification associated with the multidimensional data point. In step 660,
multidimensional cluster reconstruction module 226 performs a check to determine
whether there already exists a reconstructed multidimensional cluster containing data
points having the same 2D cluster classification. If such a multidimensional cluster does
not exist, in step 670, multidimensional cluster reconstruction module 226 reconstructs a
multidimensional cluster and adds the data point into the reconstructed multidimensional
cluster. If such a multidimensional cluster exists, in step 680, multidimensional cluster
reconstruction module 226 adds the data point into the existing multidimensional cluster.
Procedure 600 then proceeds to step 650, where a check is made on whether there are
remaining data points in multidimensional particle analysis data 215 that have not been
evaluated.

[0077] In step 650, if there are still data points to be evaluated, procedure 600 goes to
step 652 to select a successive data point from the remaining data points to be evaluated
in multidimensional particle analysis data 215. Procedure 600 then proceeds to step 630.

If all data points have been evaluated, procedure 600 terminates.
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In one embodiment, the reconstructed multidimensional clusters generated
according to procedure 600 can then be mapped to particle populations based on their
feature values. In another embodiment, a template can be used to map the reconstructed
mulitidimensional clusters to the corresponding populations. The template can include a
set of pre-identified multidimensional clusters. In one embodiment, the reconstructed
multidimensional clusters can then be output for display. In another embodiment, the
reconstructed multidimensional clusters can be stored on a storage device. In another
embodiment, particles in each of the reconstructed multidimensional clusters can be
counted and reported or used in subsequent analysis and determination of attributes of the
biological sample.

Each reconstructed multidimensional cluster includes data points with a same 2D
cluster classification. A further example of reconstructing multidimensional clusters

based on 2D projections is described below.

Example

In one embodiment for hematology data analysis, the multidimensional clusters
corresponding to blood cell populations are reconstructed based on 2D histograms of the
hematology data. Each 2D histogram of the hematology data is an image where each
pixel in the 2D histogram has an intensity value proportional to the corresponding
histogram amplitude or cell event density. The hematology data can include
measurements related to electro-optical interrogations of the blood sample. FIG. 7A is an
example of multidimensional hematology data with three features, DC, RLS, and SOP.
SOP is a linear transformation of opacity (OP). SOP is used to better separate the particle
populations. The corresponding multidimensional feature space is a three-dimensional
(3D) feature space 700 over DC-RLS-SOP. The hematology data in FIG. 7A is obtained
using a hematology analyzer from Beckman Coulter Inc. of Miami, Florida. In FIG. 7A,
feature space 700 includes a set of data points corresponding to individual cell events.
Embodiments of the present invention, can provide a method that identifies
multidimensional clusters in feature space 700 automatically and maps them with
corresponding particle populations.

The 3D feature space 700 shown in FIG. 7A is defined by:

F ={RLS,DC,SOP}. 9)
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According to equation (3), a total number of =3 2D histograms can be obtained
by combining features in . The three 2D histograms are over RLS-DC, SOP-DC and
RLS-DC dimensions, respectively. In this example, RLS-DC, SOP-DC histograms are
used to reconstruct multidimensional clusters, because all three features (i.e., DC, RLS,
SOP) can be obtained in RLS-DC and SOP-DC histograms. The segmentation of the
RLS-SOP histogram is not used in the multidimensional cluster reconstruction.

In FIG. 7B, cluster image 710 is obtained by segmenting the histogram RLS-DC.
Cluster image 710 contains four 2D clusters. Cluster 1 corresponds to a population 712,
cluster 2 corresponds to a population of 718, cluster 3 corresponds to a population 714,
and cluster 4 corresponds to a population 716. FIG. 7C is a cluster image 720 obtained
by segmenting the SOP-DC histogram.

In FIG. 7C, cluster image 720 includes three 2D clusters. Cluster 1 corresponds to
a population 722, cluster 2 corresponds to a population 724, and cluster 3 corresponds to
a population 728. In one embodiment, 2D clusters in the cluster images are assigned
temporary labels. The 2D clusters are not mapped to particle populations. The
multidimensional clusters can be mapped to respective particle populations once they are
reconstructed.

The multidimensional clusters are reconstructed based on equation (8). For
example, a multidimensional cluster can be reconstructed based on cluster 2 in cluster
image 710 and cluster 3 in cluster image 720. The multidimensional cluster is

represented by M 3. The "2"in M, 3 corresponds to cluster 2 in cluster image 710.
The "3" in My 3; corresponds to cluster 3 in cluster image 720. According to equation

(8), M3 canbe identified by:
(xfl Xy xfy 1) - :éxfl X5 1€CAh
l;c(z,XfS €C3,ff 5 (s (10)
x]rl,)sz,Xf3 >2

where f1is RLS, f,is DC, and f31s SOP.

