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Computerized analysis of cells from patients
with acute myelogenous leukemia prepared
by density gradient centrifugation or erythrocyte
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H.-G. HÖFFKEs,1 G. SCHMIDTKE,I u. SCHMÜCKER, 1 G. BRITTINGER,I G. VALET2
Division of Hematology, Department of Medicine, University of Essen;
2Max-Planck-lnstitute, Division ofCellbiochemistry, MunichlMartinsried,
1

Germany

preparation
lysis. Lab.

SUMMARY
We obtained bone marrow and peripheral blood sampies
from six patients with acute myelogenous leukemia and investigated the effects of density gradient centrifugation or erythrocyte
lysis on multiparametric
flow cytometry
analysis results of
leukemic leukocytes. Three-color immunophenotypes
provide
information on Iymphocytes, monocytes, and granulocytes by
the forward/sideward scatter (FSC/SSC) histogram and by quadrant evaluation of the Auorescein thiocyanate (FITC)/phycoerythrin (PE), PE/peridin chlorophyll A protein (PerCP) or PE cyanine S (PECyS), and FITC/PerCP
or PECyS histograms.
Typically, the percent Iymphocyte frequency numbers in 12
(3x4) quadrants or, in the case of absolute counts, 24 (2X 12)
are extracted. This information is not exhaustive because Auorescence intensities, Auorescence ratios, relative ßuorescence densities on the cell membrane, and monocyte and granulocyte information are not evaluated. Analysis of data obtained by the threecolor fluorescence measurements
was performed by using the
newly developed CLASSIFI program for automated data c1assification. The parameters for the CLASSIFI program combined
the percent quadrant analysis with all the above additional
parameters. In general, antibody density on the surface of leukocytes prepared by density gradient centrifugation
was higher
than by erythrocyte lysis. Oensity gradient preparation may lead
to better staining, particularly for weak expression of antigens on
the surface of myelogenous blasts. Antigenic changes, rather than
cell depletion after density gradient centrifugation, were the relevant parameters to distinguish between density gradient centrifugation and erythrocyte lysis preparations. Correct single-case
recognition
for individual sampies was 100% for peripheral
blood and 83.S% for bone marrow sampies, irrespective
of

by density

gradient
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INTRODUCTION
Immunophenotyping
is a standard rool for c1assifying acute
leukemias, and ßow cyrometry has become the preferred method
for lineage assessment and characterization of maturation [1,2].
One of the most imporrant applications of immunophenotyping
is
the differentiation of morphologically and cyrochemically unclassified leukemias. Interestingly, litde is known abollt the influence
cell preparation by density gradient centrifugation or erythrocyte
lysis may have on the antigen expression of blasts from patients
with acute myelogenous leukemia [3,4]. In the past, most results
have been obtained from cells prepared by density gradient centrifugation. Recendy, erythrocyte lysis by appropriate red blood
cell-lysing reagents has become a simple method for routine analysis of whole blood. Compared with density gradient centrifugation,
erythrocyte lysis has the advantage of a substantially higher recovery ofleukocytes withollt selective loss oflymphocytes [5,6].
In the present paper, peripheral blood and bone marrow were
used to investigate the effects of density gradient centrifugation and
erythrocyte lysis on three-color ßuorescence cytometry analysis of
leukemic cells from patients with de novo acute myelogenous
leukemia using the CLASSIFI da ta c1assification. The da ta obtained
indicate that the preparation of leukocytes by density gradient centrifugation results in an increase of mean antigen ßuorescence intensity compared with the preparation by erythrocyte lysis.
PATIENTS,
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MATERIALS,

AND METHODS

Heparinized bone marrow (BM) and peripheral blood leukocytes (PBL) were collected from six leukemic patients with acute
myelogenous leukemia as part of the clinical evaluation before
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administration of chemotherapeutic agents. Each of the specimens
was prepared by density gradient centrifugation
(gradient bone
marrow [GBM], n=6, and gradient blood leukocytes [GBL], n=6)
and by erythrocyte lysis (BM, n=6, and PBL, n=6) resulting in a
total of 24 sampies processed. Acute myelogenous leukemia was
7
4 95
236
8 I criteria according to the French-Americandiagnosed by standard
British (FAB) classification [7].
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TAßlE 1. Antibody panel of the multiparametric
Aow cytometry
analysis with determination of the data columns for the CLASSIFI
program

