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Abstract

An expert system is being developed using CLIPS to assist clinicims in the analysis of multivariate flow
cytometry data from cancer patients. Cluster analysis is used tc find subpopulations representing
various cell types in multiple datasets each consisting of four to five measurements on each of 5000
cells. CLIPS facts are derived from results of the clustering. CLIPS rules are based on the expertise of
Drs. Stewart, Duquc, and BrayIan. The rules incorporate certainty factors based on case histories.

Introduction

Flow Cytome~ [1-3] has become an accepted technique in the clinical laborato~ for rapidly classifying
cell types in blood, bone marrow, and some solid tumor samples. Cells are labeled with fluorescent
cell-type-specific markers and then passed one-at-a-time through a focused laser beam, In commercial
flow cytomcters typically used in clinical laboratories three colors of fluorescence can be detected from a
cell as well as light scattered ifi the forward direction and at right angles to the laser beam, Multiple,
fluorescent-labeled monoclinal antibodies are used to tag the cells, which arc then analyzed one at a time
at rates of scveml thousand cells a second. Samples can be processed through the flow cytometer at
rates of more than one a minute. Clinicians are being overwhelmed by the large amount of data that must
be amdyzed to provide the information needed to assist in disease diagnosis.

Immunophenotyping

hmunophenotyping is the science of using antibodies to identify cells. The outer membrane of a cell
contains many structurally specific molecules called sud’aceantigens These antigens have specific sites
called epitopcs to which the antibodies bind, MonoclonaJ antibodies arc molecules derived from cells all
having a common parent. These antibodies can be tagged with fluorescent dyes that am excited w the
same488 nm argon laser wavelength, but that emit their fluorescence at different wavckn hs, Each
fluorescence detector has a filter to accept the fluorescence from only one of the markers, I!ach cell can
bc tag~cd with from one to three different monoclinal antibodies. The tags bound to the cell sufiace
enable idcntilcation of thecell type,

Cluster Analysis

The flow cytometer [4] converts the four to fhc signals fmm each cell into digital values and stores them
in a correlatedfashion called list mode so that the rdationshi s among the four to five variates for eitch

/-’cell are presemd. The data can be displayed as a group of mm six to ten bivariate dot plots, K-means
cluster analysis [5-6] is carried out on each dataset to find the rnetmsof each subpopulation of cells in the
ssmple, Heuristics, developed to tissign numerical thresholds to the words negative, dim, and bright
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regarding fluorescence values and to the words low, medium, and high for scattered light values, are
used to translate the mean values of the clusters for each variate into symbolic facts for use by the CLIPS
rules. The rules are a direct tmmslationof the reasoning process used by the clinical Iabcwtory personnel
in processing the data by hand. The rule syntax is clear enough that the rules can be exa.nm,ed by these
people and changed to reflect new knowledge,

Bivariate Plots

Figure 1 shows the six bivtiate dot plots from four variate flow cytometry measurements on tht blood
of a ~tient with acute leukemia, The 1.2 label in the lower left hand bivariate plot indicates that the
x-aMs is variate 1, which is FSC, the intensity of forward scattered light and that the y-axis is variate 2,
which is SSC, the intensity of light scattered by a cell at 900 to the laser beam axis. Variate 3 is FLl, the
emission fkom a fluorescent-labeled monoclinal antibody. Vtiate 4 is FL2, which is propidium iodide
(PI) fluorescence. PI stains the DNA of dead cells, which can then be excluded from further analysis.
The bivariate plots are amanged so that\ at-he 1 is the x-axis for column 1,variate 2 is the x-axis for
column 2, and variate 3 is the x-axis for column 3. The cluster analysis program has labeled the data for
each cell with a letter corresponding to its cluster association. The clustering algorithm has been
instructed to find three clusters in these data. Each ellipse is centered cma cluster @d is two standard
deviations wide in the x-direction and two standard deviations wide in the y-direction, The imponant
bivariate plot is the one in the upper right hand comer in which x is 3 and y is 4. Clusters B and C
represent cells that have taken up PI and so are dead. Cluster A would be called “negative” for variates 3
(monoclinal antibody) and 4 (PI), The axes for the fluorescence measurements (l%], FL2 and FL3)
span four decades on a logarithmic scale. Figure 2 shows the bivanate plots for the same patient using a
different monoclinal antibody for variate 3 (FL1). Here cluster A in bivariate 3.4 is “dim” for variate 3
and “negative” for variate 4. Figure 3 shows the bivanate plots for the same patient for another
monoclinal antibody for variate 3. Cluste: A in bivariate 3.4 (upper right hand comer) is “bright” for
variate 3 and “negative” for variate 4,

Results and Discussion

After the cluster analysis has been run on the samples for a patient, a C function translates the means and
standard deviations into CLIPS facts, which can then be pattern matched against the conditions in the
ntles, The first prototype [7] used a rigid decision w. on five variate data in whwh multiple monoclinal
antibodies were used to label the cells, Only nine of -’ wen acute leukemia cases were comedy
assigned. Misclassifications occtmd because of the boundaries between “negative” and “dim” and
“dim” and “bright” were fixed. Variability in staining intensity and laser power were sufficient to move
the means of clusters so that the incomcct choice was jometimcs made at a decision node

A second prototype is now bein developed that incmporates uncertainty through the use of cmain[y
[factorsand measures of belief [ -10], Facts and rules are selected for evaluation in the order that gives

the gmtest improvement in certainty for,one of the,poss~bleoutcomes. This approach has beer)
successfully used recently m tie ~a~?s!s of colonlc kslons [11]. The certainty factotx am being
assigned imtially l$om u priori Pmbabhes calculated from a database contimng a hugenumber of case
histories. The results for this second prototype will be reported at the meeting,
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Figure 1, Bivariate dot plot of of four variate data flow cytometry data i%oma leukemia patient. The two
numbers in the upper right hand comer of each box (X.Y) arc the x-axis variate number followed by the
y-axis variate number, Cluster analysis has divided the data into the clusters, Each dataooint is
~bclcd with a letter dcsi~nating its clustermembership,Variate onc is forward scatter (RX!), variate 2
is MC scatter (SSC), variate three is fluorescence onc (FL1), a monoclonaJ antibody, and variate four is
fluorcsccncctwo (FL2), which is thedye propidium iodide (PI) tha: stains the nuclei of dead cells, The

r
pulaticm A in bivariatc 3,4 in the upper right hand comer is “negative” for the monoclinal antibody of
-St (FL2), and “negative” for PI,
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Figure 2. Same as Figure 1except that a different monoclona.1antibody has been used for FL 1 (variate
2). Here cluatcr A in bivariatc 3,4 is “dim” for the antibody,
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Figure 3, Same as Figure 1except that another different mcmoclona.1antibody has been used for FL]
(variate 2). Hem cluster A in bivariate 3.4 is “bright” for the antibody.