M3y =

In this example, a threshold of more than 2 events is used to filter noise events in
the multidimensional histogram H.

The other multidimensional clusters can be defined similarly.
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[0091] In some embodiments, a particle population can share similar values of some
features with other populations. Accordingly, the cluster corresponding to such particle
population can overlap with other clusters in the 2D projections. This cluster can not be
detected in some of the cluster images. According to one feature, multidimensional
clusters not detected in the 2D projections can be recovered by the multidimensional
cluster reconstruction process.

[0092] For example, FIG. 7D shows cluster image 730 obtained by segmenting the 2D
histogram over RLS-SOP, which is not used in the multidimensional cluster
reconstruction process. In FIG. 7D, cluster 1 corresponds to lymphocytes 738, cluster 2
corresponds to monocytes 732, cluster 3 corresponds to basophils 740, cluster 4
corresponds to eosinophils 736, and cluster 5 corresponds to neutrophils 734. Population
of basophils 740 (labeled "3") is not detected in both FIG. 7B and FIG. 7C. This is
because basophils are blocked by population 718 in FIG. 7B and by population 724 in

FIG. 7C. However, based in equation (8), a multidimensional cluster M, scan be
reconstructed by:
TETETE Vngﬁ X £ [€Co 11
[0093] M2,2’5 = Vix ,)Cf3 € Cz’ 2130 (11)
HCC]rl,sz,Xf3f>2

[0094] The multidimensional cluster M 5 scan be identified as basophils by examining

the associated feature values. Therefore, the blocked basophils in FIG. 7B and FIG. 7C
are recovered by the multidimensional cluster reconstruction process.

[0095] After the multidimensional clusters are reconstructed, they can be classified as
respective particle populations based on their feature values.

[0096] FIG. 8 shows the reconstructed multidimensional clusters in feature space 800
based on the cluster images 710 and 720 shown in FIGS. 7B and 7C. In FIG. 8, feature
space 800 contains five multidimensional clusters. Cluster 808 corresponds to
lymphocytes and is labeled as "1". Cluster 802 has a label number "2" and designates
monocytes. Cluster 802 is reconstructed based on cluster 712 in FIG. 7B and cluster 722
in FIG. 7C. Cluster 804 has a label number "3" and corresponds to neutrophils. Cluster
804 is reconstructed based on cluster 714 in FIG. 7B and cluster 724 in FIG. 7C. Cluster

806 has a label number "4" and corresponds to eosinophils. Cluster 806 is reconstructed
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based on cluster 716 in FIG. 7B and cluster 724 in FIG. 7C. Cluster 8§10 has a label
number "5" and represents basophils.

[0097] The reconstructed multidimensional clusters in FIG. 8 are mapped with
corresponding particle populations. In addition, data points in feature space 700 having
density values less than two are filtered out during the multidimensional cluster
reconstruction. Without such data points, the reconstructed clusters in FIG. 8 can have a
more compact representation. By providing a more compact representation, the present
invention can improve the visual clarity of the data in that outlier data has been filtered
out. Such reconstructing and mapping can provide users a tangible multidimensional
particle population classification of the hematology data for better understanding and
analysis.

[0098] Embodiments of the present invention provide a computationally efficient method
for the reconstruction of cluster in the complete feature space taken as input the
segmentations obtained from 2D projections. The method can be applied to any number
of features or dimensions for a classification process. This method can also help in

complex abnormal blood sample analysis.

Exemplary Computer System

[0099] In some embodiments of the present invention, multidimensional cluster generator
220 and its components such as segmentation module 222, 2D cluster classification
module 224, and multidimensional cluster reconstruction module 226 can be
implemented using hardware, firmware, software or a combination thereof and can be
implemented in a computer system or other processing system. In an embodiment, a
computer program product can execute on a computing device capable of carrying out the
functionality described herein. An example of a computing device, computer system 900,
is shown in FIG. 9. Computer system 900 includes one or more processors, such as
processor 904. Processor 904 is connected to a communication infrastructure 906 (such
as a bus).