PE
CDllc
CDI5
CD45CDI4
CD33CD34
CD38CDH
CD4CDI4
CD7
HLA-DR
HLA-DR
CDI6
CD56
CD64
CDI3
CDllb
CDI4
CD3
FITC
Myeloperoxidase
IgG2
IgG2
IgGI
PerCP/PE-Cy~

Cell Preparation
All sampIes obtained were immediately transferred to the laboratory and processed within 2 hours after arrival. The preparation
by density gradient centrifugation and by erythrocyte lysis was
perfarmed by the same person. Data were analyzed using boch the
Lysis II and the CLASSI F I programs.

0/ Leukocytes

by Ficoll-Hypaque Density
Gradient Centrifugation
Leukemic cells were enriched by Ficoll-Hypaque (FH) density
gradient centrifugation [8]. Heparinized sampIes of bone marrow
and peripheral blood were diluted with phosphate-buffered saline
(PBS) (Dulbecco's, without Ca++ or Mg++, without sodium bicarbonate; Gibco BRL, Eggenstein, Germany) in arario of 1:2 at mom
temperature. Twenty milliliters of the diluted blood sam pIe was
placed into 50-mL centrifuge tubes (Falcon tube Blue Max; Becton
Dickinson, San Jose, CA), and 20 mL of FH (Ficoll-Hypaque
Pharmacia; Biotechnology International AB, Uppsala, Sweden) were
underlayered. After the tip of the pipette containing the Ficoll had
been positioned at the boctom of the tube, the high-density Ficoll
was released, Aowing to the bottom of the tube by gravity. When the
level of Ficoll in the pipette reached the top of the blood layer, the
pipette was slowly raised until the tip was at the inrerface. The technician placed a finger at the pipette top and slowly withdrew the
pipette from the tube. The tube was then centrifuged at approximately 800g for 25 minutes at room temperature. Using a Pasteur
pipette, all mononuclear cells at the interface were removed, collected, and resuspended in PBS and centrifuged again at 800g for 10
minutes at mom temperature. The pellet was removed by a Pasteur
pipette, resuspended in PBS, and washed twice by cenrrifugation at
700g and 500g for 10 minutes each with PßS. Following resuspension, the cells were counted (Coulter Counter STKS; Coulter
Electronics GmbH, Krefeld, Germany) and adjusted to a concentration of 5 X I 03/pL in PßS. The cell viability was examined by trypan
blue staining (Gibco ßRL, Eggenstein, Germany). Monoclonal anribodies (20 L) were added to 100 L of the adjusted suspension,
wh ich was then incubated for 30 minutes at 4°C. The suspension
was vortexed every 5 minutes. The cells were washed with 2 mL
PßS conraining 0.5% bovine serum albumin (ßSA), 0.1 % NaN3,
and centrifuged at 400g for 5 minutes. The pellet was washed by
PBS, centrifuged at 400g for 5 minutes, resuspended in 400 L
PßS/BSA/NaN3,
and analyzed within 30 minutes.
Preparation

Staining 0/ Unseparated Whole Blood
Followed by Erythrocyte Lysis
Heparinized sampIes of bone marrow and peripheral blood were
prepared for Aow cytometric analysis using erythrocyte lysis [8].
The cells were first counted (Coulter Counter STKS) and adjusted
to a concentration of 5 X 103/pL using PßS. Monoclonal anribodies
(20 L) were added to 100 L of the adjusted whole-blood suspension. The suspension was incubated for 30 minutes at 4°C and vor-

texed every 5 minutes. After incubation with anribodies, the erythrocytes were Iysed by an erythrocyte Iysing reagent (Orthomune™; Ortho Diagnostic Systems, Raritan, NJ) by incubating
the suspension for 10 mil1lltes in a tumbler. The suspension was
washed twice by cenrrifugation at 400g far 5 mimltes with 2 mL
PßS conraining 0.5% ßSA and O. I% NaN3. The pellet was resuspended in 400 L PßS/ßSNNaN3
and analyzed within 30 minutes.
Monoclonal Antibodies
Far three-color staining, directly conjugated monoclonal anribodie~ were added simultaneously to the cells, and the suspension
was incubated and washed as described above. The anribodies were
prediI'uted
to ratios between 1:2 and 1:5 with PSS after appropriI
ate titration experiments in the FACScan Aow cytometer. No fixative reagents were used.
The following FITC-conjugated (FITC) monoclonal anribodies
were used: CD45
(2Dl,
I'1-isotype;
Beccon Dickinson,
Heidelberg,
Germany),
CD33 (WM-54, I' l-isotype;
DAKO
Diagnostica,
Hamburg, Germany),
CD38 (TI6, I'1-isotype;
Dianova-Immunotech,
Hamburg, Germany), CD15 (HMA, p-isotype; ßecton Dickinson),
CD4 (SK3, I' l-isotype;
Secton
Dickinson), CD7 (4H9, I'2a-isotype; ßecton Dickinson), CDlic
(Kß90, I' I-isotype; DAKO). For the second Auorescence, R-phycoerythrin (R-PE) conjugated anribodies were added: CDI4 (MoP9,
I'2b-isotype; ßecton Dickinson), CD34 (8G 12, I' I-iso type; Secton
Dickinson),
CD56 (My31, I' I-isotype;
ßeccon Dickinson),
CD II b (D 12, I'2a-isotype; ßecton Dickinson). For the third Auorescence, anribodies conjugated by PerCP or R-PE covalently
labeled with cyanine 5 (PE-Cy5) were added: CD13 (WM-47, 1'1isotype; DAKO), CD3 (SK7, I' l-isotype; Secton Dickinson),
HLA-DR (L243, I'2a-isotype; ßecton Dickinson), CD16 (3G8,
I' I-isotype; Caltag Labaratories, San Francisco, CA), CD64 (32.2,
I'I-isotype;o Caltag Laboratories). MPO-7 (DAKO) was used for
inrracellular analysis of myeloperoxidase after cell permeability had
been increased by Ortho Permeafix™ (Ortho Diagnostic Systems;
Dianova) [9]. The antibody panel is shown in Table I.
Flow Cytometry
Flow cytometric
data acquisition
was performed
on a
FACScan (ßecton Dickinson) by the FACScan Lysis II software.
The instrumenr setup was standardized threefold using Iymphocytes from normal persons according to AUTOcomp
settings
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Cell parameter differences between PBL, BM, GBL, and GBM sampIes
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(Becton Dickinson),
using standardized
fluorescent
beads
(Fluorosphetes [Rainbow beads], DAKO) and CD4 (SK3, -yI-isotype; Becton Dickinson),
CD8 (SKI, -yl-isotype;
Becton
Dickinson), and CD3 (SK7, -yI-isotype; Becton Dickinson) sraining from lymphocytes of normal donors. The linear FSC and
orthogonal SSC in combination
with four-decade logarithmic
fluorescence signals were collected
FITC, PE, and PerCP/PECy5
for 20,000 cells and srored in list mode data files. Analysis was
performed using Lysis 11software as weil as CLASSIF I software.

CLASSIFI Analysis
The CLASSIFI program system operates in personal compurers
llsing MS-DOS 6.2 or WINDOWS 3.1 (for details see [10]). Flow
cyrometric FSC 1.0 or FSC 2.0 list-mode files of up ro eight parameters were processed by the DATLYS procedure, which generates
three-, two-, and one-parameter hisrograms. Two-parameter hisrograms were obtained through gated or ungated projection of the
mulridimensional list mode on any wanted coordinate plane and
evaluated by a multiwindow calculation procedure, CALC. Program
CALC determined absolure and percent cell frequency, mean FSC,
SSC, SSC/FSC ratio, mean antibody intensiry in FITC, PE, PerCP,
PECy5, as weil as FITC/PE, PE/PerCP or PECy5, FITC/PerCP or
PECy5 fluorescence ratios, and FITC, PE, PerCP relative antibody
surface densiry for each evaluation window. The antibody surface
densiry was obtained as ratio of fluorescence per square root of FSC,
assuming that FSC represents a cell volume-like signal. The resulr-