[0100] Computer system 900 also includes a main memory 908, preferably random
access memory (RAM), and can also include a secondary memory 910. Secondary
memory 910 can include, for example, a hard disk drive 912 and/or a removable storage

drive 914, representing a floppy disk drive, an optical disk drive, etc. Removable storage
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drive 914 reads from and/or writes to a removable storage unit 918 in a well-known
manner. Removable storage unit 918, represents a floppy disk, optical disk, memory
card, etc., which is read by and written to by removable storage drive 914. As will be
appreciated, the removable storage unit 918 includes a computer usable storage medium
having stored therein computer software and/or data.

[0101] In alternative embodiments, secondary memory 910 can include other similar
means, such as a removable storage unit 922 and an interface 920, for allowing computer
programs or other instructions to be loaded into computer system 900. Examples of such
can include a program cartridge and cartridge interface (such as that found in video game
devices), a removable memory chip (such as an EPROM, or PROM) and associated
socket, and other removable storage units and interfaces.

[0102] Computer system 900 can also include a communication interface 924.
Communication interface 924 enables computer system 900 to communicate with
external and/or remote devices. Examples of communications interface 924 can include a
modem, a network interface (such as an Ethernet card), a communications port, a
PCMCIA slot and card, etc. Computer system 900 receives data and/or computer
program products via communication network 924. Software and data can be transferred
via communications interface 924.

[0103] Computer programs (also called computer control logic) are stored in main
memory 908 and/or secondary memory 910. Computer programs can also be received via
communications interface 924. Such computer programs, when executed, enable
computer system 900 to perform the features of the present invention as discussed herein.
In particular, the computer programs, when executed, enable processor 904 to perform the
features of embodiments of the present invention. Accordingly, such computer programs
represent controllers of computer system 900.

[0104] In an embodiment where the invention is implemented using software, the
software can be stored in a computer program product and loaded into computer system
900 using removable storage drive 914, hard disk drive 912 or communications interface
924. The control logic (software), when executed by processor 904, causes processor 904
to perform the functions of embodiments of the invention as described herein.

[0105] Computer system 900 also includes input/output/display devices 932, such as

monitors, keyboards, pointing devices, etc.
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[0106] While various embodiments of the present invention have been described above, it
should be understood that they have been presented by way of example, and not
limitation. It will be apparent to persons skilled in the relevant computer arts that various
changes in form and detail can be made therein without departing from the spirit and
scope of the invention. Furthermore, it should be appreciated that the detailed description
of the present invention provided herein, and not the summary and abstract sections, is
intended to be used to interpret the claims. The summary and abstract sections can set
forth one or more but not all exemplary embodiments of the present invention as
contemplated by the inventors. Embodiments can work with software, hardware, and
operating system implementations other than those described herein. Any software,
hardware, and operating system implementations suitable for performing the functions
described herein can be used. It is to be understood that the phraseology or terminology
herein is for the purpose of description and not of limitation, such that the terminology or
phraseology of the present specification is to be interpreted by the skilled artisan in light
of the teachings and guidance.

[0107] The breadth and scope of the present invention should not be limited by any of the
above-described exemplary embodiments, but should be defined only in accordance with

the following claims and their equivalence.
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WHAT IS CLAIMED IS:

1.

A method for reconstructing multidimensional particle analysis data clusters on a

computing device, comprising:

(2)

(b)

obtaining, on the computing device, a set of segmented two-dimensional
projections corresponding to multidimensional particle analysis data associated
with a biological sample of particles, each segmented two-dimensional projection
having one or more two-dimensional clusters associated with particle populations

in the biological sample; and

reconstructing, on the computing device, one or more multidimensional clusters
based on the two-dimensional clusters in the segmented two-dimensional

projections.

The method of claim 1, wherein the obtaining the set of segmented two-dimensional

projections comprises obtaining two or more segmented two-dimensional projections,

each segmented two-dimensional projection sharing a dimension with another segmented

two-dimensional projection in the set.

The method of claim 2, wherein the reconstructing one or more multidimensional clusters

comprises the following steps implemented on the computing device:

(a)

(b)

(©)

(d)

selecting a data point in the multidimensional particle analysis data;

determining, for each segmented two-dimensional projection, a respective two-

dimensional point corresponding to the selected data point;

identifying two-dimensional clusters containing the determined two-dimensional

points in the two-dimensional projections; and

associating the selected data point with a multidimensional cluster based on the

identified two-dimensional clusters.

The method of claim 3, wherein the associating the selected data point with a

multidimensional cluster comprises associating the selected data point with a
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multidimensional cluster containing data points corresponding to the same two-

dimensional cluster identification.

The method of claim 3, wherein the selecting a data point comprises selecting a data point

having a value above a threshold.