ing numerical data were auromatically introduced inro task-specific
databases. Procedure LEARN determined a lower and an upper percentile (e.g., 15 and 85%) for the peripheral blood values of each
database column that served as a reference. Database column values
of peripheral blood and other sampies were then transferred into
tri pie matrix characters by assigning "0" ro values between both percentiles, "+" to values above the upper, and "-" ro values below the
lower percentiles. The most frequent triple-matrix character was
introduced da tab ase column per database column into classification
reference masks for each classification state (Table 2, rightmost four
columns). The tripie matrix pattern of each sampIe of the database
was then classified according ro the highest positional coincidence
with one of the classification reference masks. By repeated iterations,
a triple-matrix reference mask for each classification state was optimized from the learning set database in such a way that the highest
overall distinction was obtained for each classification state in the
confusion matrix. The confusion matrix (Table 3) contained the different preparation methods on the ordinate and the classification of
the flow cyrometric database on the abscissa. Database columns that
did not improve the resulr were omitted during the iterations
because their presence in the classification mask deteriorated the
overall classification result.
The sum of the percentages in the horizontal lines of the confusion matrices (Table 3) may be higher than 100% when some
sampies are classified into more than one classification state. This
sum does not, however, affect the values of the correct classifica-
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Flow classification

matrix for the c1assification of I'BL, BM,

GBL, and GBM sampies

Confusion matrix (% patients); database: G7LEARN.B 14.
Values in bold provide the basis for calculating ARI and AMI.
ARI = 91.7%. The ARI is calculated as sum of the diagonal
values of the confusion matrix divided by the number of classification states. The ARI is a standardized indicator for the rapid
comparison of different confusion matrices.
AMI = 1.04 (acceptable range: 1.0-1.2). Differential classification percentile range = 15~5%. Sampies may be classified into
more than one classification state. The sum of the percentages
in the horizontal lines of the confusion matrix is then higher
than 100%.This does not affect the classification values in the
of the

tion in the boxed diagonal of the confusion matrices; the sum of
the percentages in the diagonal line of the confusion matrix is
100% for a perfect c1assification. The speed of the tri pIe-matrix
c1assification program is high because learning the new database
columns takes only minutes on an Intell'C (80486, 90 MHz) and
c1assification of unknown sam pIes takes only miIliseconds.
CLASSIFI classificatioll
SampIes were taken from 6 patients, and 284 Aow cytometric
measurements were performed after density gradient centrifugation (GBM n=6, GBL n=6) or erythrocyte lysis (BM n=6, I'BL
n=6) of bone marrow or leukemic peripheral blood sam pIes. Three
automaticaIly self-adjusting light-scatter gates were determined for
Iymphocyte, monocyte, and granulocyte cell clusters within the
FSC and against the SSC histogram of each patient sam pIe (Fig.
I). Three immuno/luorescence
hisrograms
(green/orange,
green/red, orangelred Auorescence) were then calculated for each
scatter gate, yielding 74 da ta columns each (i.e., a total of 3 X 74
= 222 data columI1S for the three-color measurements; sec Fig. 2
for an example of FITC/I'E/PerCI' staining of Iymphocytes).
The immunoAuorescence histograms were evaluated for antibody-positive and -negative ceIls and analyzed by quadrant analysis. The threshold between antigen-positive and -negative ceIls was
set at 31.2% of the maximum Auorescence channel for each Auorescence color. Nine different
three-color
measurements
(CD45/14/3,
CD33/34/13,
CD38/34/HLA-DR,
CDI5/14/16,
CD4/14/64,
CD7/56/HLA-DR,
CDllc!1Ib/HLA-DR,
MPO,
were evaluated per patient sampIe, providing
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total of 9 X 222 = 1998 data columns for data c1assification with

RESULTS

AMI. all values in the horizontal fines are added and divided by
the total number of boxes in the confusion matrix (e.g .. 4 x 4 =
16 in Table 3). The AMI is a standardized indicator for multiple
classifications. If the AMI is 1.1. 1.2. 1.33. or 1.5. every 10th. 5th.
3rd. or 2nd sam pie is classified twice. Therefore. ARls are only
acceptable for AMis between 1.0 and 1.2.

IgG2/lgGj/IgG2)

in Leukemia

the CLASSIF I program. The optimallight-scatter
evaluation gates
for Iymphocytes, monocytes, and granulocytes were automaticaIly
adjusted for each measurement.
The aim of the CLASSIFI analysis was to examine the inAuence of density gradient centrifugation and erythrocyte lysis with
regard to systematic differences for leukemic peripheral blood or
bone marrow sam pIes. A separate analysis was calculated for each
ceIl type and for aIl cell types together. The data obtained from
peripheral blood prepared by erythrocyte lysis served as reference
data to be compared with bone marrow ceIls and peripheral blood
ceIls prepared by density gradient centrifugation and with bone
marrow prepared by erythrocyte lysis.

Clinical

diagonal of the confusion matrix. For the determination

Flow Cytometry
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Acute myclogenous leukemia was correctly diagnosed by Lysis
11 analysis in aIl patients using density gradient centrifugation and
erythrocyte lysis preparations. Lysis II analysis did not, however,
provide any c1ues to the relevant parameter difTerences between the
different sam pIe preparations. These differences became c1ear only
aftcr the CLASSI F I da ta analysis. According to the CLASSIF I
c1assification, most of the chosen parameters were parameters of
mean antigen intensity, antibody surface density, or Auorescence
mean ratio (Table 2). Differences of percent contribution of ceIl
populations were only rarely obtained. Blood and bone marrow
ceIl suspensions prepared by density gradient centrifugation or erythrocyte lysis were cquaIly weIl recognized, with single case recognition frequencies of 100 and 83.3% of aIl sam pIes (i.e., the different sampIes were readily distinguishable; Table 3).
Separate analysis of the Iymphocyte and granulocyte gates
(Table 4) showed reasonable results for the recognition of the different sampIes with an average recognition index (ARI) of 62.5
and 83.3%, respectively, at an average multiplicity index (AMI) of
1.08. The analysis of the monocyte gate provided insufficient c1assification information with an ARI of 70.8% and an AMI of 1.38
(Table 4). These results show that the relevant information for the
computer-assisted
c1assification was mainly localized in the Iymphocyte and granulocyte gates (Fig. 1).
In general, the parameters of antigen intensity and antibody
surface density of sam pies prepared by density gradient centrifugation were higher compared with erythrocyte lysis. Interestingly,
ccll depletion by density gradient centrifugation as expressed by
percent contribution
of aIl ceIl populations was not frequendy
chosen as a relevant parameter to distinguish between the different
preparative methods (Table 2). The relevant information with
regard to antibody fluorescence, in contrast, was chosen in 13
(65%) of the 20 c1assification parameters.
The iso type measurements
were classified only two times
(parameters 3 and 4, Table 2). Both parameters were higher in the
density gradient centrifugation when compared with the preparations obtained by erythrocyte lysis. According to these findings,
IgG2 binding was increased by density gradient centrifugation,
especiaIly if I'E-conjugated antibodies were used.

DISCUSSION
In previous studies, antigen expression by leukocytes prepared
by density gradient centrifugation
or erythrocyte lysis had pri-
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FIGURE I. Two-parameter contour plots of the lymphocyte (a), monocyte (b), and myeloblast/myelocyte (c) clusters of an AML bone
marrow sampie prepared by erythrocyte lysis. The forward (FSC) and side (SSC) scatter evaluation gares were auromatically set by the
CLASSIFI program. The amplitude scale spans three logarithmic decades. Contour lines are plotted at 10% intervals from the maximum
logarithmic channel content downwards. Sam pie size is 9.833 cells.

marily compared
blood
from normal
donors
used for
immunophenotyping
of normallymphocytes
[3,5,6]. A loss of
lymphocyte subpopulations and an enrichment of natural killer
cell populations are common in sam pIes prepared with density
gradient centrifugation. Interestingly, contamination in newborns
of lymphocyte populations with immature erythrocytes gave rise
co the misinterpretation
that an undifferentiated
Iymphocyte
population in the Iymphocyte gate might be present [11]. An
occasional loss of leukemic blasts was also observed by density
gradient centrifugation
[12]. Erythrocyte lysis advantageously
avoids the difficulties of density gradient centrifugation for the
preparation of mononuclear cells. The practice of leukocyte staining followed by erythrocyte lysis is now established [13]. In one
srudy, almost all Iytic reagents examined gave equivalent results
with regard to Iymphocyte numbers and the proportions of lymphocyte subpopulations
[3]. However, nucleated erythroblasts
and granulocytes are not lysed and can therefore be additionally
analyzed by flow cytometry.
Tamul et at. [14] compared the effects of FH separation and
whole blood lysis in patients suffering from various hematologic