The method of claim 1, wherein the obtaining a set of segmented two-dimensional
projections corresponding to multidimensional particle analysis data comprises obtaining
a set of segmented two-dimensional projections corresponding to particle analysis data
including measurements of at least three parameters selected from the following group of
parameters: direct current, volume, radiofrequency, opacity, one or more types of light

scatter, axial light loss, and fluorescence.

The method of claim 1, wherein the obtaining a set of segmented two-dimensional
projections corresponding to multidimensional particle analysis data comprises obtaining
a set of segmented two-dimensional histograms corresponding to the multidimensional

particle analysis data.

The method of claim 1, wherein the obtaining a set of segmented two-dimensional
projections corresponding to multidimensional particle analysis data comprises obtaining
a set of segmented two-dimensional scattergrams corresponding to the multidimensional

particle analysis data.

The method of claim 1, further comprising displaying the reconstructed multidimensional

clusters on a display.

The method of claim 1, further comprising storing the reconstructed multidimensional

clusters on a storage device.

The method of claim 1, further comprising counting particles in each of the reconstructed

multidimensional clusters.

A computer-implemented system for reconstructing multidimensional particle analysis

data clusters, comprising on at least one computing device:
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(2)

(b)

(©)

2.

a two-dimensional segmentation module that obtains two-dimensional projections
of multidimensional particle analysis data associated with a biological sample of
particles and segments the two-dimensional projections into one or more two-
dimensional clusters, wherein each two-dimensional cluster corresponds to a

particle population in the biological sample;

a two-dimensional cluster classification module that, for each multidimensional
data point in the multidimensional particle analysis data that has a value above a
pre-specified threshold, identifies two-dimensional clusters in the two-

dimensional projections that contain the multidimensional data point; and

a multidimensional cluster reconstruction module that groups multidimensional
data points based on the identified two-dimensional clusters to reconstruct one or

more multidimensional clusters.

The system of claim 12, further comprising a hematology analyzer that interrogates

particles in a biological sample to obtain the multidimensional particle analysis data, and

outputs the multidimensional particle analysis data to the two-dimensional segmentation

module.

The system of claim 12, wherein the two-dimensional projections are two-dimensional

histograms.

The system of claim 12, wherein the two-dimensional projections are two-dimensional

scattergrams.

(2)

(b)

(c)

A method for reconstructing multidimensional particle analysis data clusters, comprising:

passing particles from a biological sample through a measuring region of a

particle analyzer;

interrogating each particle passing through the measuring region with at least

three parameters;

detecting the at least three parameters with one or more detectors;
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(d) storing the detected at least three parameters as multidimensional particle analysis

data;

(e) generating a set of two-dimensional projections corresponding to the

multidimensional particle analysis data;

® segmenting the two-dimensional projections in the set into two-dimensional

clusters associated with particle populations in the biological sample; and

(g) reconstructing one or more multidimensional clusters based on the segmented

two-dimensional clusters.

The method of claim 16, further comprising displaying the reconstructed

multidimensional clusters on a display.

The method of claim 16, further comprising storing the reconstructed multidimensional

clusters on a storage device.

The method of claim 16, further comprising counting particles in each of the

reconstructed multidimensional clusters.

The method of claim 16, wherein the at least three parameters comprises at least three
parameters selected from the following group of parameters: direct current, volume,
radiofrequency, opacity, one or more types of light scatter, axial light loss, and

fluorescence.
A system for reconstructing multidimensional particle analysis data clusters, comprising:
a particle analyzer that includes:

(a) a preparation system for preparing a biological sample containing a plurality of

particles for analysis;

(b) a transducer module having a measuring region, a plurality of interrogation
sources to interrogate at least one of the particles passing through the measuring
region, and at least one detector to detect a plurality of parameters associated with

at least one of the particles; and
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(©)

(d)

(e)

®

224.-

a memory that stores the detected parameters as multidimensional particle analysis

data;

a two-dimensional cluster classification module that, for each multidimensional
data point in the multidimensional particle analysis data that has a value above a
pre-specified threshold, identifies two-dimensional clusters in the two-

dimensional projections that contain the multidimensional data point; and

a two-dimensional segmentation module that segments the two-dimensional
projections into two-dimensional clusters, wherein each two-dimensional cluster

corresponds to a particle population in the biological sample;

a multidimensional cluster reconstruction module that groups multidimensional
data points based on the identified two-dimensional clusters to reconstruct one or

more multidimensional clusters.
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