disorders by using two-color flow cytometric immunophenotyping. The authors discriminated eight antigens that demonstrated
significantly different staining characteristics after density gradient
centrifugation and whole blood lysis: FITC-labeled CD2, CD3,
CD5, CD22, CD34, and PE-Iabeled CDllc, CD2D, and CD25.
Unforrunately, neither the isotypes of antibodies nor the analyzcd
histogram regions were demonstrated; thus, a comparison with the
present results is difficult. Moreover, with the exception of CD34,
a significant difference of positive percentage frequency was a
result of placement of the quadrant markers based on isotype control antibodies. In seven cases (two with acute leukemia, one with
smaillymphocytic
leukemia, four with hairy celileukemia) a selective loss of CD34-positive cells was seen after densiry gradient centrifugation. Unforrunately, the cell pellet was not reinvestigated to
check for CD34-positive cells.
Islam et al. [15] recently published a srudy comparing the two
preparation
methods in blood sam pies obtained from healthy
adults. The sampies were stored overnight and analyzcd with multicolor flow cytometric immunophenotyping.
CD4, CD3, CD8,
CD 19, CD2D, CD25, and CD56 antibodies were conjugated
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Peripheral blood and bone marrow sampies obtained by erythrocyte lysis or densiry gradient centrifugation preparation were recognized with a single-case recognition index of 100 and 83.3% (Table
3). Thus far, the resulrs obtained refer only ro patients with acute
myelogenous leukemia. Further srudies are necessary ro ascertain
whether preparation by densiry gradient centrifugation will lead ro
an increase of antigen intensiry in other hemarologic disarders (such
as acute Iymphoblastic leukemia ar minimal residual disease) [16].
The Lysis 11 extraction of the characteristic
values of twodimensional or multidimensional cell clusters, such as means, coefficients of variation, modes, ar medians, is not sufficient ro obtain
distinct information. Progress roward a generally and routinely
applicable auromated list-mode files classification program far flow
cyrometry has remained limited [17-19] because of the relatively
complex algorithms. As demonstrated by the resulrs presented in
this paper, the newly developed CLASSIF I analysis [10], in contrast, was able ro extract adequately the needed information from
nearly 2000 data columns in a shore period of time. The content
of only 26 database columns is sufficient ro discriminate
an
unknown leukemic peripheral blood or bone marrow sam pie
obtained by preparation with density gradient centrifugation or
erythrocyte lysis. ßased on the established CLASSIF I program
classifiers, it is seemingly possible ro differentiate patients with
acute myelogenous leukemia from patients with other forms of
leukemia by this same classification procedure. Aseries of standardized classifiers ro compare auromatically various leukemias
and lymphomas seems reasonable for the future [17]. The advantage of such defined classifiers is that they are principally independent of the type of flow cyrometer, provided that it is long-term
calibrated by stable fluarescent beads, that it is capable of measuring the light scatter and fluorescence signals, and that the antibodies used identifY the same antigens as used far the classification.
In conclusion, the objective of the present study was ro investigate systematic differences of peripheral blood and bone marrow
sam pies prepared by erythrocyte lysis and densiry gradient centrifugation using computerized list-mode data files analysis. The CLASSIF I program, by discriminating the different suspensions, was able
ro detecr those antigen parameter patterns that could not be
obtained using Lysis 11. Oensity gradient centrifugation led ro a
clear-cut increase of antigen expression and antibody fluarescence
intensiry, and it improved the staining of antibodies against weak
antigens. The relevant information for the computer-assisted classification was obtained in the Iymphocyte and granulocyte gates. For
a correct classification procedure, no significant difference was
noted between sampies obtained from bone marrow or those from
leukemic peripheral blood. Common cell depletion by density gradient centrihlgation did not substantially influence the classification
resulrs in the case of acute myelogenous leukemia.
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